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Preface
With the emergency of diversified categories of abusive drugs in the
world, ketamine has been considered as one of the most prevalent and
widely employed abusive agents in Hong Kong and southern Asia. In
Hong Kong, ketamine abuse became problematic for the local society in
the late 1990s and remained as such to this day. It is one of the three frequently abused agents locally, and for the addicts, ketamine is no longer
considered a recreational drug. Ketamine is now used by the addicts at
an average of three times a week and with dosages of often greater than
1 g per night. Ketamine and its analogue as abusive agents have since
spread to Europe and America. In England, Paul I. Dargan and his group
reported methoxetamine, a ketamine analogue, induced renal damages
and neurological lesions. Ketamine addiction is now becoming obvious in other parts of the world. In this book, we tried to present both
the misuse (toxicity) and the normal use of ketamine clinically at acceptable dosage, along with its possible future contribution to the treatment
of depression. In this volume, there are eight chapters on the toxicity of
ketamine as an acute or chronic abusive agent, including an interesting
chapter on postmortem toxicity and another one on developmental toxicity. In addition, there is a chapter on the pharmacology of ketamine and
a chapter on neuroimaging. On the other hand, five chapters are targeted
on the usage of ketamine and its clinical testing. Finally, representing the
angle of the social scientists is a chapter on the psychosocial factors of
ketamine addicts. During the course of our ketamine research, the editor and associates were fortunate to obtain the support of the Beat Drug
Fund of the Hong Kong Government and the endowment fund of Wai
Yin Foundation, Hong Kong, without which some of the results described
here could not have come to light. It is hoped that this book represents an
initiative to investigate the different facets of ketamine and would promote more attention on the subject in this direction.
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chapter one

Ketamine use and misuse—
Impacts on the nervous system
An overview
David T. Yew
Like all abusive agents, ketamine acts on the central nervous system (CNS).
Categorized as a dissociative anesthetic, this drug is known to interfere
with the reception of sensory input such that interpretation by the association area of the brain is disrupted (Mion and Villevielle 2013). The drug
primarily works on glutamatergic neurons, specifically as an N-methyl-daspartate (NMDA) receptor noncompetitive antagonist (Mion and Villevielle
2013). The active molecule of this drug is (S)-ketamine, which has a greater
binding affinity for NMDA receptors than its (R) enantiomers, and it can be
metabolized to norketamine (Mion and Villevielle 2013).
Today, ketamine is typically used as a general anesthetic. The application of this drug in routine surgical practice has been determined to be safe
in normal clinical dosages. It has been employed in both veterinary and
human surgery because of its quick induction and the rapid recovery associated with its use. In the past 12 years, ketamine has mostly been used in
animal surgery as a rapid anesthetic (Carter and Story 2013), either singly or
in combination with other tranquilizers and hypnotics. In animals, propofol
is commonly employed along with ketamine during anesthesia (Lerche et
al. 2000), often as a continuous intravenous anesthetic (Seliskar et al. 2007).
Similarly, in the last three decades, ketamine has been popular for acute use
in humans, especially for children, where continuous intravenous infusion
with a clinical dosage of usually 20–60 mg/min is implemented. Despite
risks concerning its misuse, ketamine is still regarded as a safe anesthetic,
and while hallucinations have been reported in patients, these episodes can
be controlled by diazepam (Youssef-Ahmed et al. 1996). To minimize the
deleterious effects of ketamine, short-term administration is preferred in
older human patients (Hosseinzadeh et al. 2013) and during obstetric procedures such as Cesarean sections (Behdad et al. 2013). In addition, during
1
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short surgical procedures such as dental surgery, ketamine is often the
general anesthetic of choice (Bahetwar et al. 2011; Braidy et al. 2011; Cillo
2012). For longer procedures in humans such as abdominal surgery, ketamine
is normally used with other analgesics to maintain a longer period of sedation (Khajavi et al. 2013; Singh et al. 2013). In small clinics, ketamine is typically chosen as an agent for the relief of sporadic pain, often after operative
intervention (Eghbal et al. 2013; Javid et al. 2012; Mendola et al. 2012; Patil
and Anitescu 2012; Safavi et al. 2011). Some clinics have even used ketamine
as a cough suppressant in general practice (Honarmand et al. 2013). Despite
its widespread use in the clinical setting, prolonged and chronic use of ketamine either alone or in combination with other CNS agents can be dangerous for the nervous system (Mellon et al. 2007). The situation is true for all
ages of humans including adults and children, as well as for embryos and
neonates (Félix et al. 2014; Turner et al. 2012).
Despite the beneficial and utilizable effects of ketamine as a one-off
or sporadic anesthetic, long-term use has been shown to produce serious health consequences. Chronic addiction of ketamine undoubtedly
results in degenerative changes of the nervous system (Chan et al. 2012;
Featherstone et al. 2012; Félix et al. 2014; Kanungo et al. 2013; Mak et al.
2010; Olney et al. 2002; Roberts et al. 2014; Sun et al. 2012; Tan et al. 2012;
Yeung et al. 2010). The deleterious changes can, in general, be divided into
two aspects: intermediate effects and long-term changes. The intermediate effects include cell death and degeneration (Figures 1.1 and 1.2) after
several months of use. The long-term changes refer to the production of
toxic materials or mutations that can induce further neurodegenerative
changes in the years to come. In this latter category, two possible toxic
end products that are generated in the CNS are amyloids (Figure 1.3) and
mutated tau proteins (Yeung et al. 2010).
Ketamine is known to initiate apoptosis even within simple cell cultures. For example, this drug has been shown to have a proapoptotic effect
on SH5Y5Y neuroblastoma cells, where it appears to act through the Bax/
Bcl2 ratio as well as the eventual elevation of the activated form of the
caspase-3 enzyme. Interestingly, the susceptibilities of cells differed after
ketamine treatment based on cell maturity, with differentiated cells being
more resistant to ketamine-induced apoptosis than immature and undifferentiated cells (Mak et al. 2010). This observation confirmed the hypertoxicity
of ketamine on developing tissues and led researchers to question whether
ketamine would have an effect on undifferentiated neoplastic cells.
The effect of ketamine treatment on apoptosis in the nervous system
has been well documented in various mammals. In the primate, for example, short-term ketamine exposure caused widespread neuronal apoptosis, similar to that observed after exposure to isoflurane and propofol
(Creeley et al. 2013). Ketamine resembles nitrous oxide, barbiturates, phencyclidine, and ethanol, in that it may either directly or indirectly act as an
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Figure 1.1 Region of cortex in a mouse brain showing pyknotic and irregular
nuclei (arrows) after ketamine treatment of 3 months. Magnification, ×200.

A
B

Figure 1.2 Prefrontal cortex of a mouse after ketamine treatment of 6 months.
Note, area A has fewer cells than area B. Magnification, ×400.

NMDA antagonist or GABA mimetic, thus exerting toxicity on humans
(Olney et al. 2002). In rats, it has been shown that ketamine-induced neuroapoptosis is accompanied by the activation of glycogen synthase kinase 3
beta (GSK3B), whereas treatment with lithium, a GSK3B inhibitor, attenuated the neuroapoptotic effect of the drug (Liu et al. 2013).

4
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Figure 1.3 A possible amyloid body (arrow) in the hippocampus of a mouse
treated with ketamine for 3 months. Magnification, ×200.

Recently, ketamine has also been shown to have a substantial effect on
the neurons of lower vertebrates. In zebrafish, for example, ketamine has
been shown to be neurotoxic to the motor neurons, and it down-regulates
or suppresses a number of genes involved in neurogenesis (Kanungo et al.
2013). In addition, the profound effect of this drug on the nervous system
changed the behavior and physiology of the adult fish (Riehl et al. 2011).
Motor damage after ketamine use has also been reported in humans and
the mouse (Wang et al. 2013; Figures 1.1 through 1.3), with lesions clearly
present in the cortex, cerebellum, and the striatum (Wang et al. 2013). In
addition, Fang et al. (2013) confirmed the down-regulation of l-DOPA
uptake in the striatum after ketamine treatment. Animal studies performed by other groups further outlined additional mechanistic changes
after ketamine use, aligning with our reports in the human, monkey,
and mouse (Chan et al. 2012; Sun et al. 2012; Tan et al. 2011, 2012; Wang
et al. 2013; Yeung et al. 2010; Yu et al. 2012). In addition, substantial EEG
changes as well as astrocytic EAAT2 transporter changes were recorded
by Featherstone et al. (2012) in the mouse.
Memory loss is not unique for humans or mammals after chronic
addiction of ketamine (Tan et al. 2011). Figure 1.4a displays an area of
the mouse hippocampus after chronic treatment of ketamine showing
more spindle-shaped cells with dense nuclei than those in the equivalent region of the control group (Figure 1.4b). Tan et al. (2011) reported a
decline in learning and memory performance via the Morris Maze test
in mice addicted to ketamine for 3 months. He also reported that 110
genes were up-regulated while 136 genes were down-regulated in the
prefrontal cortex of the ketamine-treated mice. The up-regulated genes
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(b)

Figure 1.4 Comparison of the hippocampus in a mouse after ketamine treatment
for 3 months and an untreated control. (a) In the ketamine-treated mouse, the hippocampus has more spindle-shaped cells with irregular and dense nuclei (arrow)
than (b) in the ketamine-free control. Magnification, ×400.

were related to mRNAs and proteins of the alpha-5 subunits of GABA (A)
receptors, an interactive site of ketamine. After 6 months of addiction, the
mice exhibited significant deterioration in muscle strength and nociceptive response (Sun et al. 2011). In addition, cell death was clearly depicted
by pyknotic and irregular nuclei in many parts of the cortex as well as
by TUNEL staining (Yeung et al. 2010). In histological studies, the loss in
density observed in damaged loci was frequently observed adjacent to
normal areas (Figure 1.2), indicating that damage was initially localized,
only appearing in many regions of the gray matter after lengthy episodes
of addiction. Interestingly, not only were the lesions cortical, they were
also seen in the diencephalon (Figure 1.5). Although thalamic lesions were

Figure 1.5 A lesion (arrow) in the diencephalon of a mouse treated with ketamine
for 6 months. Magnification, ×50.
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also sometimes seen in human addicts, diencephalic lesions were rarely
observed in monkeys. This supports the idea that ketamine may (as demonstrated in the mouse) affect sensory areas of the brain and other areas
of the diencephalon.
In the zebrafish, spatial memory loss was induced by putting the fish
in a tank dosed with ketamine (0.01 mg/ml of freshwater) for 2 h. Some
6 h after the end of the treatment, the fish had still not moved from the
quadrant of the aquarium that they had initially occupied. In mammalian
models, prediction error, emotional learning, and inference are usually
impaired, along with a loss of simple spatial memory after a long period
of ketamine treatment (Bolton et al. 2012; Corlett et al. 2011).
The monkey, being a close “relative” of the human, is another model
for exploring chronic ketamine toxicity. In the early phase of chronic keta
mine treatment, the monkey’s brain, much like that of a human in the
early stages of addiction, showed episodes of diffuse hyperactivity over
the cortex (Figure 1.6). This sudden burst of temporary cortical hyperactivity was not confined to particular areas and usually lasted between
2 weeks and 1 month. In addition, even though the animals being used
in experiments were young adults, the episodes of hyperactivity recorded
were suggested to more resemble a naïve and developing brain suddenly
exposed to stimulation (Fang et al. 2005). After 1 month of treatment,
cell death and diminished motor activities began to be established (Sun
et al. 2012). Furthermore, in contrast to the increase of catecholaminergic
excitatory neurons along the tectum and midline of the mesencephalon
of the mice, in the monkey model, there was a decrease in fMRI activity in the ventral tegmentum, substantia nigra, posterior cingulate, and
visual cortex, and hyperfunction was evident in the entorhinal and the

Figure 1.6 fMRI of the brain of a human addict on ketamine for 6 months showing diffuse hypersensitivities (arrowhead) after a simple sensory stimulation.
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striatal areas instead (Yu et al. 2012). Two explanations for the neuronal
reactivity differences observed in the mouse and monkey have been suggested. The first is simply the variation in the different species. However,
the more likely answer is that the differences in hyperfunction are independent of the catecholaminergic neurons or their projections. Despite the
differences observed, it is essential to note that the midbrain, the limbic
system, and the striatal axis are all instrumental to hallucination, psychosis, and tuning of motor activities (especially the striatum). Another
crucial area for motor coordination, the cerebellum, has been shown to be
down-regulated in humans after ketamine addiction (Chan et al. 2012).
Thus, there appears to be a correlation between the perturbing behavior
of ataxia and loss of coordination in these subjects.
Psychological studies on human ketamine addicts are difficult to tackle
in that subjects are typically unwilling to expose his or her identity because
of the stigma surrounding illicit drug use. Even those willing to participate do not talk much about personal neurological signs and symptoms
for fear of being labeled as “psychotic.” As a consequence, many studies
on how ketamine affects the human CNS are limited to a small number
of participants. Table 1.1 illustrates the relatively small number of results

Table 1.1 Profiles of CNS Derangements According to
Psychiatric Examinations of 42 Human Ketamine Addicts
Duration of addiction (years)
Number of patients
Categories of derangement
Loss of memory
Sporadic loss of recent memory
Loss of some retrograde memory

≤2
3

4–8
34

>10
5

✓
—

✓
—

✓
✓

Difficulties in logical deduction of reasonably complex problems
(multiplication followed by addition)
✓a

✓

Autonomic disturbances (including sweating, irregular bowel movement,
stomach dyspepsia, palpitation)
✓
✓

✓

Neurosis, depression, and uncontrollable temper
✓b

✓b

Note: The average patient dose of ketamine was at least 2 g/day and at least 3 days/week
usually consecutive and bridging over weekends.
a In this category, 3 patients with addiction of >7 years exhibited difficulties.
b In this category, 1 patient with addiction of 4 years and 35 patients with addiction of
>5 years exhibited neurosis, depression, and uncontrollable temper.
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obtained from one of these CNS studies. In a sequence of interviews with
these subjects, researchers observed a general pattern of memory loss,
autonomic disturbance, and emotional problems (Yew et al. unpublished
report). As most of these volunteers met with researchers in discussion
groups where they were sitting, it was not possible to assess any problem
in mobility (Table 1.1).
Equally challenging are studies on the brains of ketamine addicts.
Wang et al. (2013) were fortunate enough to gain consent of a small number of ketamine addicts with between 6 months and 12 years of addiction
and who were willing to have their brains examined by magnetic resonance imaging (MRI). This experiment yielded some preliminary observations on the relationship between the sites of damage, the progression
of damage over time, and the degree of damage of these addicts’ brains.
A detailed evaluation of an average dose consumption revealed that the
majority of subjects were on high dosages of nothing less than 1 g of keta
mine per day. This was true not only for this group but also for other
groups that subsequently visited. The subjects were also taking ketamine
at least 3 days/week. Damage of the nervous system in these addicts began
with vesicle formation (either diffuse or localized) in the white matter of
the brain. If the vesicles were localized, they were usually present in the
anterior one-third of the brain (Wang et al. 2013). Damage to the white
matter seems to be a common feature as it has been observed in the mouse
as well as in primates and humans. In mice, the damage observed often
involves edema of the white matter loci and the loss of axons (Figure 1.7).
In humans, most of the vesicular lesions of the white matter were documented by MRI at early stages (i.e., typically within 1 year) of ketamine
addiction. Subsequently, the gray matter is affected and a high level of

Figure 1.7 Degeneration of white fibers (arrows) in the white matter of a mouse
treated with ketamine for 6 months. Magnification, ×400.
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damage is sustained after addiction of between 4 and 7 years (Wang et al.
2013). A high number of different areas of the brain have been recorded
as having lesions; these include the cortex, hippocampus, basal forebrain,
striatum, and the cerebellum, with the brainstem showing damage during the later years of addiction (Wang et al. 2013). Lesions in the brainstem
were usually found deep to the surface and were close to the midline, possibly involving reticular formation (Wang et al. 2013). Figure 1.8a through
d show representative examples of some of the degenerative changes that
occur at around 6 to 7 years of addiction in humans.
Although ketamine-induced lesions in the human nervous system
have been well documented, detailed mechanisms of the defects still
remain elusive. A decisive prognosis to understand and counteract the
neurodegenerative effects of ketamine addiction depends on further
research. At the moment, it is clear that ketamine use leads to major neuronal lesions and that most lesions appear by 4 years of addiction. However,
for polydrug users, these lesions are likely to appear much earlier, even as
early as 1 year of addiction (Wang et al. 2013).

(a)

(b)

(c)

(d)

Figure 1.8 MRI images of the brains of human ketamine addicts. Atrophy of
(a) the cortex and (b) the occipital cortex (arrow) of a human addict on ketamine
for 7 years. Note the thin gyrus (arrow) in (a). (c) An area of the brain of a human
addict on ketamine for 6 years, which is partially devoid of the meninges (arrow).
(d) Start of the degenerative changes (e.g., ruffling of cortex; arrow) observed in
the limbic system of a human addict on ketamine for 7 years.
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2.1 Introduction
Ketamine is one of the core medicines recorded in the Essential Drugs
List of the World Health Organization (World Health Organization 2011).
It has various effects in humans, including anesthesia, analgesia, hallucinations, elevated blood pressure, and bronchodilation (Peck et al. 2008).
Ketamine is primarily used for the induction and maintenance of general
anesthesia, usually in combination with a sedative. Other clinical applications include analgesia, sedation, treatment of bronchospasm, and treatment of depression and bipolar disorder (Diazgranados et al. 2010). The
potential therapeutic uses of ketamine are currently being investigated,
particularly in treating heroin and alcohol addiction (Jovaisa et al. 2006;
Krupitsky et al. 2007) and seizures (Erdogan Kayhan et al. 2012; Gaspard
et al. 2013). Like other drugs of its class, ketamine induces a state referred
to as “dissociative anesthesia” (Bergman 1999) and it is thus also popular
as a recreational drug.
Initially known as CI-581, ketamine was first synthesized in 1962
as a replacement for phencyclidine (PCP), which had a range of adverse
effects (Domino 2010). Like PCP, ketamine was shown to be a potent
“dissociative anesthetic” that produced profound anesthesia and
analgesia, but with a shorter duration of action and fewer psychotomimetic side effects (Corssen and Domino 1966). After Food and Drug
Administration approval in 1970, ketamine anesthesia was first used on
American soldiers during the Vietnam War. In the nearly 50 years since
then, ketamine has gained popularity in clinical practice, being used for
both veterinary and human clinical anesthesia, and it is still a popular
topic in medical research (Golpayegani et al. 2012; Kranaster et al. 2014;
Lizarraga and Chambers 2012; Wagner et al. 2012). On the other hand,
soon after it was introduced to medicine, many young US individuals started to use it as a drug to make them dispirited so as to protest
against the US war in Vietnam (Domino 2010). Indeed, ketamine is still
one of the main recreational club drugs that is used worldwide today,
because of its low expense and easy production (Brown and Melton
2011; Chakraborty et al. 2011; Joe-Laidler and Hunt 2008). However, keta
mine might also result in a series of toxic effects in the urinary system,
locomotor system, and nervous system (Chen et al. 2011; Wiley et al.
2011; Yu et al. 2012). Ketamine has gained a great deal of attention from
researchers for decades not only because of its clinical importance but
also because of the social and health problems accompanying its use. This
chapter mainly reviews the clinical uses and adverse effects of ketam ine,
as well as the progress that has been made in recent years in the research
of its use.
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2.2 Mechanisms of action
Ketamine, or 2-(o-chlorophenyl)-2-(methylamino)cyclohexanone, is a PCP
and cyclohexamine derivative (Bergman 1999). Pharmacologically, its
main action is on glutamate and it has been classified as a noncompetitive N-methyl-d-aspartate (NMDA) receptor antagonist (Harrison and
Simmonds 1985). NMDA receptor blockade appears to be the primary
mechanism of the anesthetic and analgesic effects of ketamine (Pai and
Heining 2007). Ketamine has also been found to bind to other receptors; for example, it blocks muscarinic acetylcholine receptors, descending monoaminergic pain pathways, and voltage-gated calcium channels
(Pharmaceutical Society of Australia 2011). Ketamine binds to and acts as
a weak agonist to opioid receptors with a preference for the mu and kappa
receptors. Ketamine may potentiate the effects of gamma-aminobutyric
acid (GABA) synaptic inhibition, induce activation of dopamine release,
and reduce the presynaptic release of glutamate. Ketamine also has local
anesthetic properties, possibly through its ability to inhibit neuronal
sodium channels (Pai and Heining 2007).
Peripherally, ketamine inhibits the reuptake of catecholamines, stimulating the sympathetic nervous system and resulting in cardiovascular
symptoms. Ketamine also inhibits neuronal uptake and increases serotonergic activity, thought to be the underlying basis of nausea and vomiting.
In addition, ketamine induces catecholamine release and stimulation of β2
adrenergic receptors to cause bronchodilation (Aroni et al. 2009).

2.3 Enantiomers
Ketamine is a chiral compound whereby the two enantiomers exhibit
pharmacological and clinical differences. S-(+)-Ketamine shows a threeto fourfold greater affinity for the NMDA receptor than R-(+)-ketamine. It
is also more potent as an anesthetic and as an analgesic agent than R-(+)ketamine and the racemic mixture (White et al. 1985). In contrast, R-(+)ketamine is associated with posthypnotic stimulatory properties and
agitated behavior (Goldberg et al. 2010). Animal studies have shown that
R-(+)-ketamine is a more potent relaxant of acetylcholine-induced airway
smooth muscle contraction than S-(+)-ketamine. This difference appears
to be caused by differential actions on receptor-linked calcium channels
(Pabelick et al. 1997). The two enantiomers have similar pharmacokinetic
but different pharmacodynamic profiles. Clinical studies have shown
that, compared with the racemic mixture, S-(+)-ketamine has fewer psychological side effects and a shorter recovery time when used in anesthesia (Pfenninger et al. 2002). While the S-form has been commercially
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available for several years (Schüttler 1992), the R-form is not, although it
has been suggested that the use of the latter has advantages, at least at
lower doses (Mathisen et al. 1995).

2.4 Clinical applications
2.4.1 Anesthesia
Ketamine was once considered to be an ideal anesthetic for general anesthesia, but soon it was found to possess a relatively high risk of psychological side effects (Berti et al. 2009; Muetzelfeldt et al. 2008; Persson 2010).
Patients often reported a variety of unusual symptoms when recovering
from ketamine anesthesia. These emergence phenomena included delusions, hallucinations, confusion, and sometimes “out-of-body” and “neardeath” experiences. These phenomena led to ketamine being withdrawn
from mainstream anesthetic use in humans. However, ketamine and its
complexes or combinations are still widely used and studied for use in
anesthesia in specialized clinics, especially in pediatrics, dentistry, and
psychiatry (Kaviani et al. 2011).
High-risk patients with cardiorespiratory disorders represent one of
the prime candidates for ketamine anesthesia. Considering that ketamine
tends to increase or maintain cardiac output (Adams 1997), it is sometimes used in anesthesia for emergency surgery when the patient’s fluid
volume status is unknown. Extensive use of ketamine in pediatric cardiac
catheterizations has shown it to be highly effective with fewer catheterassociated arrhythmias than other general anesthetics. On the other hand,
ketamine might be deleterious in patients with limited right ventricular
functional reserve and increased pulmonary vascular resistance (Pai and
Heining 2007). However, ketamine suppresses breathing much less than
many other available anesthetics (Heshmati et al. 2003). It is therefore the
anesthetic of choice when reliable ventilation equipment is not available.
It is possible to perform ketamine anesthesia without protective measures to the airways. Furthermore, in patients with reactive airway disease, ketamine can be useful as it produces bronchodilation and profound
analgesia, allowing administration of an increased inspiratory oxygen
concentration (Pai and Heining 2007).
Recent studies have mainly focused on regional anesthesia using keta
mine, which is considered safer and more effective than general anesthesia. For example, in children undergoing cleft palate surgery, infiltration
with either ketamine or bupivacaine at the surgical site provides adequate
analgesia without major side effects. Ketamine is superior to bupivacaine
in terms of the requirement for a rescue analgesic, peaceful sleep pattern,
and early resumption of feeding (Jha et al. 2013). In addition, ketamine
is also commonly used as an adjuvant in local and regional pediatric
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anesthesia (Mossetti et al. 2012). Furthermore, an increasing number of
applications of ketamine that were previously considered to be contraindicated have now been reported. For example, ketamine anesthesia has
usually not been used in schizophrenia patients for fear of causing disease exacerbation. However, a recent preliminary clinical evaluation (with
six patients) demonstrated that ketamine is safe for use as an anesthetic
for electroconvulsive therapy in schizophrenia, in that it does not provoke
dissociative symptoms (Kranaster et al. 2014).

2.4.2 Analgesia
Recently, many efforts have been made to study the analgesic effects of
ketamine (Abrishamkar et al. 2012; Guedes et al. 2012; Kajiume et al. 2012;
Polson et al. 2012) as it has been reported to effectively relieve both acute
and chronic pain (Cohen et al. 2011; Domino 2010; Swartjes et al. 2011). A
number of studies have reported the acute analgesic effects of ketamine;
for instance, a dose of 0.5 mg/kg given approximately 15 min before surgery by the intravenous route was shown to provide analgesia for 24 h after
surgery in patients undergoing appendectomy (Honarmand et al. 2012).
In addition, a low dose of orally administered ketamine not only relieved
postoperative pain but also was shown to be beneficial in enhancing the
effect of local anesthetics (Kaviani et al. 2011). The preventive administration of S-(+)-ketamine via 12-h infusion was safe and also had antihyperalgesic action after cesarean section (Suppa et al. 2012). In addition,
ketamine is currently one of the most important adjuncts in helping to
reach the desired effect when administered at drug-specific modes and at
proven effective dosages throughout the perioperative period (Rakhman
et al. 2011; Safavi et al. 2012; Weinbroum 2012). For example, a low dose of
ketamine applied intravenously with fentanyl in pediatric patients could
reduce pain scores after the Nuss procedure without increasing the side
effects (Cha et al. 2012). The psychotropic side effects must be taken into
account when ketamine is used to relieve acute pain. They can, however,
usually be avoided by concomitant application of a sedative such as a benzodiazepine (Elia and Tramèr 2005). Indeed, acute postoperative pain that
is not treated properly can transform into chronic pain, which may have a
major negative impact on the quality of a patient’s life (Weinbroum 2012).
However, studies have shown that ketamine is also effective in relieving
chronic pain. For example, in a recent case study, a low-dose infusion of
ketamine in a patient who was receiving long-term, high-dose intrathecal
hydromorphone therapy immediately relieved the painful myoclonus in
the lower extremities associated with opioid-induced hyperalgesia (Forero
et al. 2012). In another case, intractable neuropathic pain caused by ulnar
nerve entrapment was treated with ketamine (Hesselink and Kopsky
2012). Another example of chronic pain is complex regional pain syndrome
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(CRPS), which has been clinically recognized for more than 140 years, and
still lacks a satisfactory treatment. CRPS is a severe chronic pain condition characterized by sensory, autonomic, motor, and dystrophic signs and
symptoms. A dynamic change in the physiology and structure of central
pain projecting neurons mediated through the NMDA receptor has been
found in CRPS patients. Ketamine blocks central sensitization through its
effects on the NMDA receptor and has been shown to be effective in treating severely ill patients with generalized CRPS. It is now being used as
an experimental and controversial treatment for CRPS (Azari et al. 2012).
Indeed, one study showed that a 4-h ketamine infusion that escalated from
40 to 80 mg over a 10-day period resulted in a significant reduction in pain
with increased mobility and a tendency to decreased autonomic dysregulation in CRPS patients. In the study, a total of 33 patients diagnosed with
CRPS were treated with a continuous subanesthetic dose of intravenous
ketamine at least once. Due to relapse, 12 out of the 33 patients received a
second course of therapy, and 2 of the 33 patients received a third course.
The results showed that there was complete pain relief in 25 (76%), partial
relief in 6 (18%), and no relief in 2 (6%) patients (Goldberg et al. 2005).
Ketamine is also a very effective analgesic for other chronic pain
syndromes, including chronic pancreatitis pain, postherpetic neuralgia,
migraine, burns, neuropathies, and fibromyalgia (Bouwense et al. 2011;
Domino 2010). Recently, in a 5-year study to investigate whether outpatient intravenous ketamine infusions were satisfactory for pain relief in
patients suffering from various chronic intractable pain syndromes, it was
shown that subanesthetic ketamine infusions could improve pain scores
on a visual analog scale, and in approximately half of the 49 patients
investigated, relief lasted for up to 3 weeks with minimal side effects (Patil
and Anitescu 2012). In addition, ketamine has also be used as an effective adjunct to epidural corticosteroid therapy for chronic pains, such as
chronic lumbar radicular pain (Amr 2011).
Ketamine has also been used in small doses (0.1–0.5 mg/kg) for
the treatment of pain associated with movement and neuropathic pain
(Lynch et al. 2005). In addition, it has been used as an intravenous coanalgesic with opiates to manage otherwise intractable pain, particularly
if this pain is neuropathic (pain attributed to vascular insufficiency or
shingles). It has the added benefit of counteracting spinal sensitization or
the wind-up phenomena experienced with chronic pain. At these doses,
the psychotropic side effects are less apparent and well managed with
benzodiazepines (Elia and Tramèr 2005). Ketamine is most effective when
used in combination with a low dose of an opioid that itself has analgesic effects but that can cause disorienting side effects at the higher doses
required if used alone (Elia and Tramèr 2005). The combined use of keta
mine with an opioid is also particularly useful for the pain experienced
during cancer (Saito et al. 2006).
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When ketamine is repeatedly used in chronic pain management,
it can show some side effects, such as urological toxicity and hepatotoxicity (Bell 2012; Noppers et al. 2011; Sear 2011). For better analgesic
effects with fewer side effects, new analogs of ketamine are continually
being synthesized and studied. Recently, 2-[p-methoxybenzylamino]-2[p-methoxyphenyl] cyclohexanone, (i.e., ket-OCH3) and 2-[p-methylbenzyl
amino]-2-[p-methoxyphenyl] cyclohexanone (i.e., ket-CH3) as well as their
intermediates were reported to be effective for decreasing pain in rats
(Ahmadi et al. 2012). Thus, research to determine the optimal use of different ketamine derivatives as analgesics is still ongoing.

2.4.3 Sedation
One of the main challenges in pediatric dentistry is being able to treat
uncooperative or combative young patients safely and effectively. Various
sedative agents have been studied for this purpose including oral keta
mine, which has been reported to have side effects (Damle et al. 2008).
Therefore, combinations of drugs have been designed to achieve better
sedative effects and to minimize the side effects (Motamed et al. 2012).
For example, a combination of ketamine and midazolam was reported to
be safe and effective, and when administered by the intranasal route, this
mixture could produce moderate sedation during dental care procedures
to pediatric patients who would otherwise be given treatment under general anesthesia (Bahetwar et al. 2011). This combination also effectively
decreased the anxiety scores of all the young patients observed, who were
referred for treatment under general anesthesia (Golpayegani et al. 2012).
Regarding its use in veterinary medicine, low-dose ketamine–diazepam
is another combination used for short-duration chemical restraint; this
was suggested to be suitable to assist in the physical restraint required
during blood sampling for assessment of hematologic, serum biochemical, and coagulation parameters in cats (Reynolds et al. 2012). In addition,
ketamine was reported to be an effective and safe sedative for use in agitated human patients with psychiatric illness during aeromedical transport by the Royal Flying Doctor Service in Australia; after treatment, the
drug prevented agitation in patients for the subsequent 72 h (Le Cong et
al. 2012). However, it has been suggested that ideally ketamine should be
tailored to individual patients with different conditions (Taylor et al. 2011).

2.4.4 Antidepression
The antidepressant effects of ketamine are well reported (Engin et al. 2009;
Mathew et al. 2012; Zhou et al. 2012). For example, it has been shown to
decrease the “behavioral despair” of rats in the forced swim test, a widely
used animal model of antidepressant drug action. This effect was not
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confounded by side effects on general activity and was comparable to that
of the standard antidepressant drug fluoxetine (Engin et al. 2009). In a
randomized placebo-controlled clinical study, ketamine was found to significantly improve treatment-resistant major depression within hours of
injection, and this improvement lasted for up to 1 week after just a single
dose (Zarate et al. 2006). These findings were corroborated by Liebrenz
et al. (2009) and Goforth and Holsinger (2007). Liebrenz et al. (2009) successfully treated a patient with treatment-resistant major depression and a
co-occurring alcohol and benzodiazepine dependence by giving an intravenous infusion of ketamine over a period of 50 min, while Goforth and
Holsinger (2007) demonstrated the marked improvement in a patient with
severe, recurrent major depressive disorder within 8 h of receiving a preoperative dose of ketamine and one treatment of electroconvulsive therapy
with bitemporal electrode placement. Ketamine has also been applied in
depressed patients who have undergone orthopedic surgery where it was
found to significantly decrease the depressed mood, suicidal tendencies,
somatic anxiety, and hypochondriasis, when compared with the control
group (Kudoh et al. 2002). More recently, a two-site randomized controlled
clinical trial of ketamine treatment in patients with treatment-resistant
depression found that 64% of the patients responded after 24 h according
to the Montgomery–Åsberg Depression Rating Scale, compared with just
28% who responded to midazolam (Murrough et al. 2013). These findings
led to the current focus in both academia and industry of ketamine being
a treatment for depression. Extensive preclinical characterization of the
effects of ketamine has partly illuminated its mechanism of action.
It has been suggested that the glutamatergic system plays an important role in the treatment of major depressive disorder in that different
types of glutamate receptors, including NMDA, α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA), and metabotropic glutamate
receptors or transporters, appear to be involved in the etiology of depression and in the mechanisms of action of antidepressants (Angelucci et
al. 2012; Murrough 2012; Tokita et al. 2012). This is a departure from the
previous theories, which focused on serotonin and norepinephrine. With
ketamine being an NMDA antagonist, it is being considered as a new generation of antidepressants with fast-onset effects (Autry et al. 2011). Indeed,
the antidepressive effects of ketamine have long been attributed to the
fact that it is an NMDA receptor antagonist (Orser et al. 1997). However,
a recent study in mice showed that blocking the NMDA receptor is only
an intermediate step, with the subsequent activation of the AMPA receptor being crucial for ketamine’s rapid antidepressant actions (Angelucci
et al. 2012). It has recently been reported that sigma receptor–mediated
neuronal remodeling may also contribute to the antidepressant effects of
ketamine (Robson et al. 2012). Thus, a lot remains to be discovered about
the antidepressant mechanisms of this drug.
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2.4.5 Antiepilepsy
Glutamate overflow plays an important role during epileptic seizures and
seizure-related brain damage. Antagonists of glutamate receptors, especially the ionotropic NMDA and AMPA receptors, have thus attracted
much attention in treating epilepsy in recent years. As the only clinical
drug of its type, the antiepileptic activity of ketamine has been evaluated in several animal models. For example, ketamine was shown to
significantly prevent lidocaine- and transauricular electrode–induced
seizures in mice (Guler et al. 2005; Manocha et al. 2001), and bicucullineinduced seizure in rats (Schneider and Rodríguez de Lores Arnaiz 2013).
In humans, ketamine has also been shown to be a promising treatment
for epilepsy, especially in status epilepticus. A ketamine–propofol combination was suggested to be an alternative strategy to enhance the seizure quality and clinical efficiency of electroconvulsive therapy (Erdogan
Kayhan et al. 2012). In some neurological intensive care units, ketamine
has also been used in cases of prolonged seizures. Some evidence indicates that the NMDA-blocking effect of the drug protects the neurons from
glutamatergic damage during prolonged seizures (Fujikawa 1995). Most
recently, a retrospective multicenter study showed that ketamine appears
to be a relatively effective and safe drug for the treatment of refractory status epilepticus. In this study, permanent control of refractory status epilepticus was achieved in 57% (34 of 60) of the episodes. Ketamine was believed
to have contributed to permanent control in 32% (19 of 60) of the episodes
including 7 (12%) in which ketamine was the last drug to be administered
and the most likely to cause immediate action (Gaspard et al. 2013).

2.4.6 Treatment for alcohol and heroin addiction
Ketamine-assisted psychotherapy (KPT) sessions have been used to treat
heroin and alcohol addiction with encouraging results. A double-blind
randomized clinical trial of KPT for heroin addiction showed that highdose KPT (with ketamine at 2.0 mg/kg) elicited a full psychedelic experience in heroin addicts as assessed quantitatively by the Hallucinogen
Rating Scale. On the other hand, low-dose KPT (with ketamine at 0.2 mg/kg)
elicited “subpsychedelic” experiences with ketamine-facilitated guided
imagery. High-dose KPT produced a significantly greater rate of abstinence in heroin addicts within the first 2 years of follow-up, a greater
and longer-lasting reduction in craving for heroin, and a greater positive
change in nonverbal unconscious emotional attitudes, than did low-dose
KPT (Krupitsky et al. 2002). In another study, patients with heroin dependence were randomized into two treatment groups. One group received
addiction counseling sessions followed by KPT injections while the other
(control) group received addiction counseling sessions but no additional
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ketamine therapy sessions. The results showed that 50% of the KPT group
remained abstinent, when compared with just 22.2% in the control group
(Krupitsky et al. 2007). Similarly, Jovaisa et al. (2006) demonstrated attenuation of opiate withdrawal symptoms with ketamine, suggesting its
potential use in treating drug addiction.

2.4.7 Others
Ketamine has also been proven to exert anti-inflammatory effects. As
an NMDA receptor antagonist, ketamine acts at different levels of the
inflammatory response, playing a role in inflammatory cell recruitment,
cytokine production, and inflammatory mediator regulation. The resultant
effect of these interactions confers to ketamine an anti-proinflammatory
effect by limiting exacerbation of systemic inflammation without affecting local healing processes (Loix et al. 2011). A couple of recent studies
also showed that ketamine could limit soman-induced neuroinflammation (Dhote et al. 2012; Dorandeu et al. 2013). Ketamine was also shown
to attenuate postoperative cognitive dysfunction just 1 week after cardiac
surgery and this effect may be related to its anti-inflammatory properties
(Hudetz et al. 2009). Combinations of ketamine and atropine have been
shown to be neuroprotective, reducing neuroinflammation after a toxic
status epilepticus in mice (Dhote et al. 2012). Ketamine was also reported
to have inhibitory effects on microglial activation, at least partially attributed to the inhibition of ERK1/2 phosphorylation (Chang et al. 2009).
Furthermore, ketamine can inhibit proliferation of and induce apoptosis
in pheochromocytoma cells in a concentration-dependent manner (Zuo
et al. 2011). Ketamine was also observed to induce apoptosis in human
lymphocytes and neuronal cells via the mitochondrial pathway (Braun et
al. 2010). As more potential clinical applications of ketamine are reported,
updated reviews on ketamine research become necessary.

2.5 Adverse effects
2.5.1 Acute adverse effects
Up to 40% of patients may experience side effects with continuous subcutaneous infusion of ketamine. These include dizziness, blurred vision,
altered hearing, hypertension, nausea and vomiting, vivid dreams, and
hallucinations (Quibell et al. 2011). However, ketamine is considered to be
relatively safe and does not result in severe side effects when used at a low
dose and within a short period.
As an NMDA receptor antagonist, ketamine can trigger excessive
glutamate release and subsequent cortical excitation, which may induce
psychosis-like behavior and cognitive anomalies (Yu et al. 2012). Acute
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effects of ketamine administration are primarily linked to aberrant activation of the prefrontal cortex and limbic structures with elevated glutamate
and dopamine levels, which can provoke dose-dependent positive and
negative schizophrenia-like symptoms. In rhesus macaques, at both fetal
and neonatal stages of development, the brain is sensitive to the apoptogenic action of ketamine, and an exposure for 5 h is sufficient to induce a
significant neuroapoptotic response (Brambrink et al. 2012). The pattern
of neurodegeneration induced by ketamine was different in fetuses from
that in neonates, and the loss of neurons attributable to ketamine exposure was 2.2 times greater in the fetal than in the neonatal brain. However,
current research suggests that acute ketamine exposure does not cause
significant neurotoxicity.

2.5.2 Chronic adverse effects
Ketamine is a common drug of abuse for youths worldwide (Lankenau
and Sanders 2007; Lankenau et al. 2010; Pavarin 2006). The number of
ketamine abusers has grown rapidly in recent years, because it is cheap
and easily available, and can produce desirable short-term sensations of
excitement, dream-like states, hallucinations, and vivid imagery (Gutkin
et al. 2012). However, repeated use of ketamine can result in severe toxicity and cause health problems such as those outlined in the following.

2.5.2.1 Uropathy
It has been well documented that ketamine is excreted in the urine and
can cause damage to the upper and lower urinary tracts (Chan et al. 2012).
Patients may suffer from imperative urinary frequency, urgency, pollakisuria, dysuria, hematuria, and cystitis (Chen et al. 2011; Gutkin et al. 2012;
Lieb et al. 2012). For example, a case of chronic cystitis associated with
ureteral strictures in a young ketamine abuser has been reported (Huang
et al. 2011).
Ketamine-induced ulcerative cystitis is a recently identified condition
that can have a severe and potentially long-lasting impact on ketamine
users. Shahani et al. (2007) first documented this condition in nine ketaminedependent users. Computerized tomography scans of these individuals
revealed a marked thickening of the bladder wall, a small bladder capacity, and perivesicular stranding, consistent with severe inflammation.
All patients showed severe ulcerative cystitis at cystoscopy. Biopsies in
four of these cases found denuded urothelial mucosa with thin layers of
reactive and regenerating epithelial cells and ulcerations with vascular
granulation tissue and scattered inflammatory cells. Urinary tract symptoms appear to be most common in those using ketamine on a daily basis
over an extended period (Morgan and Curran 2012). Since ketamine is
not administered chronically in a typical clinical setting, these symptoms
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have presented in just one medical case of ketamine treatment. However,
following dose reduction, the symptoms were reduced (Morgan and
Curran 2012). Management of these symptoms primarily involves keta
mine cessation, for which compliance is low. Other treatments that have
been used include antibiotics, nonsteroidal anti-inflammatory drugs, steroids, anticholinergics, and cystodistension (Middela and Pearce 2011).
Both hyaluronic acid instillation and combined pentosan polysulfate and
ketamine cessation have been shown to provide relief in some patients.
In the latter case, however, it is unclear whether relief resulted from keta
mine cessation, administration of pentosan polysulfate, or a combination
of both. Further follow-up is required to fully assess the efficacy of these
treatments (Middela and Pearce 2011).

2.5.2.2 Neurotoxicity
Animal research has shown that ketamine abuse can result in a permanent deficit in brain function, such as significant deterioration in neuromuscular strength and nociception (Sun et al. 2011). Functional magnetic
resonance imaging of adolescent cynomolgus monkey brains has also shown
that repeated exposure to ketamine markedly reduced neural activity in
the ventral tegmental area and substantia nigra in the midbrain, posterior cingulate cortex, and visual cortex (Yu et al. 2012). In addition, the
mesolimbic, mesocortical, and entorhinostriatal systems were found to
be functionally vulnerable to chronic ketamine administration, and dysfunctions of these neural circuits have been implicated in several neuropsychiatric disorders including depression, schizophrenia, and attention
deficit disorder. Furthermore, the cerebella activity in humans and mice
was down-regulated and the number of apoptotic cells significantly
increased in ketamine users (Chan et al. 2012). Moreover, ketamine can
induce neurotoxicity and changes in gene expression in the developing rat
brain (Liu et al. 2011). In mice, chronic exposure to ketamine was found
to impair working memory and up-regulate gene expression of GABAA5
in the prefrontal cortex (Tan et al. 2011). The neurodegenerative process
induced by ketamine was also suggested to be similar to that during
aging and Alzheimer’s disease (Yeung et al. 2010). Short-term exposure
of ketamine at high concentrations to cultures of GABAergic neurons led
to a significant loss of differentiated cells in one study, and non-cell death–
inducing concentrations of ketamine (10 μg/ml) may still initiate long-term
alterations of dendritic arbors in differentiated neurons. The same study
also demonstrated that chronic administration of ketamine at concentrations as low as 0.01 μg/ml interfered with the maintenance of dendritic
arbor architecture. These results raise the possibility that chronic exposure to low, subanesthetic concentrations of ketamine, while not affecting
cell survival, might still impair neuronal maintenance and development
(Hargreaves et al. 1994; Vutskits et al. 2007).
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2.5.2.3 Depression
Ketamine is generally acknowledged to possess antidepressant properties. However, increased depression (assessed via the Beck Depression
Inventory) in both daily users and ex-ketamine users was found over the
course of 1 year (Morgan et al. 2010) but not in current but infrequent (i.e.,
>1 per month/<3 times per week) users. This elevated level of depression
was at a subclinical level and the increase was not correlated with changes
in ketamine use. Evidence suggests that prolonged central nervous system depression probably results from the gabapentin and ketamine interaction during postoperative recovery following cervical laminoplasty
(Elyassi et al. 2011).

2.5.2.4 Cognitive impairment
The NMDA receptor mediates the form of synaptic plasticity known as
long-term potentiation, which is central for learning and memory. Given
that ketamine is an antagonist of the NMDA receptor, the consequences
of ketamine use on cognition have been widely investigated. In humans,
a single dose of ketamine induces a marked, dose-dependent impairment
in working and episodic memory, which can profoundly affect the users’
ability to function (Morgan et al. 2006).
Several studies have examined cognitive function in both infrequent
and frequent ketamine users (Curran and Monaghan 2001; Morgan et al.
2006; Morgan and Curran 2006; Narendran et al. 2005). Overall, infrequent
or recreational ketamine use does not cause cognitive deficits (Narendran
et al. 2005). The most robust findings are that frequent ketamine users
exhibit profound impairments in both short- and long-term memory
(Morgan et al. 2006). In a longitudinal study, frequent ketamine use caused
impairments in both visual recognition and spatial working memory
that correlated with changes in the level of ketamine use over 12 months
(Stewart 2001). Other impairments in planning and frontal functions have
also been observed but appear so far to be unrelated to the level of keta
mine use (Morgan et al. 2009). Memory impairments may be reversible
when ketamine use is discontinued, as they were not found in a group of
30 ex-ketamine users who had been abstinent for at least a year. The cognitive consequences of repeated ketamine use in pediatric anesthesia would
also merit further investigation (Istaphanous and Loepke 2009).

2.5.2.5 Psychosis
Ketamine can induce transient positive and negative symptoms of schizophrenia in healthy volunteers (Krystal et al. 1994). In schizophrenic patients
who have been stabilized on antipsychotic medication, ketamine causes
a resurgence of psychotic symptoms (Lahti et al. 1995), which are similar
to those exhibited during the acute phase of their illness (Malhotra et al.
1997).
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Preclinical studies demonstrated that a small number (i.e., ~5) of repeated
doses of ketamine given to rats induced “schizophrenia-like” changes such
as abnormal hippocampal neurogenesis, and the reduction in hippocampal
parvalbumin–containing GABAergic interneurons (Keilhoff et al. 2004), as
well as increased dopamine binding in the hippocampus and decreased
glutamate binding in the prefrontal cortex (Becker et al. 2003). A study with
infrequent (i.e., >1 per month/<3 times per week) and daily users of ketamine
as well as polydrug users who do not use ketamine (controls) in which subclinical psychotic symptomatology were assessed found that scores on the
measure of delusion, dissociation, and schizotypy are highest in daily keta
mine users when compared with infrequent users and lowest in the polydrug controls (Curran and Morgan 2000; Morgan et al. 2010). Morgan et
al. (2010) also found that daily ketamine users showed a similar pattern of
“basic symptoms” to individuals prodromal for schizophrenia (Morgan et
al. 2010). However, there is no evidence of clinical psychotic symptoms in
infrequent ketamine users (Narendran et al. 2005). Despite the presence of
anecdotal reports (Jansen 2001), there is little evidence of any link between
chronic, heavy use of ketamine and diagnosis of a psychotic disorder.

2.5.2.6 Respiratory toxicity
According to a literature review, ketamine may also result in airway
obstruction in 10% to 20% of users (Strayer and Nelson 2008), although
this adverse event typically does not affect the beneficial outcomes of
ketamine.

2.5.2.7 Cardiotoxicity
Long-term abuse of ketamine can cause significant ventricular myocardial apoptosis, fibrosis, and sympathetic sprouting, which alters the electrophysiological properties of the heart and increases its susceptibility to
malignant arrhythmia leading to sudden cardiac death (Li et al. 2012).

2.5.2.8 Hepatotoxicity
The hepatotoxic effect of ketamine when it is used for chronic pain management has also been described (Noppers et al. 2011). In case reports of
three patients treated with ketamine repeatedly to relieve chronic pain,
liver enzyme abnormalities were observed, but they returned to the normal
range on cessation of the drug. These findings suggest that liver enzymes
must be monitored during such treatment (Sear 2011).

2.5.2.9 Kidney dysfunction
Another emerging physical health problem associated with the frequent
use of high doses of ketamine appears to be hydronephrosis (water on
the kidney), which is secondary to urinary tract problems. In a study
of ketamine-induced ulcerative cystitis, Chu et al. (2008) reported that
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30 (51%) patients presented with either unilateral (7%) or bilateral (44%)
hydronephrosis. On initial assessment, four patients also showed papillary necrosis (destruction of kidney cells), and this led to renal failure in
one patient who had complete obstruction of the urethra (Chu et al. 2008).

2.5.2.10 Other side effects
Other problems caused by a chronic administration of ketamine include
severe abdominal pain in the gastrointestinal tract, biliary dilatation, and
bilateral corneal edema (Gutkin et al. 2012; Starte et al. 2012).

2.6 Abuse
Ketamine is also used as a recreational drug worldwide at nightclubs,
dance parties, and rave scenes where it is commonly known as “Special K,”
“Vitamin K,” or “SuperK” (Wolff and Winstock 2006). Although ketamine
is a controlled substance, in recent years, its illicit use has increased rapidly in many countries (United Nations Office on Drug Control 2010). Most
commonly, ketamine comes as a powder, but it can also be obtained in
liquid and tablet form. It can be insufflated or placed in beverages. At low
doses, ketamine induces distortion of time and space, hallucinations, and
mild dissociative effects. According to users, the most appealing aspects
of ketamine use are the sensation of “melting into the surroundings,”
“visual hallucinations,” “out-of body experiences,” and “giggliness”
(Stewart 2001). At high doses, ketamine induces a more severe state of
dissociation commonly referred to as a “K-hole,” wherein the user experiences intense detachment to the point that their perceptions appear completely divorced from their previous reality. Some users (i.e., astronauts
of the psyche or “psychonauts”) value these profoundly altered states of
consciousness, whereas others see the resulting decreased sociability as a
less appealing aspect of ketamine use.
In conclusion, ketamine, a noncompetitive antagonist of the NMDA
receptor, is frequently used in human and veterinary medicine, especially in pediatric patients, as an analgesic and sedative agent under
tightly controlled conditions. However, it is often illegally used as a recreational drug primarily by young adults, often at “rave” parties and nightclubs. The adverse effects caused by the repeated use of ketamine and
the underlying mechanisms involved should be well studied in order to
provide solutions to combat them.
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3.1 Introduction
The dissociative anesthetic ketamine is best known as an uncompetitive
N-methyl-d-aspartate (NMDA) receptor antagonist; it is known to be dissociative because it creates the sense of detachment whereby there is a
sense that the mind and body are separated in users. There is much known
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about how ketamine interacts with NMDA receptors to elicit its effects
and readers are directed to other review articles for detailed accounts of
ketamine’s interactions with NMDA receptors. The focus of this chapter
is to provide an overview of the current knowledge related to the effects
of ketamine that are unrelated to its interactions with the NMDA receptor. The majority of information presented here comes from reviewing
the literature published since 2003 and focuses on findings of ketamine
with a variety of non-NMDA targets that are receptors, ion channels, or
enzyme ligands. These targets and their responses to ketamine are listed
in Table 3.1.

3.2 Central neurotransmitter targets
3.2.1 Dopamine receptors
Most of the pharmacological actions of ketamine, in both clinical and
illicit use, are attributed to actions that are mediated by the central nervous system (CNS). The neurotransmitter dopamine is implicated in disorders such as Parkinson’s disease and psychosis. Phencyclidine, which
is also an NMDA receptor antagonist much like ketamine, also binds to
the ion channel site of NMDA receptors and possesses dopamine-like
properties as well. For example, prolactin secretion is suppressed and
rotational behavior is increased by phencyclidine in rodents (Lozovsky
et al. 1983; Mele et al. 1998). The increased locomotor activity observed in
rats is blocked more effectively by the D1 receptor antagonist SCH23390
than the D2 receptor antagonist raclopride in the nucleus accumbens
(NAc) (Matulewicz et al. 2010). Ketamine also increases the association
(or binding potential) of D1 receptors in the rat striatum (Momosaki et
al. 2004). The availability of D1 receptors is higher in ketamine users in
the human prefrontal cortex (Narendran et al. 2005). The binding potential of D1 receptors in these human subjects positively correlated with the
extent of ketamine use (Narendran et al. 2005). The interactions of keta
mine with dopamine receptors may underlie dopamine-associated prefrontal impairments, notably working memory deficits that are often seen
in chronic ketamine users (Brozoski et al. 1979). Monkeys treated with
ketamine demonstrate cognitive and behavioral symptoms that resemble
those of schizophrenia (Roberts et al. 2010). The atypical antipsychotic risperidone, which blocks D2 receptors, did not alleviate ketamine-induced
symptoms (Roberts et al. 2010). Instead, prior activation of D1 receptors (by
the full agonist A77646 or by the partial agonist SKF38393) improves spatial
memory performance (Roberts et al. 2010). Gross motor and hallucinatory-
like behaviors are reduced by SKF38393 but not by A77646, a finding the
authors attributed to the more specific D1 receptor–mediated actions on
working memory (Roberts et al. 2010). The function of D1 receptors in the

Hyperpolarization-activated cyclic
nucleotide-gated channel and cGMP

Ca2+ transport and Ca2+ sensitivity

Voltage-gated K+ channels
Ca2+-activated K+ channels

Endocannabinoid receptors
ATP-sensitive K+ channels

Gamma-aminobutyric acid (GABA)
receptors
Opioid receptors

5-HT receptors

Dopamine receptors

Target

Increases D1 receptor binding potential and availability
Binds to high-affinity form of D2 receptors
Enhances 5-HT1A autoreceptor effects
Increases binding to 5-HT1B receptors
Decreases binding to 5-HT transporters
Increases 5-HT release via 5-HT2A receptor activation
Enhances GABAA receptor activity
Inhibits GABAB receptor downstream complex formation
Prevents quick desensitization of μ receptor and promotes its resensitization
Binds to κ-receptor to induce psychotic symptoms
Elicits antidepressant effect by σ-receptor activation
Is sensitive to CB1 receptor blockade in eliciting its psychomimetic effects
Blocks channel in antinociception
May enhance adrenergic receptor-mediated contractile effects that are sensitive to channel
blockade
Blocks channels
Activates channel during vasorelaxation
Blocks channel in tactile allodynia
Suppresses Ca2+ oscillations
Blocks voltage-gated Ca2+ channels
Decreases myofilament Ca2+ sensitivity in blood vessels
Blocks channels (subtype 1)
Increases cGMP production
(Continued)

Effect

Table 3.1 Summary of Ketamine Effects on Non-NMDA Receptor Targets
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Leukotriene receptors
Immunomodulatory targets

Histamine receptor

Purinergic receptors

Na+ channels
Nicotinic receptors

Target

Blocks channels
Inhibits channel-mediated currents
Inhibits Ca2+ responses subsequent to nicotinic receptor activation
Increases acetylcholine release associated with nicotinic receptor activation
Increases A2A receptor activity in antinociception
Decreases A2A receptor activity in locomotor activation
Decreases P2X4 receptor expression
Increases histamine release and produces H1/2 receptor–mediated hypotension
(in the presence of sevoflurane)
Decreases LT1 receptor expression
Suppresses Toll-like receptor type 4 (TLR4) expression in intestines and astrocytes
Suppresses lipopolysaccharide (LPS)-induced phosphorylation of proteins downstream of
TLR4 signaling
Decreases cytokine production induced by LPS and lipoteichoic acid
Decreases expression of TLR2

Effect

Table 3.1 (Continued) Summary of Ketamine Effects on Non-NMDA Receptor Targets
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prefrontal cortex and working memory is well established (GoldmanRakic et al. 2000). Therefore, the observed spatial memory impairment
and motor symptoms elicited by ketamine are likely to be D1 receptor
dependent, which may also be related to the ability of ketamine to modulate D1 receptor binding.
While it is the D1 receptor that is thought to be predominantly responsible for the low-frequency oscillations in the NAc in ketamine-associated
locomotor symptoms (Matulewicz et al. 2010), other dopamine receptor
subtypes that originate from the hippocampus also mediate the electrical activity of the NAc. The NAc is subject to inputs from various brain
structures, and overstimulation of the NAc and dysregulated dopamine
release could manifest as psychotic symptoms (Grace 2000). Hippocampal
fimbria–induced impulses recorded in the NAc are suppressed in rats
treated with ketamine; this effect is prevented by prior treatment with
the typical antipsychotic haloperidol, which blocks D2 and D4 receptors
(Hunt et al. 2005). The D1 receptor antagonist SCH23390 did not alter these
effects of ketamine (Hunt et al. 2005). Ketamine-induced psychotic symptoms positively correlated with D2 and D3 receptor availability in healthy
humans as measured by using fallypride as a radioligand (Vernaleken et
al. 2013). Fallypride binding is selective for the high-affinity form of the
D2 receptor, while raclopride binds to the low-affinity form of the receptor (Vernaleken et al. 2011). Ketamine binds more tightly (i.e., having a
lower dissociative constant) to the high-affinity form of D2 receptors than
to NMDA receptors (Seeman et al. 2005), further supporting the view that
ketamine-induced psychotic symptoms are D2 receptor dependent.

3.2.2 5-HT receptors
A number of drugs indicated for depression have shared properties in
enhancing 5-HT-mediated transmission, but the clinical antidepressant
effect is often delayed, perhaps owing to desensitization of presynaptic 5-HT
receptors (Yamanaka et al. 2014). The antidepressant effect of ketamine in
laboratory studies (Autry et al. 2011; Maeng et al. 2008) has directed interest
in the relationship between ketamine and 5-HT receptors. The basal firing
rate of serotoninergic neurons in the rat dorsal raphe nucleus is reduced by
ketamine treatment (McCardle and Gartside 2012). The suppressant effects
on serotoninergic neuronal firing are enhanced by ketamine when 5-HT1A
autoreceptors are activated (McCardle and Gartside 2012). In a noveltysuppressed feeding test study, the 5-HT1A receptor antagonist WAY100635
reduces the latency time in ketamine-pretreated mice (Fukumoto et al.
2014). It is possible that decreased serotoninergic neuronal activity prevents
rapid 5-HT depletion, which in turn desensitizes presynaptic 5-HT release
and effectively diminishes 5-HT neurotransmission. Indeed, prior application of the tryptophan hydroxylase inhibitor para-chlorophenylalanine
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abolishes ketamine-induced shortening of latency time (Fukumoto et al.
2014). Binding to 5-HT1B receptors was increased by ketamine as revealed
by radioligand experiments (Yamanaka et al. 2014). In contrast, ketamine
decreased binding of the 5-HT transporter, although the functional outcomes remain unclear (Yamanaka et al. 2014). Addition of the AMPA
receptor antagonist NBQX abolished the increased 5-HT1B receptor binding induced by ketamine (Yamanaka et al. 2014), suggesting that the interaction between ketamine and 5-HT neurotransmission may also involve a
glutamate component.
Unlike the 5-HT1 receptor that is implicated in depression, 5-HT2
receptor functions are associated with psychotic effects. Increased neuronal activity and 5-HT release in the prefrontal cortex is mediated by 5-HT2
receptors (Jackson et al. 2004). Other studies show that psychotic symptoms are produced when 5-HT2A/2C receptors are activated (GouzoulisMayfrank et al. 1998) or when NMDA receptors are blocked (Miyamoto
et al. 2001). Ketamine-induced increases in 5-HT release are sensitive to
clozapine and olanzapine, both acting via 5-HT2A antagonism (AmargósBosch et al. 2006). Although the NMDA receptor may be involved in
producing the 5-HT-releasing effect, this may be sensitive to ketamineinduced 5-HT2A receptor binding (Waelbers et al. 2013). Binding of the
5-HT2A-selective radiolabeled ligand 5-I-R91150 is decreased by ketamine,
but it is unclear whether this is attributed to competition for binding or
decreased binding affinity (Waelbers et al. 2013). Nevertheless, the psychotic symptoms associated with ketamine are better related to its interactions with 5-HT than dopamine receptors, since blockade of the latter
(by sulpiride) did not affect the ketamine discriminative stimulus effect in
trained rats (Yoshizawa et al. 2013).

3.2.3 Gamma-aminobutyric acid (GABA) receptors
The use of ketamine in anesthesia has led to suggestions that its action
involve GABAA receptors (Irifune et al. 2000). The clinical importance of
GABA neurotransmission is exemplified by the antiseizure effect of benzodiazepines, which facilitate GABAA channel opening. However, it is
estimated that nearly half of the patients with status epilepticus are unresponsive to benzodiazepines (Alldredge et al. 2001), raising the possibility
for a role for ketamine through its modulatory actions on benzodiazepine-
binding or other sites on GABAA receptors. Support for ketamine enhancing
GABAA receptor activity comes from experiments studying picrotoxinsensitive apneustic breathing in cats (Budzińska 2005). Both bicuculline (a
GABAA receptor antagonist that acts at a different site from picrotoxin) and
picrotoxin (a GABAA receptor antagonist) failed to alter ketamine-induced
apneustic breathing, an observation the authors attributed to ketamine
actions on GABAC receptors (Budzińska 2005). The function of the GABAC
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receptor is poorly understood, and this receptor was not considered in
other studies of ketamine and GABA receptors. Recombinant expression
of different GABAA receptor subunit compositions suggests that ketamine
induces GABA-mediated currents in receptors containing α6β2/3δ subunits (Hevers et al. 2008). A similar ketamine effect occurs in cerebellar
granular neurons where the α6β2/3δ type of GABAA receptor is predominant (Hevers et al. 2008). Ketamine fails to enhance the GABA-mediated
current if these neurons were from transgenic α6−/− and δ−/− mice, indicating the essential role of α6 and δ subunits in the ketamine-induced effect
(Hevers et al. 2008). Other NMDA receptor antagonists such as phencyclidine and dizocilpine were unable to mimic ketamine, suggesting that
ketamine acted via NMDA-independent mechanisms (Hevers et al. 2008).
Either bicuculline or the diuretic furosemide (used as an α6-containing
GABAA receptor antagonist here) blocked the ketamine-induced current,
further demonstrating the GABAA receptor modulatory effect of ketamine
(Hevers et al. 2008). On the basis of the functional relationship between
benzodiazepine and GABAA receptors, studies were undertaken to determine if ketamine modulates benzodiazepine binding. An early study
reported that the anesthetic effect of ketamine was increased by the benzodiazepine receptor antagonist flumazenil (Restall et al. 1990). In healthy
human subjects, S-ketamine (but not the R-enantiomer) decreased binding of the radiolabeled iomazenil (a benzodiazepine receptor inverse agonist) to the benzodiazepine receptor at the prefrontal cortex (Heinzel et al.
2008). The authors postulated that ketamine altered the benzodiazepine-
binding site so as to increase GABAergic neuronal activity (Heinzel et
al. 2008), although it was unclear whether ketamine facilitated benzodiazepine receptor agonist binding as well, or simply inhibited binding of
the inverse agonist. In addition to the effects of ketamine on benzodiazepine receptors, interactions with muscarinic receptors have also been
implicated in the GABAA receptor effects of ketamine. In rats treated with
pilocarpine to induce benzodiazepine-resistant status epilepticus, either
the benzodiazepine diazepam or ketamine used in isolation was without
effect within 5 h, but their combination reduced the number of animals
with prolonged seizures during the same time frame (Martin and Kapur
2008). Whether ketamine also elicited an effect on muscarinic receptors
in suppressing pilocarpine-induced seizures was not investigated in the
study by Martin and Kapur (2008), but another study using bicuculline
to induce seizures reported that ketamine altered muscarinic receptor
affinity (Schneider et al. 2013). Thus, it is likely that the GABAA receptor
activating or potentiating effect of ketamine may also be associated with
activation of muscarinic receptors.
Activation of GABAB receptors underlies spasticity treatment, and the
agonist baclofen is often used for this purpose (Ando et al. 2011). However,
long-term baclofen treatment results in tolerance as GABAB receptors
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desensitize (Kanaide et al. 2007; Perroy et al. 2003). It is known that formation of the GABAB receptor/G protein–coupled receptor kinase (GRK)
4/5 complex contributes to receptor desensitization (Kanaide et al. 2007;
Perroy et al. 2003). Experiments in oocytes coexpressing GABAB receptors, GRK 4/5, and G protein–activated inward-rectifying K+ channel 1/2
indicated that S-ketamine inhibited the translocation of GRK 4/5 to the
plasma membrane, suggesting that the GABAB receptor/GRK complex
was not formed and the K+ current was preserved (Ando et al. 2011).

3.2.4 Opioid receptors
Activation of μ opioid receptors is commonly associated with antinociception while some reports suggest that δ opioid receptors are also involved
(Brandt et al. 2001). Since prolonged use of μ receptor agonists alone is also
associated with adverse effects such as respiratory depression and constipation, pain management is improved from the adjuvant use of other
analgesic agents. The combined use of μ and δ receptor agonists produces
greater antinociceptive effects (Banks et al. 2010). The δ receptor agonist
SNC162, when used together with the μ receptor agonist fentanyl, had
better antinociceptive effects in monkeys compared to the combined use
of fentanyl and ketamine (Banks et al. 2010). Experiments with coadministration of ketamine and SNC162 would have provided information on
possible δ receptor effects of ketamine.
The antinociceptive effects mediated by μ receptors are enhanced
in the presence of ketamine (Banks et al. 2010; Hama et al. 2006). In a
rat model of hyperalgesia induced by formalin, ketamine and morphine
cotreatment achieved higher levels of antinociception than with morphine
alone (Hama et al. 2006). The ketamine effect was more pronounced in the
later phases (after 15 min) of formalin administration (Hama et al. 2006).
Another NMDA receptor antagonist, [Ser1]-histogranin, also enhanced
the antinociceptive effect of morphine, but to a lesser extent (Hama et al.
2006). Earlier reports suggested that hyperalgesia developed after chronic
opioid treatment as a result of NMDA receptor activation by opioids (Chu
et al. 2008; Joly et al. 2005). Levels of NMDA receptor mRNA returned
to normal (after an initial transient decrease) in mice treated chronically
with morphine (Ohnesorge et al. 2013). Combined ketamine (or clonidine,
an α2 receptor agonist) and morphine treatment prevented the rebound of
NMDA receptor mRNA as well as enhanced antinociception (Ohnesorge
et al. 2013). The ketamine-enhanced antinociception was only partially
related to α2 receptor activation, as revealed by the small suppression of
the ketamine effect by yohimbine (an α2 receptor antagonist) (Campos et
al. 2006). Instead, the opioid receptor antagonist naloxone fully abolished
the enhanced antinociception (Campos et al. 2006), indicating a direct
effect of ketamine on μ receptors.
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Additional evidence of ketamine modulating μ receptor function comes
from electrophysiological and protein biochemical studies. Ketamine suppressed Ca2+-activated Cl− currents after μ receptor activation (Minami
et al. 2010), an effect attributed to actions on the receptor rather than on
downstream Ca2+ signaling. It is unclear whether this inhibitory effect
on μ receptors contributed to the added antinociception associated with
down-regulated NMDA receptors mRNA reported elsewhere, since morphine alone increased NMDA receptor mRNA levels (Ohnesorge et al.
2013). An extended period of μ receptor stimulation also causes receptor desensitization as, for example, when phosphorylation of a mitogen-
activated protein kinase ERK1/2 transiently increases and returns to
baseline after a short period (Trapaidze et al. 2000). Ketamine increases
the level and prolongs the duration of ERK1/2 phosphorylation (Gupta
et al. 2011). Moreover, resensitization of μ receptors (achieved by the temporary removal of morphine) was facilitated by ketamine (Gupta et al.
2011). Although there was also evidence of increased μ receptor density in
the rat hippocampus after ketamine treatment, nociception was not measured in that study to allow conclusions to be drawn on possible ketamine
modulation on μ receptor function (Kekesi et al. 2011). Therefore, one can
reasonably suggest that ketamine enhances antinociception by inhibiting
μ receptors to prevent its rapid desensitization on the one hand, and shortens the receptor recovery time on the other hand.
Schizophrenia and depression are two examples of opioid receptor–
associated affective disorders. Cognitive deficits in schizophrenia have
been linked to κ receptor stimulation (Chavkin et al. 2004). The opioid
receptor antagonist JDTic diminished attention deficit in rats induced
by ketamine after selective κ receptor blockade (Nemeth et al. 2010). In
humans, ketamine binds to κ receptors as an agonist with a binding affinity
that is much weaker than at σ receptors (Nemeth et al. 2010). The σ receptor has been implicated in nerve growth factor (NGF)–mediated neuronal
plasticity and antidepressant effects (Ishima et al. 2008). Ketamine promotes NGF-induced neurite growth in PC12 cells, an effect that is sensitive to NE-100 (a σ receptor antagonist) (Robson et al. 2012). This effect was
attributed to σ receptor–mediated ERK signaling, a result similar to the
inhibitory action of ketamine on σ receptors (Gupta et al. 2011). However,
in an in vivo depression model of forced swimming, the shortened immobility time after ketamine treatment was insensitive to σ receptor blockade (Robson et al. 2012).

3.2.5 Endocannabinoid receptors
Endogenous cannabinoids are responsible for many actions in the CNS
including analgesia and memory consolidation, and if consumed as exogenous agents, visual hallucination, perceptual disturbance, and psychotic
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symptoms (Pacher and Kunos 2013). In a study of discriminative stimuli
in monkeys treated with Δ9-tetrahydrocannabinol (a naturally occurring
cannabinoid), only the cannabinoid-1 (CB1) receptor antagonist SR141716A
showed efficacy (McMahon 2006). Both ketamine and midazolam were
without effect, suggesting that CB1-mediated effects were independent of
ketamine action. However, if rats were preconditioned with ketamine in
a place preference system (Li et al. 2008), reapplication of ketamine after a
period of abstinence reestablished place preference in a CB1 receptor antagonist (rimonabant)–sensitive manner. This finding suggests a potential for
CB1 receptor blockade in preventing relapse of ketamine-associated psychotomimetic effects. In a trial of healthy humans treated with S-ketamine,
two parameters showed contrasting outcomes after administration of cannabidiol (a CB1 receptor antagonist and CB2 inverse agonist) (Hallak et al.
2011). First, psychomotor activation was increased by cannabidiol, and second, depersonalization was marginally decreased (Hallak et al. 2011). It is
unclear if the effects of ketamine were attributed to direct actions on CB
receptors or indirect effects mediated by other receptors.

3.3 Ion channels
3.3.1 ATP-sensitive K+ (K ATP) channels
Activation of KATP channels promotes neuronal hyperpolarization in
the CNS and thus elicits a neuroprotective effect (Fujimura et al. 1997).
Opening of KATP channels is activated by low intracellular ATP levels, and
ketamine is able to block channel opening in neurons from the rat substantia nigra (Ishiwa et al. 2004). The NMDA receptor antagonist AP-5 did
not modulate KATP-mediated currents, suggesting a non-NMDA-dependent
mechanism of ketamine (Ishiwa et al. 2004). Ketamine had no effect on
KATP channels when intracellular ATP levels was kept at 2 mM (Ishiwa et
al. 2004), but in reassociated KATP channels in the presence of Mg-ADP, the
channel-inhibitory effect of ketamine was enhanced (Kawano et al. 2005).
Reassociated KATP channels were made by coexpressing different inwardrectifying K+ channel (Kir) subunits and sulfonylurea receptors (SUR) in
COS-7 cells (Kawano et al. 2005). In a channel with the Kir6.2 subunit
but lacking SUR, the K+ current was inhibited by ketamine but did not
reach full efficacy when compared with channels with SUR subunits
(Kawano et al. 2005). The SUR was likely the ketamine-binding site for its
action on KATP channels (Kawano et al. 2005). In both spontaneously open
(Kawano et al. 2005) and nicorandil-stimulated KATP channels (Kawano
et al. 2010), racemic ketamine was more potent than the S-enantiomer.
However, Mg-ADP decreased the inhibitory effect of ketamine on KATP
channel when nicorandil was present (Kawano et al. 2010). The disparity
in findings between the two studies by Kawano et al. (2005, 2010) could be
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attributed to different states of the channel, channel subunits expressed,
or other non-KATP channel properties (e.g., as a nitric oxide donor) of
nicorandil.
The interrelationships between ketamine, KATP channels, and adrenergic receptors have also been studied. Although the attenuation of morphine-
induced hyperalgesia by ketamine was not sensitive to the KATP channel
blocker glibenclamide (Campos et al. 2006), a different conclusion was
reached when prostaglandin E2 was used to induce pain (Romero and
Duarte 2013). Ketamine demonstrated antinociceptive effect in the hind
paw of rats that had received a prior intraplantar injection of prostaglandin E2 (Romero and Duarte 2013). The antinociceptive effect of ketamine
was blocked by glibenclamide but not by other voltage-gated K+ channel
blockers, highlighting the role of KATP channels in this type of nociception
(Romero and Duarte 2013). In a study of isolated human atrial appendage
contractility, prior administration of ketamine enabled greater recovery
of contractility in hypoxia-reoxygenated tissues (Hanouz et al. 2005). This
effect of ketamine was blocked by antagonists of α (phentolamine) and β
(propranolol) receptors (Hanouz et al. 2005). While ketamine effects on
the isolated atrium could be attributed to actions on KATP channels and
adrenergic receptors, it is unclear if the CNS could also have an effect or
if combined treatment with various blockers could also augment the contractile recovery. It should also be noted that in the study by Hanouz et al.
(2005), the atrial samples were taken from many patients who were also
receiving treatment with benzodiazepine. Since ketamine alters benzodiazepine binding (Heinzel et al. 2008), it is possible that GABAA receptors
may also have a role in the ketamine-mediated recovery of atrial contractile function in vivo.

3.3.2 Voltage-gated K+ channels
Ketamine has a stimulatory effect on the cardiovascular system to increase
heart rate and blood pressure (Stanley et al. 1968). The voltage-gated K+
(KV) channel regulates the resting membrane potential and is down-
regulated in hypertension (Cox 2002). The inhibitory effects of ketamine
on KV currents (via KV1.x, KV2.x, and KV3.x channel subfamilies) were similar for both racemic and S-ketamine and were independent of channel
activation voltage (Kim et al. 2007). Ketamine also depolarized the membrane potential at rest (Kim et al. 2007), a finding the authors suggested
correlated with ketamine-induced increases in blood pressure. Ketamine
suppressed sympathetic activity in the isolated rat spinal cord (Ho and
Su 2006). However, a variety of results have been reported for the effects
of ketamine on the sympathetic nervous system in vivo (Akine et al. 2001;
Cheng et al. 2004; Kienbaum et al. 2000; Sasao et al. 1996). It may therefore
be premature to determine whether the KV inhibitory effect of ketamine
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directly contributes to the increased depolarization of vascular smooth
muscle and hypertension observed clinically.
The rapid-delayed rectifier K+ current (IKr) (via the KV11.x channel
subfamily) is responsible for repolarization of the cardiac action potential. Contrasting findings have been reported for the effects of ketamine
on IKr, possibly resulting from the different experimental models used.
Transgenic rabbits with long QT syndrome type 2 (LQT2, which lacks IKr)
failed to show any alteration in the QT interval after ketamine treatment,
which also failed to affect the slow-delayed rectifier K+ current (Odening
et al. 2008). When IKr was measured in Xenopus oocytes expressing the
human ether-a-go-go-related gene, the current was inhibited by ketamine,
with increasing effect at more negative voltages and after longer depolarizations (Zhang et al. 2013). Plotting the normalized current versus
voltage curves indicated that ketamine exerted its effect during channel
inactivation, suggesting that binding occurred in the channel-open state
(Zhang et al. 2013). The findings by Zhang et al. (2013) related to prolonged
QT interval and decreased heart rate are seemingly contradictory to the
clinical effects of ketamine. The authors attributed this disparity, first, to
the in vitro conditions of their study and, second, to the more prominent
participation of other channels in inducing cardiac dysrhythmia (Zhang
et al. 2013).

3.3.3 Ca2+-activated K+ channels
In contracted vascular smooth muscle, the Ca2+-activated K+ (KCa) channel opens in response to cytosolic Ca2+ increases, allowing K+ efflux and
membrane hyperpolarization, and so contributes to the regulation of vascular tone. Under in vivo conditions, ketamine increases blood pressure,
while under ex vivo conditions, ketamine induces relaxation of vascular
smooth muscle (Jung and Jung 2012; Klockgether-Radke et al. 2005) by
activation of large-conductance Ca2+-activated K+ (BK) channel. In pig coronary arteries, KCl- and prostaglandin F2α-precontracted vessel rings were
relaxed by ketamine, with S-ketamine being more potent than either racemic mixture or R-ketamine (Klockgether-Radke et al. 2005). The ketamine-
mediated vasorelaxation was diminished by tetraethylammonium (TEA),
a nonselective inhibitor of K Ca channels and not by glibenclamide, a
KATP channel blocker (Klockgether-Radke et al. 2005). The suppression of
contractions of rabbit renal arterial rings by ketamine is also inhibited
by TEA and by iberiotoxin, suggesting a role for BK channels (Jung and
Jung 2012). In contrast, an inhibitory effect of ketamine on BK channel
was demonstrated in mouse microglia, which when hyperactivated in
neural injury yields neuropathic pain (Scholz and Woolf 2007). The BK
channel opener NS1619-induced current was suppressed by S-ketamine
more potently than the racemic mixture (Hayashi et al. 2011). In summary,
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ketamine could, depending on tissue types, elicit different effects on BK
channel activity.

3.3.4 Ca2+ transport and Ca2+ sensitization
It has been known for some time that ketamine blocks both L- and T-type
Ca2+ channels (Sinner and Graf 2008). Ryanodine-mediated Ca2+ release
from the endoplasmic reticulum (ER) and Ca2+ recycling via the ER Ca2+ATPase were not affected by ketamine treatment in renal arteries (Jung
and Jung 2012). However, Ca2+ influx was smaller in the presence of keta
mine after Ca2+ store depletion (Jung and Jung 2012). In rat hippocampal
neurons, spontaneous Ca2+ oscillations were abolished by the NMDA receptor antagonist dizocilpine while oscillating amplitude was increased by the
GABAA receptor antagonist bicuculline (Sinner et al. 2005). Although keta
mine suppressed both oscillating frequency and amplitude, it could not
be determined from the study by Sinner et al. (2005) whether this effect
was due solely to NMDA receptor blockade since ketamine also enhances
GABAA receptor activity to decrease oscillating amplitude (Hevers et al.
2008). Stereoselectivity of ketamine is important in suppressing Ca2+ oscillations, with the S-enantiomer being more potent than the R-enantiomer
(Sinner et al. 2005).
Membrane depolarization and neurotransmitter release are two neuronal events that depend on voltage-gated Ca2+ entry. Drugs such as lithium
and valproic acid that possess Ca2+ channel–blocking properties have considerable efficacy in seizures (Karydes et al. 2013; Yanagita et al. 2007).
Seizure threshold (determined by the emergence of forelimb and full
body clonus) in mice with chemical-induced clonic seizures was increased
by ketamine and lithium (at noneffective concentrations when used individually) (Ghasemi et al. 2010). Seizure threshold was similarly increased
when lithium was given together with L-type Ca2+ channel blockers
including nifedipine (Ghasemi et al. 2010). The authors postulated a threeway interaction in the antiseizure effects of lithium, Ca2+ channel blockers, and ketamine because of their NMDA receptor antagonistic effects
(Ghasemi et al. 2010). However, noting that ketamine also acts directly
on Ca2+ channels, it may be useful to also investigate whether combined
ketamine and nifedipine treatment further increases seizure threshold.
Besides inhibiting Ca2+ flux, ketamine also decreased myofilament
2+
Ca sensitivity in dog pulmonary veins (Ding and Murray 2007). As in
other blood vessel studies (Jung and Jung 2012; Klockgether-Radke et al.
2005), acetylcholine (ACh)-induced vasoconstriction was diminished by
ketamine (Ding and Murray 2007). When venous tissue was permeabilized
and exposed to increasing extracellular Ca2+ concentrations, ACh addition
resulted in greater contractility that was associated with increased myofilament Ca2+ sensitivity (Ding and Murray 2007). Ketamine diminished
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the ACh-mediated effect by causing the translocation of protein kinase Cα
to the plasma membrane (Ding and Murray 2007). While vasorelaxation
induced by ketamine occurs in a number of tissues, its effect on myofilament Ca2+ sensitivity could be tissue specific since, for example, ketamine
fails to alter myofilament Ca2+ sensitivity in dog tracheal smooth muscle
(Hanazaki et al. 2000).

3.3.5 Hyperpolarization-activated cyclic nucleotidegated (HCN) channels and cGMP
The hypnotic effect of general anesthetics is thought to be dependent
on synchronized, slow rhythms in forebrain pyramidal neurons (Chen
et al. 2009b; Zhou et al. 2013). Activity in these neurons is facilitated by
the pacemaker current (Ih) via HCN channel opening, causing membrane depolarization owing to Na+ entry (Pape 1996). Excessive synaptic
inputs to the cortex are normally restricted as a result (Magee 2000); on
the contrary, a decrease in Ih is present in animal epilepsy models (Shah
et al. 2004). The synchronized firings under the influence of anesthetics are similar to those seen in deep sleep (Amzica and Steriade 1998)
and are observed when Ih is inhibited (Carr et al. 2007). Ketamine, but
not dizocilpine, blocks HCN subtype 1 (HCN1) channel–mediated Ih,
and this blockade was greater with the S-enantiomer than with the racemic compound (Chen et al. 2009b). Conditionally knocking out HCN1
expression in the mouse forebrain (while preserving that in the cerebellum) rendered Ih insensitive to ketamine treatment (Zhou et al. 2013). The
hypnotic effect was also diminished in knockout mice (Zhou et al. 2013),
further suggesting HCN1–ketamine interactions in potentiating cortical
synchronization.
There is no evidence supporting a link between HCN channel activity in the CNS and cGMP availability. However, HCN channel can be
activated by cyclic nucleotides in other pacemaker cells such as SA nodal
cells. In a rat model of PGE2-induced hyperalgesia, the ketamine antinociceptive effect was blocked by the neuronal nitric oxide synthase (nNOS)
inhibitor NW-propyl-l-arginine but not by specific inhibitors of other NOS
isoforms (Romero et al. 2011). Nitrite measurements indicated that more
NO was released at the pain site after ketamine treatment (Romero et al.
2011). NO activates soluble guanylate cyclase (sGC) to generate cGMP
(Moncada et al. 1991). The sGC inhibitor ODQ suppressed while the
cGMP-selective phosphodiesterase inhibitor zaprinast enhanced keta
mine antinociceptive effects (Romero et al. 2011). Given the role of cGMP
in ketamine-mediated antinociception, it would be useful to also investigate whether a similar phenomenon is present in HCN function in the
forebrain pyramidal neurons.
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3.3.6 Na+ channels
Several studies in the 1970s to 1980s demonstrated that ketamine had Na+
channel–blocking properties resembling those of local anesthetics (Sinner
and Graf 2008). The only other study to appear since then on ketamine
and Na+ channels examined alveolar Na+ transport (Cui et al. 2011). Na+
reabsorption via epithelial Na+ channels prevents excessive fluid accumulation in the lungs and, thus, pulmonary edema. Ketamine use and abuse
are associated with pulmonary edema (Pandey et al. 2000), thereby implicating Na+ channel dysfunction. Ketamine treatment decreased alveolar
fluid clearance in human lung lobes ex vivo, and this effect was absent
when the epithelial Na+ channel blocker amiloride was added (Cui et al.
2011). Ketamine also suppresses Na+ currents in a human alveolar epithelial cell line (Cui et al. 2011). These findings, together with the inhibition of HCN channel (see above discussion) and of nicotinic receptor (see
Section 3.4), collectively suggest an overall suppressant effect on Na+ entry
by ketamine.

3.4 Nicotinic receptors
Activation of nicotinic receptors results in the opening of Na+/Ca2+ influx
channels to cause membrane depolarization (Beker et al. 2003). In addition
to blocking Na+ entry via NMDA receptors, ketamine also blocks nicotinic
receptors with similar potency (Harrison and Simmonds 1985). A variety
of nicotinic receptor subunit compositions were investigated. The homomeric α7 nicotinic receptor–mediated current was blocked by ketamine
and its metabolite dehydronorketamine (Ho and Flood 2004; Moaddel et al.
2013). The ketamine-binding site is on transmembrane segment 2 in point
mutated α7 nicotinic receptors (Ho and Flood 2004). Other studies reported
that ketamine binds near the intracellular end of the α7 transmembrane
domain (Bondarenko et al. 2013a). Both ketamine and its metabolite norketamine (Moaddel et al. 2013) inhibited the currents associated with
heteromeric α3β4 nicotinic receptors (Moaddel et al. 2013). More recently,
multiple ketamine-binding sites were resolved by NMR at the heteromeric
α4β2 nicotinic receptor, one near the extracellular end of the β2 transmembrane domain and another near the intracellular end of the transmembrane domains between the α4 and β2 subunits (Bondarenko et al. 2013b).
Ketamine suppresses Ca2+ transport and Ca2+ sensitivity (see Section
3.3.4). Nicotinic receptor–mediated Ca2+ responses are inhibited by keta
mine in rat intracardiac ganglionic neurons (Weber et al. 2005). Unlike
other cell types where voltage-gated Ca2+ channels are blocked by keta
mine, depolarization-induced Ca2+ responses are unaffected by ketamine
in intracardiac ganglionic neurons (Weber et al. 2005). Release of inositol
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1,4,5-triphosphate–sensitive Ca2+ stores is also insensitive to ketamine
treatment (Weber et al. 2005). However, since the ryanodine-sensitive
Ca2+ store was not examined in this study, the precise Ca2+-inhibitory
mechanism(s) of ketamine is (are) unclear.
Functional interactions between nicotinic receptors and ketamine
have been demonstrated in animal studies of schizophrenia and antinociception. The α7 nicotinic receptor agonist GTS-21, as well as the nicotine
metabolite cotinine, reverses cognitive deficits associated with impaired
strategy formation and revision in the prefrontal cortex in ketamine-treated
monkeys (Buccafusco and Terry 2009; Cannon et al. 2013). Ketamine increases
spinal ACh release in a rat spinal anesthesia study, where ACh release
is associated with antinociception (Abelson et al. 2006; Kommalage and
Höglund 2004). The nicotinic receptor agonist epibatidine potentiated
the increase in ACh whereas this effect was diminished by the nicotinic
receptor antagonist mecamylamine (Abelson et al. 2006).

3.5 Purinergic receptors
Adenosine activates the P1 (or Ax) family of receptors, also known as
adenosine receptors. Ketamine increases adenosine release (by blocking
NMDA receptors) to enhance its anti-inflammatory effects (Bong et al.
1996). The mortality rate after sepsis was reduced after adenosine treatment (McCallion et al. 2004). In mouse models of sepsis, ketamine increased
plasma adenosine concentrations and animal survival (Mazar et al. 2005).
Leukocyte recruitment, an indicator of immune activity, is suppressed
by ketamine as well as the A2A receptor agonist CGS-21680 (Mazar et al.
2005). Conversely, ketamine effects are blocked by both the nonselective
A2 receptor antagonist DMPX and the selective A2A receptor antagonist
ZM241385 (Mazar et al. 2005). The release of the inflammatory cytokines
TNFα and IL-6 was reduced after ketamine and CGS-21680 treatment, with
this effect being sensitive to DMPX (Mazar et al. 2005). Neither A1 nor A3
receptor blockade altered this ketamine effect (Mazar et al. 2005).
Adenosine is also involved in locomotor activity, which is under regulation by GABAergic neuronal terminals expressing A1/2 and D1/2 receptors
(Hettinger et al. 2001; Jin et al. 1993; Schiffman et al. 1991; Svenningsson et
al. 1999). Motor symptoms associated with D2 receptor antagonists were
mimicked by A2A receptor agonists (Correa et al. 2004). Ketamine-treated
mice display locomotor hyperactivity that is suppressed by CGS-21680 and
the nonselective A1/2 receptor antagonist NECA but not by selective A1 activation (Mandryk et al. 2005). Locomotor activity was enhanced after DMPX
and caffeine (used here as an A1/2 receptor antagonist) whereas selective
A1 receptor blockade had no effect (Mandryk et al. 2005). Comparing the
studies of Mandryk et al. (2005) and Mazar et al. (2005), it is interesting
to note that although ketamine exerts an influence on A2 receptor under
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different experimental settings, there appears to be contrasting effects
with ketamine increasing A2 receptor activity during antinociception but
decreasing A2 receptor activity when inducing motor symptoms.
ATP preferentially activates P2 receptors, of which the P2X1 and
P2X4 subtypes have been the best-studied ketamine targets. The effects
of ketamine on P2X1 receptors are discussed in detail in Chapter 10.
Hyperactivation of microglia, via P2X4 receptor activation, increases the
release of inflammatory mediators and, at the same time, decreases antinociceptive neurotransmission (Inoue and Tsuda 2009). Microglial P2X4
receptors are up-regulated after L4 nerve injury, and this is sensitive to
inhibition by the BK-IK channel blocker charybdotoxin (Hayashi et al.
2011). The influence of ketamine on P2X4 receptors was only inferred
from this study (Hayashi et al. 2011). Another study attempted but failed
to show a direct effect of ketamine on P2X4 receptor–mediated currents
(Hasaka et al. 2012). However, some of the shared characteristics of the
anesthetics used in the study are worthy of discussion here. In addition to
ketamine, thiopental also lacked an effect on P2X4 receptors (Hasaka et
al. 2012) but enhanced P2X7 receptor–mediated currents in another study
(Nakanishi et al. 2007). It may be useful to investigate whether ketamine
also exerts similar effects on P2X7 receptors, the expression of which
increases after status epilepticus (Henshall et al. 2013), and furthermore,
to also investigate the relationship between ketamine, GABAA receptor,
and Ca2+ transport in epilepsy as mentioned in Sections 3.2.3 and 3.3.4.

3.6 Histamine receptors
Ketamine stimulates histamine release from mast cells (Marone et al.
1993). A recent study examined ketamine actions related to histamine.
Ketamine increased plasma histamine and lowered blood pressure in
sevoflurane-anesthetized cats (Costa-Farré et al. 2005). This decrease in
blood pressure was more pronounced after blockade of both H1 receptors (by chlorphenamine and cyproheptadine) and H2 receptors (by
ranitidine) (Costa-Farré et al. 2005). Ketamine did not affect heart rate but
decreased heart rate when both H1 and H2 receptors were blocked (CostaFarré et al. 2005). The mechanisms for these effects of ketamine on heart
rate and blood pressure are unclear, since other studies suggest that histamine should stimulate both (Stanley et al. 1968); one possibility could
be related to the use of sevoflurane, which is known to decrease blood
pressure (Degoute 2007). Since heart rate is usually increased when H2
receptors are activated, it is surprising that ketamine did not alter heart
rate by releasing additional histamine release in the study by Costa-Farré
et al. (2005). Another factor to consider is that the decrease in blood pressure caused by ketamine should activate baroreceptors and also increase
heart rate (and cardiac output). The individual contributions of H1 and H2
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receptors to the heart rate and blood pressure responses were not determined in the study by Costa-Farré et al. (2005).

3.7 Leukotriene receptors
Leukotrienes are another group of autacoids that also interact with keta
mine. In ischemia-induced neuronal injury, increased glutamate release
and subsequent NMDA receptor stimulation activate 5-lipoxygenase to
synthesize leukotrienes (Ge et al. 2006). Leukotriene (LT1) receptor blockade produced neuroprotective effects in rodents with cerebral ischemia
(Zeng et al. 2001). Up-regulation of NMDA receptors was also prevented
by blocking LT1 receptors (Zhang and Wei 2003). Both ketamine and
the LT1 receptor antagonist pranlukast reduced brain lesion volumes in
mice injected with NMDA into the parietal cortex (Ding et al. 2006). The
same study also reported that ketamine and pranlukast abolished the
increases in LT1 receptor mRNA and protein expression caused by injecting NMDA in the cortical area and in hippocampal CA1 neurons (Ding
et al. 2006). This study did not examine whether a combined administration of ketamine and pranlukast had a greater effect; it is also unknown
if a 5-lipoxygenase inhibitor could unveil a direct action of ketamine on
leukotriene synthesis.

3.8 Immunomodulatory targets
Ketamine suppresses cytokine release in a mouse model of sepsis (Mazar
et al. 2005). Most reports support the concept that ketamine affects Toll-like
receptor (TLR)–mediated pathways. Lipopolysaccharides (LPS) derived
from bacterial cell membranes form a complex with LPS-binding protein,
which in turn activates TLR4 (Liu et al. 2012). The cascade of events that
follows involves phosphorylation of Ras, Raf, mitogen-activated protein
kinase kinases (MEKs), extracellular signal-regulated kinases (ERKs),
inhibitor kappa-B kinase (IKK), and c-Jun N-terminal kinase (JNK), all
of which ultimately trigger the activation of transcription factors such as
nuclear factor kappa-B (NFκB) and activator protein-1 (AP-1) to produce
cytokines (Chowdhury et al. 2006; Fan et al. 2004; Jones et al. 2001; Liu et
al. 2012). Ketamine did not alter resting levels of TLR4 receptor expression
but suppressed its up-regulation after LPS induction in rat intestines and
astrocytes (Wu et al. 2012; Yu et al. 2006). However, LPS-induced TLR4
receptor expression was not affected by ketamine in mouse macrophages,
suggesting cell-specific differences (Chen et al. 2009a). The expression of
TLR4 mRNA in mouse macrophages is insensitive to ketamine, although
the binding affinity of LPS was weakened (Chen et al. 2009b). Furthermore,
introduction of TLR4 siRNA lowers TLR4 expression, which is potentiated
by ketamine (Wu et al. 2008).
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The signaling events mediated by TLR4 receptors are also altered by
ketamine. LPS-induced phosphorylation of Ras, Raf, MEK1/2, ERK1/2,
IKK, and JNK is suppressed by ketamine (Chen et al. 2009a; Wu et al.
2008). It should be noted that ketamine apparently has opposing effects on
ERK1/2 phosphorylation under different stimulating conditions, as exemplified by the enhanced ERK1/2 response mediated by opioids (Gupta et
al. 2011). The translocation and activity of NFκB mediated by IKK are suppressed by ketamine (Chen et al. 2009a; Wu et al. 2012; Yu et al. 2006).
Ketamine reduces the translocation of c-Jun and c-Fos into the nucleus
after the inhibition of JNK phosphorylation (Wu et al. 2008). The LPSinduced activity of AP-1 was lower after ketamine treatment (Wu et al.
2008). Finally, LPS-induced production of cytokines such as TNFα, IL-1β,
and IL-6 is reduced by ketamine (Chen et al. 2009a; Wu et al. 2012).
Cecal ligation and puncture (CLP) and lipoteichoic acid (LTA) are
other methods used to induce experimental sepsis, and ketamine has
similar immunosuppressant effects in these experimental models. For
example, ketamine reduces the expression of TLR4, NFκB, TNFα, and
IL-6 in rats with CLP (Yu et al. 2007a). The TLR subtype TLR2 is associated with LTA-induced pathogenic responses (Yoshioka et al. 2007), and
the up-regulation of TLR2 in rats with CLP is inhibited by ketamine (Yu
et al. 2007b). The ketamine-induced reduction in the expression of TNFα
and IL-6 was enhanced when combined with the ERK inhibitor PD98059
(Chang et al. 2010). A synergistic effect between ketamine and TLR2
siRNA has also been reported (Chang et al. 2010).
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4.1 Introduction
Pharmacological agents and biomedical devices are the most frequently
used and most important tools used to facilitate the recovery of the human
body from diseases or injuries. A characteristic paradox exists in nature—
anything can have both beneficial and harmful effects. Similarly, any artificial or natural substance introduced into the complex human body may have
valuable health-promoting effects but may also have detrimental side effects.
Commonly used drugs are no exception. When drugs are used to cure diseases, their side effects may bring additional severe problems to patients.
Among numerous drugs, anesthetics are very special because they usually
act on the normal nervous system in order to block the pain and stress during
surgical operations. As an exogenous chemical, these drugs surely produce
side effects on the normal nervous system. Therefore, a neurotoxicological
study, a systematic study of the toxic effects of anesthetic drugs, is necessary
to avoid potential side effects in the normal and abnormal brain.
The developing nervous system is susceptible to all kinds of external
stimuli and environmental influences. Some gentle external stimuli are
beneficial to stimulating the normal development of the nervous system
like light, sound, touch, and so on. However, in some emergent situations
like surgery or critical care, it is evitable for infants and children to be
exposed to potentially toxic external stimuli such as pediatric anesthetics,
analgesics, sedatives, or other psychotropic agents. To minimize or avoid
severe neurotoxic effects from the use of these drugs, developmental neurotoxicology was developed to evaluate the risk of neuroactive drugs in
the developing nervous system.
Ketamine has been widely used as a pediatric anesthetic, analgesic,
sedative, and antidepressant agent in pediatric and obstetric clinical practice and is also consumed as an illicit abuse drug by teenagers and young
adults. Physicians and scientists are paying more attention and research
interests on the potential side effects of ketamine on the developing brain.
This chapter introduces the potential neurotoxic effects of ketamine on
the developing brain.

4.2 Ketamine
Ketamine was synthesized as a substitute for phencyclidine (PCP) in the
1960s. Dr. Harold Maddox synthesized PCP in 1956 and introduced it for
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clinical study as a safe anesthetic agent in humans at the time. However,
schizophrenic findings and the incidence of severe delirium relating to
PCP were not acceptable for clinical use for human anesthesia. Given
this situation, a series of short-acting derivative compounds of PCP were
synthesized by Dr. Calvin Lee Stevens at Wayne State University in 1962
(Domino 2010). Finally, one of the compounds was screened to produce
excellent anesthesia with a rapid-acting onset and short-term effects and
was selected for human trials as CI-581 (the clinical investigation number).
This compound (cyclohexylamine, CI-581) is well known as ketamine.
On August 3, 1964, ketamine was first used in a human study and
was found to produce remarkable anesthesia with minimal side effects.
After that, physicians extended applications of ketamine to more clinical
practices: ophthalmic practice (Harris et al. 1968), surgery (Del Prete et al.
1968), neurosurgical diagnostic procedures (Corssen et al. 1969), pediatric
procedures (Ginsberg and Gerber 1969; Szappanyos et al. 1969; Wilson
et al. 1969), and so on under the following trade names: Ketalar, Ketaset,
Ketajet, Ketavet, Vetamine, Vetaket, and Ketamine Hydrochloride (HCl)
Injection. Widespread use of ketamine in humans occurred during the
Vietnam War in the 1970s. Because of a big margin of safety, ketamine
was given to injured American soldiers as an anesthetic, analgesic, and
sedative (Mercer 2009). Within the past half-century, despite recent concerns on developmental neurotoxicity and drug abuse, ketamine has
been developed as an anesthetic for premedication, sedation, induction,
and maintenance of general anesthesia especially for trauma victims, for
patients with hypovolemic and septic shock, and for patients with pulmonary diseases; as an analgesic for acute and chronic pain management
including postoperative analgesia; and as a sedative for pain relief to
intensive care patients, especially during ventilator management (Sinner
and Graf 2008).
Unexpectedly, during popular uses of ketamine in clinics and hospitals, the feeling after the intake of ketamine attracted more people
to consume it as a recreational drug, even as a date rape drug (Graeme
2000; Jansen 2000). Meanwhile, ketamine was given new street names
like “Bump, CatValium, K, Ket, Kit Kat, Kizzo, Special K, Super Acid, and
Vitamin K.” Considering the increasing abuse of ketamine and more crimes
relating to ketamine, the US DEA (Drug Enforcement Administration of
the United States) listed ketamine as a Schedule III nonnarcotic substance
under the Controlled Substances Act in 1999.
In the same year, one study about ketamine inducing neurodegeneration in the developing brain (Ikonomidou et al. 1999) ignited heated
discussions on the neurotoxicity of ketamine use in infants and children.
Subsequent studies indicated that a high dose of ketamine induces neuronal cell death, especially apoptosis, in many in vivo and in vitro models
from mice, rats, and monkeys (Ikonomidou et al. 1999; Rudin et al. 2005;
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Scallet et al. 2004; Slikker et al. 2007; Walker et al. 2010; Young et al. 2005).
Additionally, ketamine has been reported to disturb normal neurogenesis
of the developing brain (Dong et al. 2012). More recent preclinical studies
indicate that the early exposure to ketamine can result in long-lasting cognitive deficits in rhesus monkeys (Paule et al. 2011). These findings forced
scientists and physicians to reconsider the safety and toxic effects of keta
mine in pediatric use (Mellon et al. 2007).

4.3 The developing brain exposed to ketamine
In clinical practice, ketamine has been used widely in four major fields:
anesthesia, analgesia, sedation in the intensive care unit, and antidepressant effects (Domino 2010).

4.3.1 Anesthesia
Ketamine-induced anesthesia is described as dissociative anesthesia,
characterized by profound analgesia and amnesia, with retention of protective airway reflexes, spontaneous respirations, and cardiopulmonary
stability (Green et al. 2011). Under ketamine anesthesia, blood pressure is
well maintained even in the case of hypovolemia, and spontaneous breathing and laryngeal reflexes are preserved. This has made ketamine become
the “first choice” anesthetic agent for prehospital anesthesia/analgesia.
In children, ketamine combined with other anesthetics like propofol or
midazolam is utilized in pediatric plastic surgery (Zook et al. 1971), oral
surgery (Birkhan et al. 1971), neurosurgery (Chadduck and Manheim
1973), cardiac anesthesia (Koruk et al. 2010; Radnay et al. 1976), ophthalmic
surgery (Raju 1980), gastrointestinal procedures (Shemesh et al. 1982), and
pediatric interventional cardiac procedures (Singh et al. 2000). A propofol–
ketamine mixture is routinely used for anesthesia in pediatric patients
undergoing cardiac catheterization (Kogan et al. 2003).

4.3.2 Analgesia and pain management
A subanesthetic dose of ketamine can produce analgesic effects as an “antihyperalgesic,” “antiallodynic,” or “tolerance-protective” agent (Visser and
Schug 2006). Ketamine is used not only in acute pain management but
also in the chronic pain setting (Amr 2010; Blonk et al. 2010; Noppers et al.
2010; Visser and Schug 2006). Systemic or regional administration of keta
mine is used for acute pain management (Chazan et al. 2008). Ketamine
produces potent analgesia in children (da Conceicao et al. 2006; Dal et
al. 2007). Although ketamine was under reevaluation for its potential as
a neurotoxicant in the developing brain, it is being used increasingly to
supplement opioids for the pain after major surgery in pediatric clinical
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settings (Anderson and Palmer 2006). Therefore, it is necessary to be cautious when using high doses or long-term ketamine in this population.

4.3.3 Sedation
In the emergency department, intensive care unit, and in some medical
examination procedures, a sedative state is necessary for further treatment, especially in pediatric settings. A large number of clinical studies
indicate that the combinations of ketamine and midazolam (McGlone
2009; Sener et al. 2011), ketamine and dexmedetomidine (McVey and Tobias
2010), or ketamine and propofol (Weatherall and Venclovas 2010) can be
very useful and safe for sedation and pain relief in pediatric intensive care
patients, especially during ventilator management.

4.3.4 Recreational use
Ketamine has been listed as an illicit club drug with many street names
as “Bump,” “CatValium,” “K,” “Ket,” “Kit Kat,” “Kizzo,” “Special K,”
“Super Acid,” and “Vitamin K.” It is mainly abused among teenagers and
young adults at bars, nightclubs, concerts, and parties. Usually, ketamine
is snorted, or injected intramuscularly, but sometimes injected intravenously by drug abusers. Studies show that low-dose intoxication impairs
attention, learning ability, and memory (Morgan and Curran 2006;
Morgan et al. 2009, 2010). At high doses, ketamine can cause dreamlike
states and hallucinations, and at an extremely high dose, ketamine can
result in delirium and amnesia.
Ketamine is used recreationally as a club drug because it decreases social
inhibitions. Ketamine has been used to heighten sexual experience (Parks and
Kennedy 2004), which increases the incidence of accidental pregnancy, and
even leads to the increased risk of infectious disease transmission including
human immunodeficiency virus (Romanelli et al. 2003; Semple et al. 2009).
Ketamine-abusing pregnant mothers may have opportunities to take large
doses of ketamine for long periods during pregnancy. Ketamine can easily
cross the placenta, enter the body of a fetus (Craven 2007), and rapidly distribute to the embryonic brain. This situation results in greater chances for keta
mine to manifest its neurotoxic effects in the embryonic brain, thus defining
one of the risks of consuming ketamine as an abuse drug.

4.4 Pharmacological mechanisms of ketamine
4.4.1 An NMDA (N-methyl-d-aspartate) receptor antagonist
The major pharmacological effects of ketamine are related to the antagonism of NMDA receptors. Ketamine, like PCP, dizocilpine (MK-801), and

70

Chaoxuan Dong

memantine, noncompetitively binds to the PCP site inside the NMDA receptor, a calcium ion channel, and blocks the influx of calcium (Bolger et
al. 1986; Ffrench-Mullen and Rogawski 1992; O’Shaughnessy and Lodge
1988) (Figure 4.1). Ketamine-produced antagonism of NMDA receptors
depends on the opening state of the calcium ion channel.
The NMDA receptor is one type of ionotropic glutamate receptors
(iGluRs) mediating excitatory synaptic transmission in the central nervous system (CNS) (Collingridge and Lester 1989). It is a tetrameric
transmembrane channel receptor (Hirota et al. 1999a; Kubota et al. 1999;
Ulbrich and Isacoff 2007) composed of four subunits: two obligatory NR1
(NMDA receptor 1) subunits and two regulatory subunits NR2 (NR2A–D)
and NR3 (NR3A and B) (Furukawa et al. 2005). Varying composition of
NMDA receptor subunits determines temporal and regional specificity
and unique functional properties (Monyer et al. 1992; Paoletti and Neyton
2007). NR2A and NR2B subunits mainly constitute NMDA receptors
in the forebrain. These two NMDA receptor subunits undergo a well-
characterized developmental shift in the cortex. NR2B subunits are abundant in the early postnatal brain, and NR2A levels increase progressively
with the brain development (Flint et al. 1997; Mierau et al. 2004; Quinlan et
al. 1999; Roberts and Ramoa 1999; Sheng et al. 1994) (Figure 4.1).
NMDA-activated iGluRs are permeable to Ca++ (Mayer and Westbrook
1987) and are blocked by Mg++ (Mayer et al. 1984) at hyperpolarized membrane potentials, whereas non-NMDA receptor–activated iGluRs (AMPA
[α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid] and kainate) are
also permeable to Ca++ (Iino et al. 1990) but cannot be blocked by Mg++.
This important difference is determined by different amino acid residues at the key action site in M2 regions of these ion channels. In NMDA
Ca++

NR1

NR2

NR2

Glycine
Extracellular
Cytoplasm

NR1
Glutamate

MK-801
PCP
Ketamine
Mg++

Extracellular
Cytoplasm

Figure 4.1 NMDA receptor model showing potential sites for ketamine. This figure shows the action site of noncompetitive NMDA receptor antagonists (keta
mine, MK-801, and PCP) inside NMDA receptors.
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receptors, the site is occupied by asparagines and substituted by glutamine
or arginine in non-NMDA receptors (Kutsuwada et al. 1992; Mori et al.
1992; Moriyoshi et al. 1991), which is the action site of PCP (Ferrer-Montiel
et al. 1996). Moreover, the site of the NMDA receptor M2 region is also
related to the Mg++ blockade NMDA receptors (Burnashev et al. 1992). The
conserved asparagine residue in segment M2 constitutes the Mg++ block
site of the NMDA receptor channel and the MK-801/ketamine action site,
indicating that the ketamine-induced antagonism of NMDA receptors
depends on the Mg++ evacuation of the M2 segment site in NMDA receptors, namely, an open channel–dependent mechanism (Figure 4.1).

4.4.2 Other receptors binding
Besides the antagonism of excitatory amino acids on NMDA receptors,
ketamine has also several mechanisms of action on other receptors (Table
4.1). Ketamine, especially S(+)-ketamine, can reduce opioid consumption
after surgeries (Lahtinen et al. 2004) and reverse opioid tolerance in pain
management (Mercadante et al. 2003), indicating that ketamine may interact with opioid receptors to some extent. Recent studies have testified that
S(+)-ketamine is two to three times more potent than R(−)-ketamine at
μ, κ, and δ opioid receptors (Hirota et al. 1999b,c) (Table 4.1). Ketamine at
100 μM reverses the enkephalin (μ) and spiradoline (κ) inhibition of cyclic
adenosine monophosphate. Additionally, ketamine potentiates the antinociceptive effects of μ but not κ or δ agonists in a mouse acute pain model
(Baker et al. 2002a,b).
Recent publications indicate that PCP stimulates dopaminergic receptors (D2) in vitro (Seeman and Guan 2008; Seeman et al. 2005) with even
higher affinities than NMDA receptors (Kapur and Seeman 2002; Seeman
and Guan 2009; Seeman and Lasaga 2005; Seeman et al. 2009) (Table 4.1).
Table 4.1 Summary of NMDA versus Non-NMDA Receptor Pharmacology
of Ketamine

Ki (μ)
References

NMDAa
0.42

Opioid receptor
MOR DOR KOR
26.8 101 85

Dopamine
D2

5HT
5HT-2

Ion
channels

0.5

15

Komhuber
et al.
(1989)

MOR DOR KOR
Smith et al.
(1987)

Dopamine
5HT
Kapur and
Seeman (2002)

>50 or
>100
Eide and
Stabhaug
(1997)

Note: This table presents the most probable ketamine-binding receptors. Among these data,
the NMDA receptor and the D2 receptor have low Ki values, 0.42 and 0.5, respectively,
suggesting that ketamine has high affinity to bind to these two receptors. MOR,
μ-opioid receptor; DOR, δ-opioid receptor; KOR, κ-opioid receptor; 5HT, serotonin
transporter binding.
a Ki for inhibition of [3H](+) MK-801 binding to cortical membranes.
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The effects of ketamine on dopaminergic receptors support the theory for
animal models of schizophrenia: ketamine and PCP can directly interact with dopaminergic receptors or indirectly block NMDA receptors to
increase the release of dopamine (Javitt 2010). Dopamine dysfunction in
the brain is associated with signs and symptoms and the incidence of
schizophrenia (Seeman et al. 2005).

4.5 Expression of NMDA receptors in the
early stage of brain development
4.5.1 Expression of NMDA receptors in the developing brain
The expression of NMDA receptor subunits is temporal and brain regional
dependent in the developing brain. In the human dorsolateral prefrontal cortex, NR1 expression is low prenatally, peaks in adolescence, and
remains high throughout life, suggesting the lifelong importance of
NMDA receptor function (Henson et al. 2008). Additionally, NR1 is an
essential subunit for the formation of a functional NMDA receptor, initially expressed in restricted areas such as the temporal region of the cerebral cortex and the hippocampus in the fetal brain at embryonic day 18
(E18) and E20. In neonates, the expression of NR1 spreads widely throughout the whole brain. Using the NR1(N)-antiserum staining, the strongest
signals are detected in the hippocampus, followed by the cortex, striatum,
and thalamus, and weaker staining is observed in the brainstem and cerebellum of adult brain (Benke et al. 1995). For the cerebral cortex of the
developing rat, the relative distribution profile of NMDA receptor subunits is as follows: NR2B > NR1 > NR2A > NR2C. In the cerebellum, it is
NR2C = NR1 > NR2A = NR2B (Sircar et al. 1996).
Compared to the wide distribution of the NR1 expression throughout
the lifespan, the expression profiles of NR2 in the brain are developmentally and regionally regulated (Ishii et al. 1993). The distributions of NR2A
and NR2C showed temporal and spatial similarities to that of NR1, but
the expression of NR2B shows differences in the intensity and distribution (Takai et al. 2003). In the rat, NR2B and NR2D subunits predominate in the neonatal brain, and they are replaced by the NR2A and NR2C
subunits in some brain regions (Akazawa et al. 1994; Monyer et al. 1994).
Furthermore, NR2A expression occurs mainly at the cerebral cortex and
hippocampus, while NR2B predominates in the forebrain, NR2C in the
cerebellum, and diencephalon and NR2D in the lower brainstem regions
(Ishii et al. 1993; Monyer et al. 1992; Watanabe et al. 1994a,b).
The developmental changes of expression patterns of NMDA receptor subunits can be altered by NMDA receptor antagonists such as PCP,
MK-801, and ketamine. Acute PCP exposure to the rat on postnatal day
(PND) 7 increases membrane levels of both NR1 and NR2B proteins in
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the frontal cortex but decreases NR1 and NR2B levels in the endoplasmic reticulum fraction (Anastasio and Johnson 2008). Zou et al. (2009b)
reported remarkable increases in NR1 mRNA signals in the frontal cortex under the exposure of ketamine, using in situ hybridization. NMDA
receptor subunit mRNAs in the developing brain are rapidly altered after
MK-801 exposure. The increase in NR2A mRNA is larger than that in
NR1, NR2B, or NR2D (Wilson et al. 1998). Chronic PCP administration
in postnatal rats produced significant reduction in NR2B subunits in the
cerebral cortex, whereas the expression of other NMDA receptor subunits
was not altered in the cerebral cortex after the drug treatment (Sircar et al.
1996). The above evidence indicates that the expression of NMDA receptor subunits may be involved in neurotoxic effects in the developing brain
exposed to NMDA receptor antagonist.

4.5.2 Expression of NMDA receptors in neural stem
progenitor cells of the developing brain
Stem cells are defined as undifferentiated cells that have the potency to
self-renew, thus maintaining an undifferentiated state, and to differentiate into a diverse range of specialized cell types (Maric and Barker 2005;
Mitalipov and Wolf 2009; Ulloa-Montoya et al. 2005). Neural stem cells
(NSCs) are multipotent stem cells that only differentiate into a closely
related family of cells, neurons, and glia (astrocytes and oligodendrocytes)
(Gage 2000). NPCs (neuronal and glial progenitors) have very limited differentiation abilities, but still have self-renewal properties, which distinguish
them from mature cells. In current studies, neural stem progenitor cells
(NSPCs) isolated for cultures are composed of NSCs and NPCs (LovellBadge 2001). Presently, no effective cell sorting method can accurately separate one type of cells from the culture mixture (Maric and Barker 2005).
Being the precursors of neurons and glia, NSCs or NPCs are considered to have no or little expression of NMDA receptor until differentiated
completely. However, the fact is that NMDA receptor agonists (NMDA
or glutamate) can induce Ca++ currents in NSPCs, which can be blocked
by NMDA receptor antagonists in NPCs (Wang et al. 1996). NMDA can
also increase cytosolic Ca++ and inward currents in differentiating neuronal progenitors with BrdU+ (bromodeoxyuridine, a marker of proliferating cells) and Tuj-1+ (beta-tubulin III, a biomarker of newborn neurons)
staining. In contrast, proliferating (BrdU+ and Tuj-1−) NSCs fail to respond
to any iGluR agonists (Maric et al. 2000). After 3 weeks of in vitro differentiation of human NPCs, glutamate and NMDA elicited currents in
93% of NPCs, which can be markedly inhibited by memantine, an NMDA
receptor antagonist (Wegner et al. 2009). These data indicate that NPCs
(but probably not NSCs) have active NMDA receptors, which play a major
role in proliferation, differentiation, synaptogenesis, and neural plasticity.
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NMDA receptor subunits have been detected to be expressed in
NSPCs. Immunocytochemical analysis showed expression of NR1, NR2A,
and NR2B subunits in cultured neurospheres (Joo et al. 2007; Kitayama
et al. 2004; Mochizuki et al. 2007; Ramirez and Lamas 2009). The expression of NMDA receptors containing NR1 and NR2B was found in human
NPCs (Suzuki et al. 2006; Wegner et al. 2009; Zhang et al. 2004). Plus,
NR2B is the predominant NR2 subunit, in rat or human NSCs (Dong et al.
2012; Hu et al. 2008). The expression patterns of NMDA receptor subunits
are also temporal dependent in NSPCs. NR2A, NR2B, and NR2D subunit
transcription are present in both nondifferentiated and neuronally differentiated cultures, while NR2C subunits are expressed only transiently,
during the early period of neural differentiation (Yoneyama et al. 2008).
Functional NMDA receptors are absent in NSPCs until a certain stage
of neuronal commitment or the appearance of synaptic communication,
despite the expression of their subunits (Jelitai et al. 2002; Muth-Kohne et
al. 2010; Varju et al. 2001). However, some studies showed that stimulation
of NPCs leads to either proliferation or neuronal differentiation, which
depends on the level of NMDA receptor activation, suggesting that functional NMDA receptors have a role in the regulation of neurogenesis (Joo
et al. 2007; Maric et al. 2000; Wang et al. 1996). The functions of the NMDA
receptors in NSPCs remain to be determined in future studies.

4.6 Ketamine induces neuronal cell
death in the developing brain
4.6.1 Neurons
During the brain growth spurt period, neuronal apoptosis can be triggered by the blockade of NMDA receptors. In clinical settings, many
anesthetics produce the antagonism of NMDA receptors, such as keta
mine and isoflurane. After the Ikonomidou et al. study, Scallet et al. (2004)
published that a single dose of 20 mg/kg of ketamine (the blood ketamine
level is close to anesthetic level in humans) failed to produce neurodegeneration in neonatal rats at PND7, whereas repeated 20-mg/kg doses
did increase the number of silver-positive (degenerating) neurons. In
neonatal mice, 50 mg/kg S.C. ketamine induced a severe degeneration of
cells in the parietal cortex, which resulted in apparent deficits in habituation, acquisition learning, and retention memory at the age of 2 months
(Fredriksson and Archer 2004; Fredriksson et al. 2004). This study indicated that ketamine-triggered neuroapoptosis in the developing brain
was dose dependent; exposure of less than 20 mg/kg for 5 h does not
induce a significant increase of caspase-3-positive neurons (Young et al.
2005). However, a clinically relevant single dose of ketamine can produce
long-lasting neuronal apoptosis in certain brain areas of neonatal mice
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at PND7 (Rudin et al. 2005). In monkey models, immature monkeys at
earlier developmental stages are more sensitive to ketamine-induced cell
death, although low doses of ketamine at short-term exposures do not
result in cell death in the monkey at PND5 (Slikker et al. 2007). A longterm exposure (9 or 24 h) of ketamine (20 mg/kg I.M. followed by I.V.) produced extensive increases in the number of caspase-3-positive neurons in
infant monkey brains (Zou et al. 2009a). In addition, intrathecal ketamine
can also increase apoptosis in spinal neurons and leads to impaired longterm functional outcomes in neonatal rats (Walker et al. 2010). All these in
vivo data suggest that ketamine can induce apoptosis in the developing
brain in a dose- and time-dependent manner.
Ketamine-induced apoptosis in the developing brains from in vivo
studies has also been confirmed in in vitro studies with neuronal cultures. In rat forebrain cultures, 10 and 20 μM ketamine exposure for 12 h
induces a substantial increase of TUNEL-positive cells relating to the upregulation of NR1 after ketamine administration (Takadera et al. 2006;
Wang et al. 2005). The same doses of ketamine also elevate apoptotic
changes in cultured frontal cortical neurons isolated from a monkey at
PND3 (Wang et al. 2006). Ketamine can induce apoptosis of immature
GABAergic (gamma-aminobutyric acid) neurons (Desfeux et al. 2010).
Although low subanesthetic concentrations of ketamine do not affect cell
survival, it can impair neuronal morphology and dendritic arbor development in immature GABAergic neurons. This indicates that even low doses
of ketamine can disturb the buildup of neural networks in the developing
brain (Vutskits et al. 2006, 2007).
Presently, plenty of experimental evidence has confirmed the fact that
high-dose ketamine triggers cell death in the developing brain. The mechanism of ketamine-induced cell death in neurons has been investigated
in some studies. Most previous studies testified that ketamine-induced
cell death occurs via apoptosis (Braun et al. 2010; Fredriksson et al. 2004;
Rudin et al. 2005; Scallet et al. 2004; Takadera et al. 2006; Wang et al. 2008b;
Young et al. 2005); however, a few studies indicate that necrotic cell death
can also take place in high-dose ketamine exposure (Slikker et al. 2007).
For the mechanism on how ketamine induces apoptosis in neurons, Drs.
Wang and Slikker first reported that prolonged or large-dose ketamine
exposure produces up-regulation of NMDA receptors and subsequent
overstimulation of the glutamatergic system by endogenous glutamate,
triggering apoptosis in developing neurons (Shi et al. 2010; Wang et al.
2005, 2006). Furthermore, ketamine-induced apoptosis may be mediated
by the PI3K (phosphoinositide-3-kinase)/Akt-glycogen synthase kinase
3beta (GSK-3beta) signaling pathway (Shang et al. 2007; Takadera et al.
2006), via the Bax/Bcl-2 ratio pathway and caspase-3 in the differentiated
neuronal cells (Mak et al. 2010). Elevated nitric oxide (NO) levels induced
by ketamine in vitro (Wang et al. 2008a) can also lead to apoptosis in
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newborn rat forebrain cultures. High-dose ketamine can induce apoptosis via the mitochondrial pathway, independent of death receptor signaling (Braun et al. 2010). Another possible apoptotic mechanism is related
to hyperphosphorylated tau in the brains of mice and monkeys with
long-term administration of ketamine (Yeung et al. 2010). More recently,
Soriano et al. (2010) report that ketamine can induce aberrant cell cycle
reentry, leading to apoptotic cell death in the developing rat brain.

4.6.2 Neural stem progenitor cells
Ketamine did not induce significant increases in the apoptosis or necrosis of cultured NSPCs. Hsieh et al. (2003) report that neural progenitor
cells (NPCs) can block the apoptosis of ischemia-induced excitatory neurotoxicity and may resist neurotoxic factors by themselves. The study also
addresses the potential mechanism that the resistance of NPCs to neurotoxicity may be partially attributed to a lack of response to glutamate,
because they found that the stimulation of glutamate receptors could not
induce a significant influx of Ca++ in the progenitor cultured as neurospheres, which is consistent with our recent findings in rat cortical NSPCs
(Dong et al. 2012). Neurospheres may contain more NSCs, while NSCs at
the earlier undifferentiated stage may not express NR1 receptors, indicating lack of functional NMDA receptors in neurospheres. Although
NMDA receptor expression is detected in the adherent monolayer NSPC
cultures, no direct evidence confirmed that functional NMDA receptors
are built up using these NMDA receptor subunits in the cultured NSPCs.
Ketamine-induced neuronal apoptosis in the developing brain is
not directly caused by the antagonism of NMDA receptor but indirectly
caused by ketamine-induced up-regulation of NMDA receptor in neurons
(Slikker et al. 2007; Wang et al. 2005; Zou et al. 2009b). Thus, endogenous
glutamate release can result in excitatory neurotoxic effects in neurons by
these up-regulated NMDA receptors in the developing brain. Ketamine
also induces similar up-regulation of NR1 in cultured NSPCs, but we do
not know that these NMDA receptor subunits can build up functional
NMDA receptors. In contrast, quite a few studies support a lack of functional NMDA receptors in NSPCs (Wang et al. 1996). Moreover, other corresponding studies also support that even high levels of glutamate, up to
1 mM, fail to induce toxic effects on neural precursor cultures until the
late differentiation stage of the neuron (Brazel et al. 2005; Buzanska et al.
2009; Hsieh et al. 2003). NSPCs appear to have resistance to the neurotoxicity induced by ketamine, compared to primary cultured neurons.
A high dosage of ketamine induced a significant increase of caspase3-positive cells in cultured NSPCs (Dong et al. 2012). This seems contradictory to the resistance of NSPCs to ketamine-induced neurotoxic effects,
but ketamine critically enhanced neuronal differentiation of NSPCs in a
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dose-dependent manner within 24 h. Under high-dose ketamine exposure, NSPCs are induced to further differentiate into neuronal progenitor
cells or neurons at the more differentiated state. According to previous
evidence demonstrating that NMDA receptors mediate ketamine-induced
neuronal cell death, maturation of these neurons and NPCs at the late
differentiation phase would express functional NMDA receptors, which
perhaps make them more susceptible to high concentrations of ketamine.
This may explain why significant increases in apoptosis appeared in the
NSPC cultures exposed to a high dose of ketamine.
Interestingly, recent experiments report that NSPCs may protect neurons from the ischemia-induced apoptotic damage by releasing progenitor-
generated neurotrophic factors (Hsieh et al. 2003; Ono et al. 2010). For
instance, chronic ketamine use can increase serum levels of brain-derived
neurotrophic factor (BDNF) (Ricci et al. 2010). BDNF prevents PCP- or
MK-801-induced apoptosis in the developing brain by the parallel activation of both ERK and PI3K/Akt pathways (Hansen et al. 2004; Xia et
al. 2010b). Decreased BDNF signaling might play a part in NMDA receptor antagonist–induced neurotoxicity (Fumagalli et al. 2003; Semba et al.
2006). One recent study also showed that the differentiated NSCs lentivitally transduced with BDNF express NR2 and are resistant to neurotoxicity mediated by PI3K/Akt signaling pathways (Casalbore et al. 2010). IGF-1
(insulin-like growth factor 1) also plays an important role in the cellular
survival of NSPCs mediated via IGF-1 receptors. Recently, it was reported
that glutamate can block the effect of IGF-1 by decreasing IGF-1 receptor
signaling and responsiveness, hence attenuating the survival properties of
IGF-1 in neuronal cells. Conversely, this suggests that ketamine may block
glutamate-induced inhibition of IGF-1 receptors and release the protective
effects of IGF-1 (Zheng and Quirion 2009). Although detailed mechanisms
on the changes of these growth factors in NSPCs exposed to ketamine are
not clear, these findings may provide another potential explanation on the
resistance of NSPCs to the ketamine-induced neurotoxic effects.

4.7 Ketamine alters neurogenesis in
early developing brains
Neurogenesis is defined as the process by which new nerve cells are generated, including proliferation and differentiation. During neurogenesis,
undifferentiated NSPCs determine the quantity of the cells in the developing brain and the formation of neurons, astrocytes, glia, and other neural lineages. Meanwhile, NSPCs maintain the undifferentiated cell pool
via proliferation. In developmental neurotoxicological studies, in vitro
cultured NSPCs can serve as a high-throughput screening tool to clarify
and evaluate the potential risks of those toxic factors to the developing
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brain (Breier et al. 2010). To determine the potential neurotoxic effects of
ketamine on the developing brain, cultured NSPCs will be employed as
an in vitro developmental model to investigate neurogenesis in the developing brain.
NMDA receptors play important roles in synaptogenesis, apoptosis,
and excitotoxicity during brain development (Choi 1994; Constantine-Paton
and Cline 1998). In the developing fetal neocortex, functional NMDA receptors are observed in neurons of the cortical plate (CP) and in NPCs in the
subventricular zone (SVZ) (LoTurco et al. 1991), suggesting the involvement
of NMDA receptors in synaptic plasticity, neuronal development/survival,
and the regulation of NPCs through activation of various intracellular signaling pathways (Adams and Sweatt 2002; Orban et al. 1999; Sweatt 2001).
Recent publications indicate that NMDA receptor antagonists like PCP,
MK-801, and ketamine have negative effects on the increased neurogenesis occurring in some pathological states (ischemia, stroke) (Arvidsson
et al. 2001; Bernabeu and Sharp 2000; Wang et al. 2008b). Systematic injection of MK-801 completely blocks the increasing proliferation in the SVZ
and the subgranular zone (SGZ) of the dentate gyrus (DG) (Chen et al.
2005; Maeda et al. 2007; Shen and Zhang 2007). Moreover, cortical spreading depression (SD), an epiphenomenon of neurological disorders, such
as stroke or traumatic brain injury, can significantly increase proliferative
newborn cells in the SGZ within 2–4 days. However, the mitogenic action
of SD can be suppressed by systemic administration of MK-801 (Urbach et
al. 2008). Winkelheide et al. (2009) reported that S(+)-ketamine can inhibit
postischemic increase in newly generated neurons in a dose-dependent
manner. Pretreatment with ketamine led to significant attenuation of
mossy fiber sprouting, indicating that ketamine may interfere with synaptogenesis and cognitive recovery (Lamont et al. 2005). Direct evidence
showed that MK-801 reduces the proliferation of NPCs of neurospheres
(Mochizuki et al. 2007). These independent lines of evidence suggest that
the antagonism of NMDA receptors can damage the neurogenic repair in
the brain.
However, previous studies with a contrary conclusion do not support
the hypothesis that NMDA receptor antagonists inhibit neurogenesis in
the developing brain. Tung et al. (2008) found that prolonged ketamine
exposure only induced a slight suppressive effect on the proliferation
in older rats. Glutamate receptor antagonists may trigger neurogenesis
and synaptogenesis in the DG of the normal animal (Cameron et al. 1995;
Gould 1994; Petrus et al. 2009; Sharp et al. 2000). Application of MK-801
during lesion induction significantly enhances neurogenesis in the DG
(Kluska et al. 2005). MK-801 also prevents the corticosterone-induced
decrease in proliferating cells in the adult rat DG (Cameron et al. 1998).
Guidi et al. (2005) reported that administration of MK-801 to PND1–PND5
guinea pigs caused an increase in cell proliferation restricted to the dorsal
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DG. Furthermore, even subanesthetic doses of ketamine enhance neurogenesis in the rat SGZ (Keilhoff et al. 2004), at least in part, relating to
the reestablishment of disturbed cell proliferation (Keilhoff et al. 2010). It
seems that most of these ketamine pro-neurogenesis effects were found in
the DG of hippocampus. Therefore, it is likely that the effects of ketamine
on the neurogenesis of the brain may be brain regional specific.
Ketamine also affects important proteins involved in normal neurogenesis of the brain and induces functional deficits in the adult individual
(Viberg et al. 2008). Keilhoff et al. (2004) report that ketamine per se has no
effect on cell proliferation. Its withdrawal, however, significantly induced
cellular proliferation and survival in the hippocampus. Ketamine withdrawal activates the expression of BDNF, whereas chronic ketamine use
can also increase serum level of BDNF but not nerve growth factor levels
(Ricci et al. 2010). These data indicate that growth factors induced by keta
mine may play a promotional role in neurogenesis.
Furthermore, the NMDA receptor expression changes in the developing brain exposed to ketamine may alter the neurogenesis of NSPCs.
For example, NR2B-containing NMDA receptor subtypes negatively regulate neurogenesis in the adult hippocampus by activating neuronal NO
synthase (nNOS) activity (Hu et al. 2008). Exercise-induced increases in
neurogenesis are blocked in a mouse mutant lacking the NR1 subunit
(Kitamura et al. 2003). This indicates that the neurogenesis may be associated with the expression of NMDA receptors and the composition of
NMDA receptor subunits in the developing brain.
In humans, the brain growth spurt period extends from the sixth
month of gestation to several years after birth. During this critical period,
immature neurons in the CNS are prone to die from the exposure of
intoxicating concentrations of NMDA receptor antagonists, suggesting
that human infants are more susceptible to the treatments that may be
considered safe in older patients. Early possible abnormalities of neuronal
death and neurogenesis in the developing CNS induced by the exposure
to ketamine would likely lead to later cognitive and motor impairment.
Therefore, it is necessary to reevaluate dose and time windows of keta
mine use in neonates and children and to investigate the potential intracellular mechanisms of ketamine-induced cellular damage.

4.8 Ketamine inhibits proliferation of
NSPCs in the developing brain
A high dose of ketamine can inhibit the proliferation of NPSCs in a dosedependent manner (Dong et al. 2012). Overdoses of ketamine significantly
reduced the number of BrdU- and Ki-67-positive cells in cultured NSPCs,
indicating that ketamine can reduce proliferation capacity. When one
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proliferating cell exits the cell cycle, it would become a BrdU-negative cell
and then stay at intermitotic times between the undifferentiated and the
differentiated state, at which the cell would be Ki-67 positive and BrdU
negative. When one proliferative NPC (BrdU−|Ki-67+) completely loses
proliferative ability and becomes differentiated cells, it would appear
BrdU negative and Ki-67 negative (BrdU−|Ki-67−). A high dose of keta
mine reduced the number of BrdU- and Ki-67-positive cells in cultured
NSPCs, suggesting that a high dose of ketamine not only can inhibit the
activity of the proliferation but also can reduce the capacity of the proliferation and enhance significantly the differentiation of NSPCs. This
hypothesis was also demonstrated by the following differentiation study
showing that ketamine promotes neuronal differentiation in NSPCs. We
found that the percentage of BrdU-positive cells in Ki-67-positive cells had
no significant change in cultured NSPCs exposed to different concentrations of ketamine, suggesting that ketamine inhibits the proliferation of
NSPCs while also promoting differentiation.
Ketamine-induced inhibition of the proliferation of cultured NSPCs is
time dependent. For the time course of ketamine effects on the proliferation of NSPCs, the long-term exposure to 10 μM of ketamine (24 or 48 h)
reduced the numbers of BrdU- and Ki-67-positive cells and the ratio of
BrdU-positive cells in Ki-67-positive cells had no change. The short-term
exposure to a small dose of ketamine is insufficient to inhibit the proliferation of NSPCs. Only ≥10 h exposure to a regular dose of ketamine
induced the significant promotion of the proliferation in cultured NSPCs
(Dong et al. 2012). Therefore, it may be safe for the small dose of ketamine
to be administrated to pediatric patients for a short term in clinical settings, as far as the neurogenesis of NSPCs is concerned.
An in vivo study demonstrated that ketamine dose-dependently
reduced BrdU-positive cells in the ventricular zone (VZ) and the SVZ of
the fetal brains exposed to high doses of ketamine (20, 40, and 100 mg/kg).
This in vivo result was verified by the results obtained from the in vitro
studies described previously and was also consistent with the results
of several previous studies (Arvidsson et al. 2001; Bernabeu and Sharp
2000; Chen et al. 2005; Maeda et al. 2007; Shen and Zhang 2007; Urbach et
al. 2008; Wang et al. 2008b; Winkelheide et al. 2009). Similar results were
obtained although most previous studies explored this issue by observing
different neurogenic regions (the SVZ or the SGZ) and in varying models
(normal or pathological, such as ischemia or psychiatric diseases). Therefore,
the in vivo and in vitro experiments confirm that ketamine can inhibit the
proliferation of NSPCs in the cortex of the fetal rat brain at E17/E19.
Proliferating cells in the VZ migrate from the apical side to the basal
side when the cells are experiencing the cell cycle from the G1, S, G2, to
the M phase. Mitotic cells (at the M phase) lie close to the lateral ventricles
and newly generated cells migrate toward the SVZ. Within this process,

Chapter four: Developmental neurotoxicity of ketamine in the brain

81

the cells enter the G1 phase. When the cells reach the connecting line of
the VZ and the SVZ, the cell cycle enters the S phase (Figure 4.2). The
arrangement of proliferating cells at different cell cycle phases was altered
by exposure to high doses of ketamine. Under exposure to 100 mg/kg of
ketamine, BrdU-positive cells with large cell bodies at the S-phase region
(close to the SVZ) significantly decrease in the VZ and the orientation of
BrdU-positive cells in the VZ appears disordered. This pattern indicates
that a number of NSPCs exposed to high-dose ketamine exit the cell cycle
and migrate to the SVZ, possibly because ketamine inhibits the proliferation of NSPCs at the G1/S checkpoint of the cell cycle.
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Figure 4.2 Diagram depicting the composition of the cell cycle of NSPCs in the
cortex. The sketch graph shows that proliferating cells migrate within the VZ
from the apical side to the basal side when the cells are experiencing their cell
cycles from the G1, S, and G2, to the M phase. CP, cortical plate; Mig, migrating cells; SVZ, subventricular zone; RG, radial glia cells; VZ, ventricular zone; IZ,
intermediate zone; Tuj-1, newborn neuron.
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Greater reduction of BrdU-positive cells is found in the SVZ after keta
mine exposure than in the VZ. NSCs are completely undifferentiated cells
and stay in the VZ, which is like a “proliferation engine” that produces
high numbers of NSCs and NPCs to maintain further proliferation and differentiation during brain development. In the VZ, newly generated NPCs
would move toward the SVZ. As a consequence, there are more NPCs in
the SVZ, which are more differentiated than NSCs in the VZ. Neuronal
differentiation of NSPCs can be enhanced by ketamine. When the fetal
brain is exposed to ketamine, NPCs in the SVZ are induced to differentiate
into more differentiated NPCs or newborn neurons, which have limited
or no proliferative potency, respectively, whereas NSCs in the VZ may be
induced to become NPCs while keeping their proliferative capacity.

4.9 Ketamine enhances the neuronal differentiation
of NSPCs in the developing brain
NSPCs can multipotently differentiate into neurons, astrocytes, and oligodendrocytes. Neuronal and glial differentiation is critical to neurogenesis during normal brain development. Any endogenous and exogenous
factor that can damage or interfere with normal neuronal differentiation
could result in abnormalities in the quantity of neurons, neuronal migration, synaptic formation and plasticity, and even brain structure abnormality. Normally, neuronal differentiation is regulated by growth factors and
neurotrophins like EGF (epidermal growth factor), bFGF (basic fibroblast
growth factor), insulin, BDNF, NT-3 (neurotrophin), Shh (sonic hedgehog),
BMP2 (bone morphogenic protein 2), LIF (leukemia inhibiting factor),
VEGF (vascular endothelial growth factor) (Babu et al. 2007), and DISC1
(disrupted in schizophrenia 1 protein), mediating a molecular switch from
neuronal proliferation to differentiation (Ishizuka et al. 2011). Recent studies show that the repression of calcium signaling mediated by glutamate
receptors is associated with the elevation of neuronal differentiation in
human precursor cells (Feliciano and Edelman 2009; Whitney et al. 2008).
Several independent lines of evidence indicate that NMDA receptors
are involved in regulating the neuronal differentiation of NSPCs (Aruffo et
al. 1987; Bading et al. 1995). Glutamate application on postnatal rat wholebrain dissociated cell cultures promotes neuronal growth and differentiation (Aruffo et al. 1987). The activation of NMDA receptors transiently
expressing in undifferentiated NPCs in the fetal rat neocortex promotes
neuronal differentiation (Yoneyama et al. 2008). Excitatory stimuli act
directly on adult hippocampal NPCs to increase neuron production mediated via L-type Ca++ channels and NMDA receptors. The excitation on
the proliferating precursors can inhibit expression of the glial fate genes
Hes1 and Id2 and increase expression of NeuroD, a positive regulator of
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neuronal differentiation (Deisseroth et al. 2004). In fact, there is conflicting
evidence on whether the activation of glutamate receptors promotes or
inhibits the neuronal differentiation of NSPCs.
Ketamine inhibits the proliferation of NSPCs by enhancing cell cycle
arrest. As we know, when an NPC loses its proliferative capacity during
neurogenesis, it enters the process of differentiation into mature differentiated cells. Ketamine has been reported to promote neuronal differentiation of NSPCs in a dose-dependent manner, which mutually supports that
ketamine inhibits the proliferation in NSPCs.
The activation of NMDA receptors would promote neuronal differentiation of NPCs via NMDA receptors (Aruffo et al. 1987; Deisseroth
et al. 2004; Joo et al. 2007; Pearce et al. 1987; Yoneyama et al. 2008). The
finding that an NMDA receptor antagonist (ketamine) promotes the
neuronal differentiation of NSPCs appears to be inconsistent with these
studies. However, in fact, the two results are consistent if we analyze
the potential effects of ketamine on the expression of NMDA receptors.
Since calcium influx may play a role in the neuronal differentiation of
NPSCs, how does ketamine influence the calcium influx? On examining
the expression of NMDA receptors in NSPCs, it is evident that there are
few, if any, functional NMDA receptors on NSPCs according to the above
description, which explains the resistance of NSPCs to ketamine-induced
neurotoxic effects. Previous studies show that ketamine can induce the
expression of NR1 in mature neurons (Wang et al. 2005) and in NSPCs.
When NSPCs were exposed to different concentrations of ketamine for 24 h,
ketamine increased the expression of NMDA receptor subunits in these
NSPCs. Ketamine was washed off after 24 h and fresh NSPC differentiation medium was added to the cultures to allow NSPCs a 3-week period
of spontaneous differentiation. In the process of spontaneous differentiation, the ketamine-induced expression of NMDA receptor subunits would
be expected to build up more functional NMDA receptors as the differentiation proceeds. These newly induced NMDA receptors can trigger
calcium influx to promote neuronal differentiation. The findings suggest
that ketamine can induce functional NMDA receptors in NSPCs, which
mediates the differentiation of NSCs and NPCs. Therefore, the finding
that ketamine promotes the neuronal differentiation of NSPCs is consistent with those of previous studies.
Additionally, enhanced neuronal differentiation of cultured NSPCs
exposed to ketamine may also result from the change in differentiation
direction of NSCs. One of two specific properties of NSCs is multipotent differentiation. An NSC can differentiate into a neuronal progenitor
cell or a glial progenitor cell. NPCs have limited differentiation potency.
Normally, neuronal progenitor cells only can differentiate into neurons,
while glial progenitor cells are strictly committed to glial differentiation. This means that one NSC cannot become a glia, when its fate is
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determined to neuronal differentiation. Recent studies indicate that NSCs
exposed to ketamine prefer neuronal differentiation, namely, differentiation into neuronal progenitor cells, but this does not mean that glial progenitor cells can be changed into neuronal progenitor cells or neurons
under exposure to ketamine. Those glial progenitor cells in NSPC cultures exposed to ketamine still differentiate into glia.
Previous studies also support this point of view. For example, excitatory stimuli via NMDA receptors act directly on adult hippocampal NPCs
to favor neuron production. It is likely that excitation of NMDA receptors
on NSPCs inhibits the expression of the glial fate genes Hes1 and Id2 and
increases expression of NeuroD, a positive regulator of neuronal differentiation (Deisseroth et al. 2004). Although functional NMDA receptor subunits are also expressed in glia (Schipke et al. 2001), the biophysical and
pharmacological properties of glial NMDA receptors are very different
to those of neuronal NMDA receptors (Palygin et al. 2011). All these lines
of evidence combined with our results indicate that ketamine exposure
may promote the neuronal differentiation of NSPCs, rather than leading
to glial precursors.
In detecting the time course response of ketamine on the neuronal
differentiation of cultured NSPCs, longer than 8-h exposure to regular
ketamine resulted in a significant increase of neuronal differentiation
in NSPCs. The percentage of Tuj-1+ in DAPI+ cells significantly increased
after exposure to ketamine for more than 8 h. This indicates that a
time threshold may exist for the ketamine-induced neuronal differentiation of cultured NSPCs. Ketamine can up-regulate the expression of
NMDA receptors in NSPC cultures. Ketamine-induced expression of
NMDA receptors is likely cumulative over the first 8 h, but the amount
of NMDA receptor subunits may not be sufficient to build up functional
NMDA receptors or to trigger enough Ca++ influx to activate pro-neuronal
differentiation mechanisms. After 10 h of exposure to ketamine, the
cumulative NMDA receptor activity in NSPCs or NPCs may be sufficient
to promote an increase in the neuronal differentiation of NSPCs. Thus,
ketamine can increase the neuronal differentiation of cultured NSPCs in
a dose- and time-dependent manner.

4.10 Potential mechanisms of ketamine-induced
neurogenic changes in the developing brain
4.10.1 Up-regulation of NMDA receptors in the
developing brain exposed to ketamine
Ketamine can dose-dependently up-regulate the expression of NR1, whereas
high expression of NR2B in NSPCs was not changed by ketamine exposure.
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The up-regulated NMDA receptors in NSPCs can be supported by the finding that high-dose ketamine inhibits proliferation and promotes neuronal
differentiation in NSPCs (Dong et al. 2012). Ketamine-induced neuronal
differentiation of NSPCs produces more neurons or NPCs in the cultured
NSPCs. Previous studies have reported that high doses of ketamine can upregulate NR1 expression in differentiated neurons and significantly induce
cell death of these neurons in the developing brain (Slikker et al. 2007; Wang
et al. 2005; Zou et al. 2009b). Thus, it is likely that the increased NR1 expression of cultured NSPCs exposed to ketamine results from an increase of
NR1 expression in newly generated neurons or NPCs.
High-dose ketamine can significantly increase the apoptosis of cultured NSPCs. High-dose ketamine induces more newly differentiated
neurons or NPCs in the cultured NSPCs and up-regulates the expression of NMDA receptors in these neurons or NPCs (Dong et al. 2012).
According to previous studies, up-regulated NMDA receptors may result
in the apoptosis of these newly differentiated neurons or NPCs. Therefore,
the up-regulation of NMDA receptors and promotion of neuronal differentiation associated with ketamine exposure may offer a plausible explanation for why cultured NSPCs were resistant to the neurotoxic effects of
low-dose ketamine but not resistant to high doses of ketamine. Moreover,
despite up-regulated NR1 expression and the existence of NR2B in
NSPCs, functional NMDA receptors composed of NR1 and NR2B to initiate calcium influx remain undetected in NSPCs. However, it still cannot
be confirmed that functional NMDA receptors are involved in ketamineinduced changes of cell death and neurogenesis of NSPCs.

4.10.2 PI3K/Akt signaling inhibited by ketamine exposure
The expression of Akt in neurospheres and adherent monolayer NSPC
cultures (Paling et al. 2004; Sinor and Lillien 2004; Watanabe et al. 2006),
the key factor of the PI3K/Akt signaling pathway, suggests that this signaling pathway plays a potential role in antiapoptosis, prosurvival, and
cell cycle regulation in adherent cultured NSPCs (Figure 4.3). It is well
known that NSPCs are regulated by growth factors, neurotrophic factors,
insulin, and other molecules. All these factors are reported to regulate
cellular activity such as the proliferation and the differentiation of NSPCs
directly or indirectly, mediated by the PI3K/Akt signaling pathway.
Present studies demonstrated that ketamine dose-dependently reduced
the phosphorylation of Akt in NSPCs. Recent studies have indicated that
the activation of NMDA receptors has a positive effect on the PI3K signaling pathway (Hisatsune et al. 1999; Zhong et al. 2010). For instance,
NMDA receptor agonists protect neurons in acute brain injury and
chronic neurodegenerative disorders associated with excessive activation of NMDA receptors by activating the PI3K/Akt pathway (Zhong et al.
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Figure 4.3 PI3K/Akt signaling pathway, downstream factors, and cellular functions. Akt-mediated phosphorylation of these downstream proteins leads to their
activation (arrows) or inhibition (blocking arrows). Regulation of these substrates
by Akt contributes to activation of the various cellular processes shown (i.e., survival, proliferation, metabolism, and growth). As illustrated by these eight targets,
a high degree of functional versatility and overlap exists among Akt substrates.

2010). Habas et al. (2006) showed that NMDA acting via NR2B can protect
against LY294002-induced apoptosis mediated by a proapoptotic kinase,
GSK3beta on the PI3K signaling pathway. In cortical neuronal cultures,
PI3K inhibitors wortmannin and MK-801 significantly reduce the phosphorylation of Akt at Serine 473, indicating that activity-dependent glutamate release maintains Akt activation through an NMDA receptor/PI3K
pathway (Gines et al. 2003; Sutton and Chandler 2002).
In cultured NSPCs, p27 is the key downstream factor of Akt proteins.
The PI3K/Akt signaling pathway inhibitor LY-294002 can dephosphorylate
Akt proteins and up-regulate the expression of p27. In dose–response assays,
ketamine dose-dependently up-regulates the expression of p27 coupled
with the inhibition of Akt phosphorylation. Up-regulated p27 may increase
the inhibition of cdk2, which would reduce the proliferation of NSPCs. This
finding supports the finding from in vivo and vitro studies that ketamine
can inhibit proliferation of cultured NSPCs in the developing brain.

4.10.3 BDNF changes are involved in
neurogenic changes in NSPCs
Ketamine can dose/time dependently inhibit the proliferation of cultured
NSPCs isolated from the cortex of the developing brain. However, little is
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known about the cellular mechanisms regulating the transition of NPCs
from proliferation to differentiation. Presently, some signaling molecules
are beginning to be identified, such as several growth factors, including
bFGF, EGF, BDNF, and notch ligands (Benraiss et al. 2001; Caldwell et al.
2001; Vescovi et al. 1993; Zigova et al. 1998), modulating the proliferation
and the differentiation of NPCs. BDNF can be induced by NMDA receptor antagonists (Ricci et al. 2010) and is also associated with the effects
induced by NMDA receptor antagonists in neurons or NPCs (Casalbore et
al. 2010; Fumagalli et al. 2003; Hansen et al. 2004; Semba et al. 2006; Xia et
al. 2010a). Cheng et al. (2003) report that BDNF can reduce NPC proliferation and increase the expression of nNOS in differentiating neurons, and
another publication indicates that ketamine can up-regulate the expression of nNOS mediating ketamine-induced neurotoxicity (Wang et al.
2008a). We propose a potential mechanism that the exposure to ketamine
may regulate the secretion of BDNF and induce NO in cultured NSPCs,
resulting in the inhibition of the proliferation and the promotion of the
differentiation. This hypothesis will be investigated in future studies.
BDNF changes in NSPCs exposed to ketamine may help explain
the result that ketamine promotes neuronal differentiation of NSPCs.
Neurogenesis (proliferation and differentiation) of NSPCs is regulated
by BDNF (Horne et al. 2010). NMDA receptor blockade can up-regulate
the expression of BDNF and long-term use of NMDA receptor antagonist drugs can increase the serum level of BDNF (Casalbore et al. 2010;
Fumagalli et al. 2003; Hansen et al. 2004; Ricci et al. 2010; Semba et al.
2006; Xia et al. 2010b). On one hand, increased BDNF itself can regulate
neuronal differentiation of precursor cells (Babu et al. 2007). For instance,
10 days after a one-time exposure to BDNF, single EGF-generated neurospheres showed a twofold increase in neuron number and a marked
enhancement in neurite outgrowth (Ahmed et al. 1995). On the other
hand, BDNF can increase the expression of nNOS in differentiating neurons (Cheng et al. 2003). Ketamine can also up-regulate the expression of
nNOS mediating ketamine-induced neurotoxicity (Wang et al. 2008a). We
propose that ketamine induces NSPCs to secrete BDNF, and BDNF promotes neighboring NSPCs to increase the expression of nNOS and release
NO; the released NO diffuses into neighboring cells to inhibit proliferation and promote neuronal differentiation (Ahmed et al. 1995; Cheng et al.
2003). This hypothesis will be testified in our future studies.

4.11 Ketamine damages the cognitive and
learning abilities of the developing brain
Long-term abuse of ketamine has been reported to induce cognitive impairment, especially within the domains of episodic and semantic memory
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(Fletcher and Honey 2006; Morgan and Curran 2006; Morgan et al. 2009,
2010). Direct experimental evidence with nonhuman primate models has
also shown that a single 24-h ketamine exposure during a sensitive period
of brain development can result in long-lasting deficits in cognition leading
to subsequent functional deficits (Paule et al. 2011). The ketamine-induced
cognition and learning impairment are widely believed to reflect the relevant damage in the hippocampus and cerebral cortex. Cell death has been
reported in frontal cortex after ketamine exposure, and chronic ketamine
administration can induce neurodegeneration in brain areas crucial for
cognition (Ikonomidou et al. 1999; Scallet et al. 2004; Wang et al. 2005; Young
et al. 2005; Zou et al. 2009b). Additionally, ketamine has been reported to
decrease proliferation, promote neuronal differentiation, and inhibit neuronal migration in the developing cortex (Dong et al. 2012). Taken together,
ketamine disturbs the normal brain development and induces brain structure changes, which would be reflected as disorders in brain functions
including cognition, learning, and memory abilities.

4.12 Conclusions
Numerous studies have confirmed that high-dose ketamine significantly
induces cell death of neurons in the developing brain (Slikker et al. 2007;
Wang et al. 2005; Zou et al. 2009b). However, major differences exist
between mature neurons and neural progenitors in cellular activities and
the mechanisms regulating the activities. Therefore, the neurotoxic effects
of ketamine exposure in mature neurons with the same effects in NSPCs
cannot be extrapolated. In fact, ketamine does not increase cell death
(necrosis or apoptosis) in NSPCs except at extremely high concentrations,
indicating the resistance of NSPCs to ketamine-induced cell death. This
is consistent with several independent lines of evidence (Brazel et al.
2005; Buzanska et al. 2009; Hsieh et al. 2003). Hsieh et al. (2003) found that
stimulating glutamate receptors could not induce significant Ca++ influx
into their progenitors cultured as neurospheres, suggesting a lack of functional NMDA receptor activity in NSPCs. Other studies also suggest that
functional NMDA receptors may not be built up, despite the expression
of NMDA receptor subunits in NPCs. Therefore, the resistance of NSPCs
to ketamine neurotoxicity may not result from the activation of functional
NMDA receptors in NSPCs.
A thin layer of neuroectodermal cells (neural precursors) generates
the billions of neurons and glia well organized in the mature brain. The
neurogenesis of neural stem and progenitor cells plays a major role in the
brain-forming process. Genetic regulation of brain development appears
to precisely control every developmental event at a restricted time point.
Therefore, any factor disturbing the neurogenesis at a specific time point
during the brain development would result in abnormalities or disorders
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in the structure and functions of the brain. Ketamine, an anesthetic, analgesic, and sedative widely used in pediatric patients, can potentially disturb the neurogenesis of NSPCs. Exposure to high-dose ketamine reduced
the number of BrdU-positive cells in the VZ and SVZ of the fetal cortex,
which is consistent with several lines of independent evidence (Arvidsson
et al. 2001; Bernabeu and Sharp 2000; Brazel et al. 2005; Chen et al. 2005;
Maeda et al. 2007; Mochizuki et al. 2007; Shen and Zhang 2007; Urbach et
al. 2008; Wang et al. 2008b). Additionally, in vitro experiments revealed
that ketamine can dose- and time-dependently inhibit the proliferation
of cultured NSPCs. The inhibition of proliferation means that NSPCs will
exit the cell cycle and enter a differentiation state. An increased neuronal
differentiation of NSPCs is exposed to ketamine in a dose-/time-dependent
manner. Taken together, ketamine exposure does alter normal neurogenesis of NSPCs in a dose- and time-dependent manner.
The disturbance of ketamine on NSPCs can speculate what will be
the consequences of ketamine-induced disturbances in the neurogenesis
of NSPCs in the developing brain. First, inhibition of the proliferation of
NSPCs in the VZ could lead to a reduction of the number of neural cells in
the developing brain, thus leading to a paucity of neuronal/glial cells for
building up normal neural circuits. Second, the differentiation of NSPCs
may be completed at the wrong time or at an erroneous position in the
cortex. Normally, as newly generated NSPCs in the VZ/SVZ migrate to
the CP, the migrating cells differentiate toward a mature cellular phenotype. If the entire process is disturbed, it is possible that more differentiated neurons would appear in the SVZ or IZ (intermediate zone) of the
cortex. Thus, ketamine could disturb the internal structure of the cortex
and the formation of neuronal circuits and may lead to seizure disorders
or other altered brain functions.

4.13 Clinical implications
Presently, ketamine is used widely as an anesthetic, analgesic, and sedative in pediatric settings and is also an illicit club drug consumed by
pregnant drug abusers. Therefore, current findings on ketamine’s developmental neurotoxicity may provide some important clinical implications.
As an anesthetic for obstetric and pediatric patients, ketamine should
not be used in large doses and for prolonged periods. Preclinical studies showed that clinical doses of ketamine are unlikely to induce the cell
death of NSPCs in infants, but this may lead to ketamine-induced changes
in the neurogenesis of NSPCs. Actually, there is no accurate relationship
between the experimental dose of ketamine in rats and its clinical dose in
patients. Therefore, we cannot directly apply these experimental data to
clinical settings. To obtain further clinical implications, we should further
test these conclusions using primate animal models or human NSCs.
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Additionally, considering that ketamine is a club drug consumed by
pregnant drug abusers and that this population may repeatedly consume
large doses of ketamine in the long term, the conclusions of this study
suggest that the DEA should strictly control ketamine in the illicit drug
market. Meanwhile, physicians could persuade drug-abusing pregnant
patients to stop ketamine consumption through detoxification programs.
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5.1 Introduction
Ketamine was developed in 1962 by the Parke Davis Company in the United
States (Copeland and Dillon 2005). It was extensively used as a field anesthetic during the Vietnam War and then introduced for civilian use in 1970
(Copeland and Dillon 2005; Curran and Morgan 2011). Ketamine now has an
established role as an anesthetic in prehospital and military settings (Jennings
et al. 2011; Jensen et al. 2010; Mellor 2005). As hospital medicine, ketamine is
particularly used for pediatric sedation; it is less commonly used in adults for
dissociative sedation (CEM 2009; RCoA/CEM Report and Recommendations
2012). As an anesthetic, ketamine provides clinicians with an anesthetic that
is potent and rapidly acting, with a short duration of action providing good
analgesia without compromising cardiovascular and respiratory stability
(Jensen et al. 2010; Mellor 2005). However, these excellent properties come at
the price of unpleasant hallucinations, delirium, and vivid dreams during
awakening (these are often referred to as “emergence phenomena”) (Corssen
and Domino 1966; Morgan et al. 2012). Ketamine is widely used in veterinary
medicine as an anesthetic and its use as an analgesic has also been explored;
however, recent Cochrane Reviews have suggested that there is as yet insufficient evidence for ketamine to be recommended for the routine management
of chronic pain (Bell et al. 2012).
The first reports of nonmedical ketamine misuse were in 1967 (Jansen
2001a,b) with increasing misuse in the 1970s through the 1990s when it
emerged as a recreational drug, particularly in the rave party or nightclub
scene in Europe and the United States (Dalgarno and Shewan 1996; Jansen
1993); more recently, it has become a common drug of misuse in Hong
Kong and China (Central Registry of Drug Abuse Sixty-Second Report
2013; Patterns and Trends of Amphetamine-Type Stimulants and Other
Drugs: Asia and the Pacific 2013). Unlike many other recreational drugs, in
addition to evidence of acute toxicity, ketamine is now also recognized to
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be associated with chronic toxicity in regular long-term frequent users—
particularly involving the lower urinary tract, bladder, kidneys, and central nervous system. In this chapter, we will discuss the epidemiology of
ketamine misuse and the literature describing the patterns of acute and
chronic toxicity associated with ketamine misuse.

5.2 Epidemiology of ketamine misuse
The first reports of the nonmedical misuse of ketamine were in the late
1960s, but it was not until the late 1970s and 1980s that more widespread
misuse was reported in North America, followed by Europe in 1990, and
on to Asia in the latter part of the 1990s and in the 2000s (Dalgarno and
Shewan 1996; Jansen 1993, 2001a,b; Li et al. 2011). Although nonmedical
misuse (recreational use) of ketamine is now documented worldwide, the
prevalence of its misuse varies around the world. Data on the prevalence
of ketamine misuse are available from a variety of sources and these will
be summarized in this section. We will include data from the United
Nations Office on Drugs and Crime (UNODC) World Drug Report, UK
Crime Survey for England and Wales (CSEW), and other national data
sets including Hong Kong and Australia; this will be followed by data
on ketamine use in subpopulations including those attending nightclubs,
school-age and college-age students, and internet drug discussion forums.

5.2.1 Prevalence of recreational ketamine use
5.2.1.1 National level data
Ketamine is legal in many countries and so it is not included in national
population level surveys on recreational drug use in all countries; however, data from the United Kingdom, Spain, the United States, Canada,
Argentina, Brazil, Australia, New Zealand, China, and Hong Kong are
available, as well as some limited data from the Middle East.
5.2.1.1.1  Europe
5.2.1.1.1.1   United Kingdom—England and Wales. Data regarding population level prevalence rates for ketamine misuse in the United
Kingdom are available in the CSEW; this was formerly the British Crime
Survey (Home Office National Statistics on Drug Misuse 2012).
CSEW statistics for 2012/2013 reported that lifetime prevalence of
ketamine use in 16- to 59-year-olds was 2.3% and that for 16- to 24-yearolds was 3.3%. Last year prevalence of ketamine use was 0.4% in 16- to
59-year-olds and 0.8% in 16- to 24-year-olds. Last month prevalence was
0.9% in 16- to 59-year-olds and 0.5% in 16- to 24-year-olds. Ketamine
users were more likely to be male, single, in the age group of 20–24 years,
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unemployed or a student, and from Chinese or mixed race (Home Office
Statistical Bulletin 2010, 2012).
Data from the CSEW suggests an association between higher prev
alence of ketamine use and frequency of attendance at nightclubs and
pubs. The last year use of ketamine was around 20 times higher among
those who had visited a nightclub four or more times in the last month
(6.6%) as compared to those who did not (0.3%) (CSEW Drug Misuse Data
2012).
5.2.1.1.1.2  United Kingdom—Scotland. Data collected as part
of the Scottish Crime and Justice Survey for 2012 on the prevalence of
ketamine use in those over 16 years of age in Scotland found that lifetime prevalence of ketamine use was 1.2%, last year prevalence of use
was 0.3%, and last month prevalence of use was 0.1% (Scottish Crime and
Justice Survey: Drug Use 2012).
5.2.1.1.1.3  Spain. Spain’s national household survey in 2012
showed a lifetime prevalence of ketamine use of 1% and last year prevalence of ketamine use of 0.2% among those aged 15 to 64 years. Among
those aged 14–18 years, the lifetime prevalence of ketamine use was 1.1%
more than the prevalence rates for methamphetamine or heroin. Another
study in Spain among 14- and 15-year-old students in 2010 suggested that
ketamine had a lifetime prevalence of use of 1.1% in this age group and
was almost three times as commonly used as piperazines or mephedrone
(0.4%) (World Drug Report 2013).
5.2.1.1.2   North America and South America
5.2.1.1.2.1  United States. In the United States, Michigan
University conducts an annual survey of high school students through the
Monitoring the Future project, which is funded by the National Institute of
Drug Abuse. Their results from 2012 reveal that the annual prevalence rate
for ketamine in 12th graders (aged 17–18 years) was 1.5%; the data were not
collected for the 8th and 10th graders because of low prevalence rates. In
comparison, the annual prevalence of cocaine and 3,4-methylenedioxy-Nmethylamphetamine (MDMA) use among the 12th graders was 2.7% and
3.8%, respectively (Monitoring the Future National Survey Results 2012). The
annual prevalence rate of use of ketamine in 2012 was found to be 12% less
than that for the year before (World Drug Report 2013).
5.2.1.1.2.2  Canada. Lifetime prevalence of use of ketamine
in 15- to 16-year-olds was 1.6% in 2012 (Canadian Alcohol and Drug Use
Monitoring Survey 2012; World Drug Report 2013).
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5.2.1.1.2.3  Argentina. In Argentina, among the population
aged 12 to 65 years, lifetime prevalence of ketamine use was 0.3% in a
national household survey conducted in 2010 (World Drug Report 2013).
5.2.1.1.2.4  Brazil. The latest data available for Brazil are from
a household survey conducted in 2005, and this revealed a lifetime prevalence of ketamine use of 0.2% among those aged 12 to 65 years (World
Drug Report 2013).
5.2.1.1.3  Australasia
5.2.1.1.3.1  Australia. The Australian Institute of Health and
Welfare is Australia’s national health and welfare statistics and information agency. They reported that there was a decrease in the use of ketamine
from 2004 to 2010. In their summary in 2010, they reported a lifetime prevalence of ketamine use of 1.4% for those 14 years or older and prevalence
rates for last year use of 0.2% (National Drug Strategy Household Survey
Report 2010).
5.2.1.1.3.2  New Zealand. The most recent data from New
Zealand come from the 2007/2008 New Zealand Alcohol and Drug Use
Survey (2010). Lifetime prevalence of ketamine use in adults aged 16–64
years was 1.2%. Men (2.2%) were more likely to use ketamine for recreational reasons than women (0.9%).
5.2.1.1.4  Asia. Although there are limited data on ketamine use
in many Asian countries, it appears that ketamine use is more prevalent
in Asian and Southeast Asian countries compared to Europe and North
America. The UNODC reports an emerging trend of increased ketamine
use especially in Southeast and East Asian countries including Hong
Kong, China, Indonesia, Brunei Darussalam, the Philippines, Thailand,
and Malaysia. More detailed data on the prevalence of ketamine use are
available from China and Hong Kong.
5.2.1.1.4.1  China. Ketamine was the third most common
drug of abuse in China in 2011; in 2012, more than 7.6% of registered drug
users were using ketamine (Asia & Pacific Amphetamine-Type Stimulants
Information Centre; World Drug Report 2013).
5.2.1.1.4.2  Hong Kong. In 2012, the drug abuse registry for
Hong Kong found that ketamine was the most popular psychotropic sub
stance used, with 29% of users reporting its use; it was particularly popular
among younger adults with 61% of users less than 21 years old reporting
use of ketamine (Central Registry of Drug Abuse Sixty-Second Report 2013).
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5.2.1.1.4.3  Middle East. Use of ketamine has been reported
in the Middle East; however, there are no detailed data available. In 2010,
ketamine was recognized as the seventh most widely used drug in Saudi
Arabia. Israel ranked it as the ninth most common drug of abuse in 2011
(World Drug Report 2013).
5.2.1.1.4.4   Data on ketamine seizures in Asia. Patterns of seizures of ketamine can be used as a surrogate marker of availability and
therefore potentially of use; this is particularly important in Asia where
there are less data available from population surveys on the prevalence
of use. As mentioned previously, Asia accounts for 95% of ketamine seizures globally (with 86% in East and Southeast Asia and 9% in South Asia)
(World Drug Report 2013). In the East Asian region alone, one of the largest seizures of ketamine of approximately 6 tons was reported from China
in 2011. In 2012, China accounted for 82% (4716.6 kg) of the seizures followed by Hong Kong at 12.6% (723.9 kg) and Malaysia at 4% (238.9 kg).
There was an increase in seizures of ketamine of 162% in Hong Kong and
China and 18% in Malaysia in 2012 (Patterns and Trends of AmphetamineType Stimulants and Other Drugs: Asia and the Pacific 2013). Other countries reporting ketamine seizures have been Indonesia, Thailand, Brunei
Darussalam, Burma, and Singapore. India reported 883 kg of ketamine
seizure in 2012 with the maximum amount seized from the country being
1.4 tons in 2011. China and India are thought to be the source countries for
ketamine for illicit ketamine seized from China, Hong Kong, Malaysia,
and the Philippines (Asia & Pacific Amphetamine-Type Stimulants
Information Centre). In many Asian countries, ketamine has been found
in pills that have been sold as ecstasy in addition to being found in powder
form (Asia & Pacific Amphetamine-Type Stimulants Information Centre).

5.2.1.2 Subpopulation level data
Most of the subpopulation data available on ketamine misuse come from
the United Kingdom; this offers insight into the prevalence of use in
higher using groups (e.g., those who attend nightclubs) and in school-age
and college-age children.

5.3 Ketamine use by clubbers
5.3.1 MixMag/Global Drug Survey
The former MixMag, now known as the Global Drug Survey, is one of the
largest subpopulation drug surveys. It currently not only includes those
individuals who read the MixMag magazine in paper form and online
(a publication aimed at those who frequent nightclubs in the United
Kingdom) but also has respondents from a range of social networking sites
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Table 5.1 Country and Last Year Prevalence of
Ketamine Use in the 2014 Global Drug Survey
Country

Ketamine use in the last year
(% total responses)

Australia
Belgium
Denmark
France
Germany
Hungary
Netherlands
Republic of Ireland
Scotland
Spain
United Kingdom

4.1
6.5
7.3
5.3
4.7
1.7
12.0
10.4
14.7
5.5
19.8

and is advertised in the UK Guardian newspaper. In the 2013 survey, 50.6%
of UK respondents (n = 7700) reported lifetime use of ketamine and 31.5%
reported ketamine use in the previous month (MixMag 2014). Ninety-six
percent reported that they usually used the drug by nasal insufflation,
and 42% reported that they usually drank alcohol during the same use
episode. In 2014, the Global Drug Survey received almost 80,000 respondents in 18 different countries in Europe and North America. Ketamine
was among the top 20 drugs used, with 5.7% of the total sample reporting
its use in the last 12 months. The last 12-month prevalence of ketamine use
in each country is detailed in Table 5.1 (Global Drug Survey 2014).

5.3.2 Other UK surveys
Ongoing annual surveys from our group are undertaken in South
London, UK gay-friendly dance clubs in the summer of each year. Surveys
conducted in 2010, 2011, 2012, and 2013 had 308, 315, 330, and 397 respondents, respectively (Measham et al. 2011; Wood et al. 2012a,b). Data are
shown in Table 5.2; it shows that ketamine use is much higher than that
Table 5.2 Data from London Gay Nightclub Surveys

Ketamine lifetime use
Ketamine last year use
Ketamine last month use

2013
(n = 397)

2012
(n = 330)

2011
(n = 315)

2010
(n = 308)

70%
51%
35%

67%
44%
24%

60%
49%
35%

57%
46%
30%

Source: Wood, D.M. et al., J Subst Use 17:91–7, 2012b.
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in the general population (CSEW Drug Misuse Data 2012). Lifetime keta
mine use was as high as 70% in 2013, with last month use of 35% (compared to comparative population level data of 2.2%–3.3% and 0.5%–0.9%,
respectively).
In a similar study done in 2012, mainstream nightclubs in Lancashire,
UK, town, and city centers were surveyed. Lifetime ketamine use was 18%,
last year use was 11%, and last month use was 3% (Measham et al. 2012).

5.3.3 Ketamine use in school- and college-age students
5.3.3.1 England
The “Smoking, Drinking and Drug Use Among Young People Survey,”
conducted yearly by “NatCen” (National Centre for Social Research), an
independent social research agency, includes schoolchildren aged 11–15
years in England (Smoking, Drinking and Drug Use Survey 2012). Their
latest report from 2012 included 7589 pupils in 254 schools. Thirty-five
percent of pupils responding to the survey had heard about ketamine and
0.5% had used it in the last year. It was found that use increased with age
and 0.4% of 13-year-olds and 0.9% of 15-year-olds reported lifetime use of
ketamine.

5.3.3.2 Scotland
A total of 37,307 thirteen- and fifteen-year-old pupils completed the 2010
Scottish Schools Adolescent Lifestyle and Substance Use Survey (SALSUS).
Two percent of 15-year-old boys and 1% of 15-year-old girls reported ever
taking ketamine and 1% of 13-year-old boys and less than 1% of 13-yearold girls had used it previously. Three percent of 15-year-old boys and 1%
of 15-year-old girls reported that they had previously been offered keta
mine, and among 13-year-olds, 1% of both boys and girls reported being
offered ketamine (SALSUS National Report 2011).

5.4 Patterns of ketamine misuse
Data from a number of studies provide information on the patterns of
ketamine misuse including doses used, frequency, and routes of use. The
2009 MixMag survey reported on 1285 individuals who had used keta
mine in the previous year (Winstock et al. 2012). They were asked about
doses used in a typical use session. Thirty-one percent reported using less
than 0.125 g, 35% reported using between 0.25 and 0.5 g, and 34% reported
using more than 1 g in a single session, with 5% regularly using more than
3 g per typical session. The mean number of days of consecutive use of
ketamine was 3.5 days, with 11% reporting to have ever used it consecutively for 7 days or more. Last-month users reported that they had used
ketamine for a mean of 4.2 days in the last month. Of these individuals,
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13.4% were found to be high-frequency users who used ketamine on nine
or more days per month (Winstock et al. 2012).

5.4.1 Ketamine and polysubstance use
Ketamine is commonly used together with other drugs, and the small
amount of data available from the United Kingdom suggests that keta
mine use is among the drugs that are most likely to be associated with
polysubstance use. The UK CSEW 2012 (Home Office National Statistics
on Drug Misuse 2012) data suggested that ketamine was among the top
three drugs to be used simultaneously with other drugs (ketamine, 48%;
MDMA, 49%; and methadone, 58%). A cross-sectional survey of 100 keta
mine users in Australia (Dillon et al. 2003) revealed the following results:
74% preferred to use MDMA with ketamine rather than ketamine alone;
MDA (3,4-methylenedioxyamphetamine) (37%), cannabis (19%), cocaine
(19%), amphetamine (16%), and LSD (6%) were the other drugs commonly
used along with ketamine in this cohort. Ng et al. (2010) also reported
coingestion of other drugs in 35% (81) of their sample of 233 patients presenting to their Hong Kong Emergency Department with acute ketamine
toxicity; coingestion substances were alcohol, cocaine, MDMA, methamphetamine, and zopiclone (Ng et al. 2010).

5.4.2 Ketamine routes of use
Recreational ketamine users appear to predominantly use it in powder
form by nasal insufflation; less commonly users dissolve the powder in
water and use it orally and there are rarer reports of injection use of keta
mine (Erowid Ketamine Vault). There are also reports of the availability
of ketamine in tablet form (often sold to users as ecstasy) (Asia & Pacific
Amphetamine-Type Stimulants Information Centre).

5.5 Ketamine toxicity
5.5.1 Acute toxicity
Ketamine predominantly causes neuropsychiatric and cardiovascular
features of acute toxicity. Some of the neuropsychiatric and behavioral
symptoms can be unpleasant and frightening, particularly for the novice
user (Kalsi et al. 2011), but the acute toxic effects of ketamine are generally
not clinically severe and rarely result in severe life-threatening features.
There is the potential for individuals to put themselves at risk of harm as
a result of the dissociative and hallucinogenic effects of ketamine, which
can lead to an increased risk of physical trauma, which may be associated
with significant morbidity and potentially mortality.
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The main sources of data on the patterns of acute toxicity associated
with ketamine use include the following: (i) user reports on the Internet
and in surveys, (ii) poison center case series, and (iii) case series from prehospital and emergency department presentations with acute ketamine
toxicity. We shall discuss information from each of these data sources in
detail. In addition, we will draw where applicable on data from animal
studies and the use of ketamine as an anesthetic/analgesic.

5.5.1.1 Acute physical effects
5.5.1.1.1  Cardiopulmonary effects. Ketamine is a unique anesthetic
agent in that it does not cause cardiovascular depression. It stimulates
the cardiovascular system leading to tachycardia, hypertension, and
an increase in cardiac output (Haas and Harper 1992). A study assessing hemodynamic response after a single dose of ketamine in 12 patients
who were undergoing routine cardiac catheterization and angiography
showed that after a 2-mg/kg dose of intravenous ketamine, there was a
33% increase in heart rate (from 73.5 ± 14.2 to 97.7 ± 28.9 beats per minute
[bpm]), a 29% increase in cardiac index (from 2.97 ± 0.66 to 3.83 ± 0.63 L/
min/m2), a 28% increase in mean aortic pressure (from 93.3 ± 14.0 to 119.3 ±
10.1 torr), and a 49% increase in pulmonary arterial pressure (from 17.0 ±
4.6 to 24.5 ± 5.8 torr) (Tweed et al. 1972). The cardiovascular effects of keta
mine are thought to be attributed to stimulation of the central sympathomimetic pathway and inhibition of reuptake of catecholamines (Reich and
Silvay 1989).
Animal studies suggest that ketamine does not cause cardiovascular depression at therapeutic doses used in anesthesia (BettschartWolfensberger et al. 2003; Jacobson and Hartsfield 1993). In a horse
study, six ponies were anesthetized using ketamine and medetomidine.
Sedation consisted of 7 μg/kg body weight intravenous medetomidine
followed after 10 min by a bolus of 2 mg/kg body weight intravenous
ketamine and maintenance of anesthesia was with an infusion of propofol at rates of 0.89–1.0 mg/kg/min. It was noted that ketamine induction was associated with stable cardiovascular and pulmonary function
compared to propofol (Bettschart-Wolfensberger et al. 2003). In another
study, 12 healthy dogs were given 10 mg/kg of ketamine and 0.5 mg/kg
midazolam intravenously for induction of anesthesia; in six dogs, this was
given as a bolus, and in the other six, it was given by an infusion over
15 min. Both the bolus and infusion ketamine–midazolam combination
were associated with a significant (P < 0.05) increase in mean heart rate
and rate–blood pressure product. There were no specific details in the
paper in terms of the absolute physiological parameters. Mild and transient respiratory depression was observed in dogs of both groups immediately after administration but was more pronounced in the bolus group;
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again, no specific information on this was included in the paper (Jacobson
and Hartsfield 1993).
5.5.1.1.2  Human studies. A review conducted by Miller et al. (2011)
included a total of 20 studies looking at the hemodynamic and pulmonary effects of ketamine on mechanically ventilated patients treated with
a continuous intravenous infusion of ketamine (for a minimum of 2 h
or more) at doses ranging from 0.01 to 5 mg/kg/h. Of the 281 patients
included in the review, 223 had respiratory variables assessed; keta
mine was found to reduce airway resistance, improve chest compliance,
increase partial pressure of oxygen, and improve oxygen saturation. In
patients with refractory bronchospasm, ketamine was found to decrease
wheezing and reduce requirements for bronchodilator therapy (Miller et
al. 2011). Other studies have also shown that ketamine causes bronchodilation and improves respiratory function in asthmatic patients and, hence,
is also recommended in the emergency intubation of asthmatic patients
(Hemmingsen et al. 1994; Petrillo et al. 2001). Ketamine is generally found
to preserve airway reflexes such as the pharyngeal and laryngeal reflexes;
laryngospasm and aspiration are very rare even at anesthetic doses
(Green et al. 1998; Hemmingsen et al. 1994; Strayer and Nelson 2008). In
one retrospective study of 1022 pediatric cases over a 9-year period, children given intramuscular ketamine for sedation were included. Airway
complications were reported in only 1.4% of cases, laryngospasm in 0.4%,
apnea in 0.2%, and respiratory depression in 0.1%. All the adverse respiratory effects were transient and managed conservatively without needing
intubation (Green et al. 1998). A literature review in 2008 that included
87 papers where ketamine was used for sedation concluded that events
such as laryngospasm, apnea, and respiratory depression were rare with
good preservation of pharyngeal reflexes particularly when ketamine was
used as a single agent (Strayer and Nelson 2008).
5.5.1.1.3  Ketamine and pulmonary edema. There are no reports of
pulmonary edema related to the recreational use of ketamine; however,
there have been at least five case reports of pulmonary edema caused by
the use of ketamine in anesthetic practice (Baduni et al. 2010; Pandey et al.
2000; Parthasarathy et al. 2009; Tarnow and Hess 1978). The first reported
case was in a patient with coronary artery disease receiving ketamine as
an induction agent at 1.5 mg/kg intravenously. Immediately after induction, there was a rise in mean pulmonary arterial pressure from 27 to
65 mm Hg; this was associated with hypoxia due to pulmonary edema
(Tarnow and Hess 1978). Another case reported was of an 8-year-old girl
who was given 6.25 mg/kg ketamine intramuscularly for the purpose of
sedation; she had no previous medical problems but developed pulmonary edema needing intubation 10 min after ketamine administration
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(Pandey et al. 2000). The treating physicians noted pink frothy sputum
through the endotracheal tube. She was treated with intravenous furosemide, and positive pressure ventilation was performed. Her condition
improved after 3 h with no further complications. Parthasarathy et al.
reported two cases, a 27-year-old and a 2-year-old, who were given keta
mine at doses of 2 mg/kg; they developed hypoxia and frothy secretions (noted on intubation) soon after ketamine administration. In both
instances, the clinical situation improved within an hour with the help of
diuretic and positive pressure ventilation (Parthasarathy et al. 2009). The
most recent report from 2010 was in a 7-year-old child who developed
recurrent laryngospasm after ketamine induction (1 mg/kg intravenous).
He later developed pulmonary edema during the postoperative period;
the authors suggested that the laryngospasm might have contributed to
negative pressure pulmonary edema in this case (Baduni et al. 2010).
It has been thought that the pathophysiology of ketamine-related
pulmonary edema could be due to a direct stimulation of the sympathetic nervous system leading to elevated catecholamine levels and causing increased vascular pressure leading to pulmonary edema. Another
potential hypothesis is that this is neurogenic edema; in vitro studies on
human lungs have shown that ketamine inhibits lung epithelial sodium
channel function; this would lead to a reduction in alveolar fluid clearance and resultant pulmonary edema (Cui et al. 2011).

5.5.1.2 Acute effects of ketamine on the urogenital system
There are little data on the acute effects of ketamine on the renal tract.
Ng et al. in their case series of 233 patients presenting to the emergency
department with acute ketamine toxicity reported that 32 (13%) reported
any urological symptoms, which included dysuria, urgency, or frequency.
There is the potential that these symptoms relate to chronic rather than
acute effects of ketamine; however, there is no information on the chronicity of ketamine use or of these symptoms to be able to determine the
likelihood of this. The same study found deranged renal function (abnormal creatinine in 5 [3%]; range, 103–200 μmol/L [1854–3600 mg/dL]). In
a retrospective review of patients registered on the Hong Kong poison
center database from 2008 to 2011, 188 cases were identified as acute cases
who presented with ketamine-related problems to the emergency department. Sixty (32%) of the acute cases had urinary symptoms in keeping
with symptoms suggestive of ketamine cystitis; it is unclear whether
these individuals were frequent or infrequent users of ketamine; we feel
that these reported symptoms were more likely to be a reflection of the
chronic ketamine effects being reported in the acute setting. There are no
other data to be able to determine whether single-use ketamine is associated with acute urological/renal effects, but as discussed in more detail
in Chapter 10, animal studies suggest that chronic ketamine use for a
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period of a minimum of a few months is required for these effects to occur
(Yiu-Cheung 2012).

5.5.1.3 User self-reports of acute physical effects of ketamine
5.5.1.3.1  User reports on internet discussion fora. Bluelight and
Erowid are Internet fora used internationally by drugs users to share
experiences and information on drug use. The dose of ketamine reported
by recreational users are generally small (e.g., 75–100 mg intranasal),
although users report use of multiple doses per use session, with doses
of up to 1–3 g per session. Common symptoms reported by users include
“racing of the heart,” a sense of euphoria, dizziness, agitation, irritability, hallucinations, unusual thought content, muscle cramp, chest pain,
abdominal pain, nausea, vomiting, and dissociation.
5.5.1.3.2  User surveys. The largest published user survey on the
effects of ketamine was from Sydney, Australia, in which 100 ketamine users
were recruited between January 1998 and October 1999 (Dillon et al. 2003).
Of the 100 participants, 58% had used ketamine on more than 10 occasions
and 26% were regular users. Participants were interviewed using a structured predetermined questionnaire, which collected data on experience of
the physical and psychological effects of ketamine and their attitudes toward
these effects as to whether they were positive or negative. The positive effects
reported included blurred vision (21%), increased heart rate (17%), temporary
paralysis (16%), lack of coordination (14%), and feeling of no pain (7%). The
negative effects reported were inability to speak (30%), “increased breathing”
(11%), difficulty breathing (2%), nausea (9%), vomiting (3%), and convulsions
(<1%). Fifty-six percent reported having experienced the K-hole; it is interesting to note that symptoms such as inability to speak, incoordination, and
blurred vision seen as negative symptoms by some were seen as positive
effects by other users (Dillon et al. 2003).

5.5.1.4 Poisons information service data
Poison center data are a rich source of information on the physical effects
of ketamine.
The UK National Poisons Information Service is a service providing
information and advice to health professionals regarding management of
patients with suspected poisoning, which can be accessed through their
Internet site TOXBASE or their telephone enquiry service. In 2012/2013,
there were approximately 550,000 TOXBASE accesses and 54,000 telephone consultations; of these, 6% and 4% were ketamine related, respectively (National Poisons Information Service Annual Report 2012/2013).
In the United States, poison centers also provide information to members of the public in addition to health care professionals. The American
Association of Poison Control Center’s National Poisons Data System in
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their annual report for 2012 reported 308 ketamine-related human exposures with about a half of them presenting to a health care facility. They
also reported one death attributable to intentional use of ketamine during
the same period (details about the circumstances of death were not available on the report) (Mowry et al. 2013).
The Hong Kong Poisons Information Centre (HKPIC) not only provides a 24-h information service but also collects poisons data from emergency departments. In their annual report for 2010, ketamine was ranked
as the fourth most common poison exposure in the country with just more
than 300 cases reported (Chan et al. 2012).
The Connecticut Poison Control Center performed an observational
study of 20 ketamine-related calls to their service in 1997 (Weiner et al.
2000); the common symptoms reported by patients included anxiety
(40%); palpitations (15%); chest pain (10%); and confusion, vomiting, and
memory loss (all 5%). Fifty percent of patients were asymptomatic at the
time of their initial evaluation in the emergency department. On physical examination, patients were found to have altered consciousness (30%),
tachycardia (defined as heart rate >100 bpm, 60%), slurred speech (15%),
hallucinations (15%), nystagmus (15%), mydriasis (15%), and hypertension (undefined; 10%). Five patients were treated with benzodiazepines
for their agitation, two of whom developed mild rhabdomyolysis (creatinine kinase, 200–600 IU/L); they were treated with sedation (further
doses of benzodiazepine) and intravenous fluids before discharge home.
These effects were found to be short lived and 18 of the 20 patients were
discharged within 5 h of presentation to the emergency department. Two
patients had a prolonged period of observation in the emergency department. One of them developed chest pain with hypertension of up to
180/100 mm Hg and, hence, required intravenous metoprolol and further
cardiac investigations (which showed negative results). Another had prolonged paranoid behavior but was later found to have a previous history
of schizophrenia.

5.5.1.5 Prehospital case series
Prehospital emergency services are frequently used in managing patients
with recreational drug toxicity and include ambulance services, first aid
medical facilities in nightclubs, and telephone advice services provided
for members of the public.
As part of the 2010/2011 online MixMag survey, individuals were
asked about their utilization of prehospital and hospital emergency services after the use of recreational drugs. This study included 2474 respondents from the global survey who were United Kingdom based; 462
reported accessing an emergency medical service after the use of recreational drugs. A total of 259 (57%) individuals admitted to using the hospital emergency department, 196 (26%) had used the ambulance services,
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65 (11%) had accessed NHS Direct (the UK telephone medical assistance
for members of the public), and 120 (26%) had accessed other first aid
facilities at the club/festival or other venue. Some individuals had previously used more than one type of emergency service. Of those who had
accessed emergency medical services previously, 115 provided details of
their most recent access episode, including the drug(s) used before becoming unwell; ketamine was the second most common self-reported drug
used after ethanol (ethanol, 89 [77%]; ketamine, 26 [23%]) (Archer et al.
2013).
In another study recruiting participants over a 5-month period from
September 2007 to January 2008, 173 participants were found to be utilizing the medical facility at a nightclub (Wood et al. 2009). The majority
(131 [75.7%]) of the presentations were due to effects of recreational drugs,
while 30 (17.3%) were due to recreational drugs with ethanol; the remainder were not due to alcohol or drugs. Ketamine was found to be the second most common drug (62 [37.9%] after gamma-hydroxybutyrate [GHB],
107 [66.5%]) that was associated with an individual becoming unwell in
the nightclub environment.

5.5.1.6 Emergency department data
Ng et al. (2010) published a retrospective case series of 233 ketaminerelated visits to 15 emergency departments in Hong Kong from July 1, 2005,
to June 30, 2008. Individuals were included if they either self-reported the
use of ketamine or had a urine test positive for ketamine. The majority of
patients (152 [65%]) had used ketamine as a single drug while the remaining 35% had coingested ketamine with other drugs (data represented in
Section 5.2). The symptoms reported by patients included abdominal pain
in 49 (21%), nausea and vomiting in 23 (12%), dysuria or urinary frequency
in 20 (8%), and cardiovascular symptoms of either palpitations or chest
pain in 25 (5%). Clinical features seen on examination in the emergency
department were low GCS (GCS less than 8) in 7%, tachycardia (defined as
heart rate >100 bpm) in 39%, hypertension (not defined) in 40%, abdominal
tenderness in 14%, and hyperthermia (not defined) in 14% (Ng et al. 2010).
In a further case series from the HKPIC database from June 2008 to July
2011, 284 cases of acute and chronic toxicity were identified and described
(Yiu-Cheung 2012). Patients presenting acutely to the emergency department were classified as acute toxicity (186 cases), and those presenting to
the outpatient clinics were classified as chronic toxicity (96 cases). While
the above study from Ng et al. study included 233 acute cases, this study
from Yiu-Cheung included both acute and chronic presentations. Among
the acute presentations, 90 (48%) presented with neurological features
such as drowsiness, confusion, and transient loss of consciousness; 60
(32%) presented with lower urinary tract symptoms such as frequency,
dysuria, urgency; 50 (27%) presented with cardiovascular features such as
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hypertension (systolic >160 mm Hg and diastolic >90 mm Hg) and tachycardia (heart rate >100 bpm); 49 (26%) presented with abdominal pain; and
19 (10%) presented with features of acute psychosis (Yiu-Cheung 2012).
The chronic presentations are discussed in Section 5.5.4.
Another case series reported on 116 presentations to a South London
emergency department with acute toxicity related to self-reported keta
mine use in 2006 (n = 58) and 2007 (n = 58) (Wood et al. 2008). Of these, 45
(38.2%) had hypertension (systolic blood pressure >140 mm Hg), 34 (29.3%)
had tachycardia (heart rate ≥100 bpm), and 29 (25%) had agitation/aggression.
Only 13 (11.2%) were self-reported lone use of ketamine, and therefore
some of the effects may have been due to coused drugs in addition to
ketamine. The coused drugs included ethanol (38.8%), GHB/GBL (47.3%),
cocaine (19.0%), and MDMA (52.6%). No patients with lone ketamine use
were admitted to critical care (Wood et al. 2008).

5.5.1.7 Acute psychological effects
Although ketamine is still widely used as an anesthetic, it fell out of favor
as a mainstream anesthetic agent in the 1970s because of its neuropsychiatric side effects such as emergence phenomena, hallucinations, and
delusions (Jansen 2001a,b). It is these same effects that are favored by recreational users and led to the increase in ketamine misuse. Even at the
doses that are used when ketamine is used as an analgesic (0.1–0.5 mg/
kg), patients have reported adverse effects such as hallucinations, dysphoria, and nightmares (Mercadante et al. 2000; Visser and Schug 2006). A
Cochrane Review published in 2005, and updated in 2012, evaluated the
literature on the adverse effects associated with the use of ketamine as an
analgesic for acute postoperative pain (Bell et al. 2012; Elia and Tramer
2005). This review included 37 trials involving a total of 2240 patients;
neuropsychological adverse effects reported were pleasant dreams in
18.3%, hallucinations in 7.4%, and nightmares in 4%.

5.5.1.8 Human volunteer studies
Pomarol-Clotet et al. (2006) performed a study involving 15 healthy volunteers who were administered ketamine infusion intravenously to achieve
a plasma ketamine concentration of 200 ng/mL, using a computerized
infusion pump, and then performed a Present State Examination (PSE).
They concluded that ketamine appeared to have four main effects:
1. A central nervous system depressant or intoxicating effect
		 Ten volunteers receiving the ketamine infusion reported a
sensation of tiredness with poor concentration and lack of clarity
in thought; some reported a sensation of “feeling drunk,” which
seemed to be similar to the effect of any anesthetic/sedative drug.
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2. Perceptual alterations
		 Symptoms reported by volunteers based on the PSE ratings
were poor concentration (14 subjects); inefficient thinking (14 subjects); distorted perception in the visual, auditory, and somatosensory areas (13 subjects); change in perception of time (11 subjects);
depersonalization (4 subjects); and derealization (4 subjects). No participants in this study reported hallucinations.
3. Referential ideas or delusions, plus other subjective changes in
thinking
		
Ketamine-induced delusions occurred in 6 of the 15 volunteers,
and these mainly were delusions of reference and misinterpretation.
Some subjects also reported thought insertion (3 subjects) and poverty of speech (11 subjects).
4. Negative-type symptoms
		 In this study, the main negative symptoms noted were poverty of speech (11 subjects) and an increased latency of response
(13 subjects).
Similar results were seen in another placebo-controlled, doubleblind, randomized controlled trial by a group of psychiatrists studying
the effects of subanesthetic doses of ketamine on 19 healthy volunteers
(Krystal et al. 1994). Placebo or ketamine at 0.1 and 0.5 mg/kg was injected
intravenously over a 40-min period for three test days and the participants were subjected to a series of behavioral and cognitive testing. The
participants acted as their own controls over the 3-day period. The study
found that ketamine produced
1.
2.
3.
4.
5.

Symptoms similar to schizophrenia
Alterations to perception
Reduced verbal fluency and vigilance
Symptoms similar to dissociative states
Disruption in delayed word recall but spared immediate recall and
postdistraction recall (Krystal et al. 1994)

5.5.1.8.1  Positron emission tomography. Positron emission tomography (PET) studies on human subjects have shown a reduction in the
dopamine receptor availability and increased prefrontal cortex metabolic
activity in healthy volunteers given subanesthetic doses of ketamine.
Breier administered a 0.12-mg/kg IV bolus followed by 0.65 mg/kg dose
maintenance over an hour to 17 healthy volunteers. PET scans done subsequently showed increased metabolic activity in the prefrontal cortex; subjects also had an interview using the Brief Psychiatry Rating Scale before
and after ketamine infusion, and it was found that ketamine induced
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acute psychosis (in the form of conceptual disorganization, unusual
thought content, hallucinatory behavior, and suspiciousness). This difference between placebo and ketamine effect was found to be statistically
significant (P = 0.0001) (Breier et al. 1997).
Vollenweider studied the effects of ketamine on 15 healthy volunteers
who were initially given a 20-mg IV loading dose of ketamine followed
by a 0.02- to 0.03-mg/kg/min IV infusion for 60 min. PET scans done later
showed increased metabolic activity in the anterior cingulate and medial
prefrontal cortex of the brain (Vollenweider et al. 1997). These results provide in vivo evidence of striatal increase in dopamine concentrations and
confirm the acute psychosis produced by ketamine via the N-methyl-daspartate (NMDA) receptor.

5.5.1.9 User report surveys
5.5.1.9.1  Internet user discussion fora. Erowid and Bluelight are
Internet drug fora used by drug users globally. In these fora, ketamine
users describe the effects of ketamine as being on a “trip”; they describe an
initial sense of defragmentation and then chaos (Erowid Ketamine Vault;
The Ketamine Discussion Thread). Other effects commonly reported
include dizziness, euphoria, and a “floaty dream-like state.” Other effects
reported include a “scary sensation of feeling numb” and “a loss of selfcontrol,” abnormal perception of music and objects, loss of fear of death,
and dissociative effects such as a feeling of being lifted away from the
body that some also describe as an “out of body experience.” Some users
mention having “experienced death” or a “near-death experience.” These
effects are unpleasant to some users, but others describe them as exciting
experiences—they are often referred to by users as traversing through the
K-hole. Some users describe this as reexperiencing old memories, seeing
visions, and entering a spiritual state.
5.5.1.9.2   Data from user report surveys. Dillon et al. (2003) reported
a range of psychological and behavioral effects experienced by 100 keta
mine users. The effects reported in this user report survey from Australia
were altered thought content (60%), a sensation of separation from the
body (57%) and environment (53%), absence of time (74%), visual (49%)
and auditory hallucinations (46%), euphoria (55%), confusion (45%), and
excitement (46%). Fifty-six percent of participants reported one or more
previous experiences of “falling into a K-hole.” The “K-hole” is a term
that is often used by users to describe the unpleasant hallucinations and
in particular the dissociative features that are seen with high-dose keta
mine use (Dalgarno and Shewan 1996; Li et al. 2011). Dillon et al. (2003)
found that the risk of developing a K-hole was reported to be greater with
increased use of ketamine, particularly in those who had used ketamine
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more than 20 times. The K-hole is a desired effect for some users, but it
can be an unpleasant and even frightening effect for others and there
is the potential that it can place users in a vulnerable position where
they are more at risk of rape or assault. In the Dillon et al. study, 56%
reported experiencing the K-hole while 45% of ketamine users feared
the experience.

5.5.1.10 Emergency department data
The Ng et al. series included 233 patients attending Hong Kong emergency
departments with acute ketamine toxicity (Ng et al. 2010). On evaluation,
patients were found to have the following neuropsychological features:
impaired conscious level in 106 (45%), dizziness in 28 (12%), agitation/
irritability in 10 (4%), hallucinations/delusions in 10 (4%), seizures in 2
(8%), and other neurological symptoms in 7 (3%). In their follow-up study,
they found that 19 (10%) of the 188 acute ketamine-related presentations
had acute psychosis (Yiu-Cheung 2012).

5.5.1.11 Treatment of acute ketamine toxicity
Generally, individuals presenting with acute ketamine toxicity do not
need pharmacological therapy. Often, all that is required, particularly
for those with hallucinations and other neuropsychological effects, is
observation in a quiet area with minimal auditory and visual stimulation
and reassurance (Kalsi et al. 2011). Agitated and aggressive patients can
potentially injure themselves and may require treatment with a benzodiazepine such as diazepam or lorazepam (Weiner et al. 2000). Emergence
phenomena especially seen in the setting of ketamine used for procedural
sedation can be managed with small doses of benzodiazepines and an
intravenous short-acting agent such as midazolam is a good choice in this
context (CEM 2009; Kalsi et al. 2011). If hallucinations, tachycardia, and
hypertension do not settle within 2 to 3 h with the above treatment, then
coingestion of other drugs or a medical cause should be suspected and
treated accordingly (Kalsi et al. 2011; Ng et al. 2010; Weiner et al. 2000).

5.5.2 Risk of physical harm
One of the acute risks associated with ketamine use is the potential
increased risk of physical injury owing to decreased awareness of surroundings. This is a direct result of the neuropsychiatric effects of keta
mine, in particular its dissociative effects. Ketamine causes reduced
awareness, depersonalization, and reduced perception of pain. Users
report lack of coordination, temporary paralysis, and near-death experiences (Dillon et al. 2003). In addition, there is the potential that the effects
of ketamine may put an individual at an increased risk of physical assault
or sexual assault (Kalsi et al. 2011; Li et al. 2011). However, reports of
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ketamine detected in the scenario of drug-facilitated sexual assault are
rare. In a UK forensic study looking at 1014 cases of drug-facilitated sexual assault, only 3 (0.5%) had ketamine detected on analysis of blood and
urine specimens (Scott-Ham and Burton 2005). A similar study in Canada
found only 2 (1.1%) of the 178 toxicologically tested samples positive for
ketamine (Du Mont et al. 2010). This low detection rate may reflect that
individuals may present early enough for ketamine to be still detectable
in biological specimens.
In a study of 90 ketamine users, 13% reported being involved in an
accident as a direct result of taking ketamine and 83% knew someone
who had (Muetzelfeldt et al. 2008). In a longitudinal study by the same
authors including 150 volunteers undertaken to study the long-term neuropsychiatric effects of ketamine, 2 deaths were reported on a 12-month
follow-up among frequent ketamine users as a result of their acute keta
mine use (Morgan et al. 2010). A Hong Kong study designed to evaluate
the correlation between fatal vehicle crashes and consumption of alcohol
or drugs among drivers between 1996 and 2000 reported that ketamine
was detected in 18 (9%) of 197 fatal drug- and alcohol-related single motor
collisions (Cheng et al. 2005).

5.5.3 Risk of death
Ketamine is rarely associated with fatalities when used alone, and where
deaths occur, these are often caused by accidents/trauma rather than
directly related to acute ketamine toxicity. Ketamine has a wide therapeutic range and the median lethal dose in animals is 100 times the average
therapeutic intravenous dose (Sinner and Graf 2008). Ketamine is therefore generally considered a safe drug; however, fatalities are related to the
increased risk of physical harm related to its effects.
Gill and Stajíc reviewed ketamine-positive deaths in New York City
over 2 years from 1997 to 1999 and found 15 deaths owing to nonmedical
use of ketamine; 12 of these were attributed to “multidrug” intoxications—
opiates were found in 10 cases, amphetamines in 7, and cocaine in 6 of
these as cointoxicants. Two of the 15 died because of physical injuries (one
because of burns and another because of blunt injury) and another died
because of sarcoidosis (Gill and Stajíc 2000).
Another report from Portugal reported a 29-year-old man who died
after hanging himself while intoxicated with ketamine and ethanol. The
blood concentration of ketamine and ethanol at postmortem toxicology
analysis was found to be 1.3 and 0.66 mg/L, respectively (Dinis-Oliveira
et al. 2010).
Karl Jansen reported in his book a case of a 34-year-old male from
California who was found dead in his bathtub in 1997; his death was
attributed to the use of ketamine (Erowid Ketamine Vault; Jansen 2001a,b).

Chapter five: Ketamine—Epidemiology of acute and chronic toxicity

123

5.5.3.1 More recent statistics on fatalities related to ketamine
The UK National Programme on Substance Abuse Deaths (np-SAD) system collects information from coroners (medical examiners) on drugrelated deaths. In a recent study looking at data in the np-SAD database,
93 deaths were identified as involving ketamine for the period 1993 to
2013 (Ghodse et al. 2013). Ketamine-related deaths from medical use were
excluded. Of these 93 deaths, 86% were male and the mean age at death
was 30.9 (range, 15.8–60.6) years. The majority were employed (60%), had
a history of previous drug misuse (75%), and lived with others (54%).
Drowning occurred in nine instances and there were three road traffic
accidents where use of ketamine may have impaired judgement. In 23 of
the 93 cases, ketamine was the sole substance found during postmortem
toxicological analysis; however, on the basis of the data included in the
paper, it is not possible to be certain whether ketamine was the cause of
death. In the remaining 70 cases, ketamine was detected with alcohol or
other drugs and the cause of death was reported as “accidental poisoning
not solely relating to ketamine.”
The UK Office for National Statistics Report for 2012 found 3 deaths
with only ketamine mentioned on the death certificate and 12 deaths with
any mention of ketamine on the death certificate. It is not clear from these
data whether ketamine was responsible for the deaths. Approximately
half of these deaths involved people under the age of 30 (UK Office for
National Statistics 2012).
It is clear from the above data that ketamine is linked with a low mortality risk among users and that the cause of death is mostly attributed to
trauma and risky behavior rather than direct acute ketamine toxicity.

5.5.4 Chronic effects of ketamine
Numerous animal studies (see Chapters 8, 10, and 14) have demonstrated
that chronic ketamine administration associated with chronic toxicity in
a range of organs. Chronic ketamine use predominantly results in chronic
toxicity that affects the renal and lower urinary tract, gastrointestinal and
hepatobiliary systems, and neurocognitive function.

5.5.4.1 Effects on kidneys, bladder, and urinary tract
Over the last few years, there has been increasing awareness of the renal,
bladder, and urinary tract problems caused by chronic ketamine use.
The animal models that have investigated and confirmed that ketamine
causes these effects are summarized in Chapter 10. Several case series
and reports linking bladder symptoms to chronic ketamine use have been
published (Chu et al. 2008; Cottrell et al. 2008; Shahani et al. 2007). The
effects involve the bladder, the whole urinary tract, and kidneys (Chu
et al. 2008; Cottrell et al. 2008; Shahani et al. 2007). There have been no
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studies that have investigated the incidence of ketamine-related urinary
tract problems. However, recent UK studies of ketamine users have provided some information not only on the patterns of symptoms experienced by users but also on the time course and likely dose-dependent
nature of these effects.
5.5.4.1.1  Data on ketamine-related bladder effects from ketamine user
s urveys. The first of the studies using survey data to investigate urinary tract problems in ketamine users was a follow-up to the 2009/2010
MixMag study in the United Kingdom (Winstock et al. 2012). This study
asked about the presence of urinary symptoms in 1285 ketamine users
from the MixMag survey. Of the 1285 ketamine users, 340 (26.5%) reported
experiencing urinary symptoms, which included pain in the lower abdomen (145 [11.3%]), burning or stinging when passing urine (104 [8.1%]), urinary frequency (224 [17.4%]), urinary incontinence (43 [3.3%]), or blood in
the urine (19 [1.5%]). Another UK study that included 90 participants (30
frequent [more than four times per week] ketamine users, 30 infrequent
[two times per month to four times per week] ketamine users, and 30 exketamine users) also reported on the prevalence of urinary tract symptoms (Muetzelfeldt et al. 2008). Twenty percent of the frequent ketamine
users reported “cystitis” or bladder problems as compared to 6.7% of
infrequent users and 13.3% of ex-ketamine users (Muetzelfeldt et al. 2008).
The most recent study, also from the United Kingdom, was a questionnaire survey of 48 ketamine users in Bristol (Weinstock et al. 2013); 36
(75%) of these individuals reported urological symptoms.
Data from these studies have also demonstrated that ketamine-related
urinary tract problems appear to be related to the amount (dose), frequency, and duration of ketamine use (Chu et al. 2008; Cottrell and Gillat
2008; Cottrell et al. 2008; Shahani et al. 2007). In the 2010 MixMag followup survey (Winstock et al. 2012), those that were using doses of ketamine
of more than 1 g during a typical session were more likely to develop
urological symptoms. In the Bristol study, all eight ketamine users who
were taking more than 5 g ketamine per day had urological symptoms;
however, only 10 (50%) of those reporting that they were using less than
2 g of ketamine per day had urological symptoms (Weinstock et al. 2013).
A number of reports suggest that ketamine cessation is associated
with a decrease and potential reversal of symptoms in some users. In one
study of 251 users who reported urinary symptoms after ketamine use,
128 (51%) reported that abstinence form ketamine had improved their
symptoms, 8 (3.8%) reported ongoing deterioration, and 108 (43%) showed
no improvement while they had continued to use ketamine (Weinstock
et al. 2013). Cottrell et al. (2008) reported that only a third of patients with
ketamine-related vesiculopathy improved after cessation of ketamine use
(Cottrell et al. 2008).
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5.5.4.1.2   Urinary tract effects associated with analgesic use of ketamine.
There are five cases of significant bladder effects from therapeutic use of
ketamine as analgesic reported in the literature. Storr and Quibell reported
three patients in palliative care practice who were treated with ketamine
for its analgesic properties; the doses used in these patients were in the
range of 200–600 mg in a 24-h period. Two cases developed debilitating
urinary tract symptoms including suprapubic pain, frequency, hematuria,
and nocturia 5 months after initiation of ketamine; the time of onset is
unclear in the third. The symptoms resolved in 3 weeks’ time in one case
and persisted but decreased in the other two patients after cessation of
ketamine therapy (Storr and Quibell 2009). Gregoire et al. reported a case
of a 16-year-old with complex regional pain syndrome who developed
clinical symptoms suggestive of ketamine cystitis (dysuria, frequency,
urgency, and incontinence) 9 days after treatment with oral ketamine was
initiated at a dose of 8 mg/kg; the symptoms subsided when dose was
subsequently reduced to 5 mg/kg and then 2 mg/kg (Gregoire et al. 2008).
A recent report described a 52-year-old man who was prescribed 240 mg/
day of ketamine for chronic back pain and who developed severe bladder
damage. These effects did not improve with ketamine cessation and the
patient had to have a cystectomy (Shahzad and Svec 2012).
It is worth noting that doses used in pain and palliative care practice
are generally lower than the doses used in recreational ketamine users,
and despite this, bladder effects and debilitating urinary symptoms have
been reported.
5.5.4.1.3   Ketamine-related urinary tract damage in recreational ketamine
users. Ketamine-associated ulcerative cystitis in recreational/dependent
ketamine users was first described by Shahani et al. in 2007 (Shahani et
al. 2007). Their case series included nine patients who were daily users of
ketamine; their index case was a 28-year-old male who presented with a
history of painful hematuria, post-micturition pain, dysuria, and urgency.
His urine cytology showed negative results and bladder biopsy confirmed
features of chronic cystitis. The subsequent eight patients presented
with similar clinical features and patterns of ketamine use; five of these
patients had bladder biopsies, which showed features of cystitis. All but
one patient improved after cessation of ketamine.
Ketamine-induced cystitis and lower urinary tract symptoms have
been reported by several groups since this initial report (Chang et al. 2012;
Chen et al. 2012; Chiew and Yang 2009; Chu et al. 2007, 2008; Colebunders
and Van Erps 2008; Dhillon et al. 2008; García-Larrosa et al. 2012; Ho et
al. 2010; Lai et al. 2012; Lieb et al. 2012; Noorzurani et al. 2010; Tsai et al.
2008; Wu et al. 2012). Many of these reports are from the Southeast and
East Asia, reflecting the high prevalence of use of ketamine in the region,
particularly Hong Kong. Typically, these patients present with symptoms of
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severe dysuria, painful hematuria, urinary urgency, urge incontinence, frequency, and nocturia. Urine cultures and microbiology are typically sterile,
although individuals may subsequently develop concomitant urinary tract
bacterial infections (Cottrell et al. 2008; Lai et al. 2012; Shahani et al. 2007).
The largest series of patients with ketamine-associated urinary symptoms was published in 2008 by Chu et al. who described 59 patients who
presented to two urology units in Hong Kong (Chu et al. 2008). This cohort
had a mean duration of ketamine use of 3.5 years. Severe lower urinary
tract symptoms reported by these patients included pelvic pain, urgency,
frequency, dysuria, urge incontinence, and hematuria. Frequency and volume charts showed that these patients had a functional voiding capacity
of only 20–200 mL (normal volumes >600 mL) and needed to void urine
every 15–90 min. This frequency of urination can be extremely disabling,
particularly when combined with dysuria and pelvic pain. There are
reports of ketamine users increasing their ketamine use in an effort to
manage their pelvic pain—this results in a vicious cycle of worsening
bladder and urinary tract damage and associated pain resulting in further increases in ketamine use.
5.5.4.1.4  Pathogenesis of ketamine bladder effects. The changes that
occur in the bladder are a direct result of ketamine and its metabolites
being excreted via the kidneys into the urine (Moore et al. 2001) and the
prolonged contact of these metabolites with the lining of the bladder (Chu
et al. 2008; Cottrell et al. 2008). Various animal studies have shown effects
of ketamine on the bladder mucosa and the muscular wall causing destruction of the lining leading to lower urinary tract symptoms (Tan et al. 2011;
Yeung et al. 2009); these are discussed in more detail in Chapter 10.
The pathogenesis of “ketamine bladder” starts with the inflammation
and ulceration of the bladder lining resulting in hematuria and denudation of bladder epithelium (Cottrell et al. 2008; Tsai et al. 2009). Prolonged
exposure results in further inflammatory changes and scarring of the
bladder, leading to collagen deposition and a reduction in the bladder volume. This causes urinary frequency, incontinence, pelvic pain, and pain
on passing urine.
As demonstrated in the animal studies investigating ketaminerelated urinary tract damage, this damage seen in the bladder can extend
to the upper urinary tracts and the kidneys (Chu et al. 2008; Wei et al.
2013). The well-documented direct effects of ketamine on the kidney and
urinary tract are seen as hemorrhagic inflammation and subsequently
scarring, fibrosis, or narrowing of the urinary tract; hydronephrosis; and
papillary necrosis (Chu et al. 2008; Mason et al. 2010). In the Chu et al.
case series, 51% of the 59 patients had hydronephrosis (44% bilateral and
7% unilateral) and papillary necrosis was noted in 13% of cases. This was
attributed to reduced bladder compliance leading to vesicoureteric reflux
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causing secondary hydronephrosis. This picture of obstructive uropathy
causes derangement in renal function, ultimately leading to renal failure.
In their series, 14% of patients had renal dysfunction with a raised creatinine (126–554 μmol/L). It is therefore essential that clinicians recognize
symptoms of bladder dysfunction early and arrange for appropriate imaging and renal function testing.
5.5.4.1.5   Investigation and management of ketamine-related urinary tract
pathology. In the next section, we discuss the investigational modalities
used in the identification and the treatment options for ketamine-related
urinary tract symptoms.
5.5.4.1.5.1  Urine culture. Urine culture commonly shows sterile pyuria with negative cultures (including cultures for acid-fast bacilli) (Chu
et al. 2008; Shahani et al. 2007; Tsai et al. 2009). In the Chu et al. series, 2 of the
59 patients (3%) had subsequent positive urine cultures suggesting secondary
bacterial infection owing to urinary stasis (Chu et al. 2008).
5.5.4.1.5.2  Imaging studies
Ultrasound. Ultrasound of the renal tract is one of the common investigations reported in the published case series of ketaminerelated urinary tract damage. It typically shows evidence of small bladder
volume and bladder wall thickening; in more severe cases, changes in the
kidney such as hydronephrosis can also be seen (Chu et al. 2008; Mason et
al. 2010). In the Chu et al. case series, all 59 patients had a renal ultrasound,
and 30 (51%) were found to have hydronephrosis; this was unilateral in
4 (6%) and bilateral in 26 (44%). In Mason et al.’s series of 23 patients, 12 had
ultrasonography and this was abnormal in 8 (67%) of these cases; abnormalities seen included thickening of the bladder wall and small bladder
volume. It is important to note that four of the patients in this series developed extreme discomfort as they were unable to fill their bladder for the
examination and the ultrasound had to be halted for patients to empty
their bladder (Mason et al. 2010); this may limit the ability to undertake an
adequate ultrasound in these patients.
Intravenous urography. This typically demonstrates a smallcapacity bladder, irregular bladder outline, narrowing of the upper urinary tract, and hydronephrosis (Chiew and Yang 2009; Mason et al. 2010;
Wei et al. 2013).
Computerized tomography (CT) of the kidney ureter and bladder. CT
typically shows thickening of the bladder wall with perivascular inflammation and pseudo-diverticulum formation (Mason et al. 2010; Shahani et
al. 2007; Wei et al. 2013). In the Mason et al. series, 12 (52%) of the 23 patients
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with ketamine-related urological symptoms underwent CT; abnormal
findings were reported in 9 (75%) of these patients. Two also had involvement of the upper urinary tract with upper ureteric wall thickening, dilatation, and enhancement. In a recent case series reported from Taiwan,
CT findings in 27 chronic ketamine users with urological symptoms who
underwent CT urography between January 2006 and December 2011 were
described. In this series, the most common findings were diffuse bladder
wall thickening in 24 (88.9%) and small bladder volume in 18 (66.7%). The
other abnormalities detected were perivesical inflammation in 12 (44.4%),
hydronephrosis in 12 (44.4%), and ureteral abnormalities such as wall
thickening in 9 (33.3%) (Huang et al. 2014). Hopcroft et al. (2011) reported
upper urinary tract damage seen on CT in users with ketamine-related
urinary symptoms, including ureteric thickening, periureteric fat stranding, ureteric strictures, and hydronephrosis.
Urodynamic and detrusor studies. Urodynamic studies can be
useful, particularly in those with significant symptoms. Common findings include detrusor overactivity and decreased bladder compliance with
or without vesicoureteric reflux; significant reduction in functional bladder capacity is frequently reported with reductions to 30–200 mL (normal
>600 mL) (Chu et al. 2008; Middela and Pearce 2011).
In the Chu et al. case series, 47 (80%) of the 59 cases underwent videocystometrogram, all of whom had abnormal findings such as reduced
bladder volume and detrusor overactivity. The mean bladder capacity
was 154.5 mL, with 51% (24) having capacities less than 100 mL. Six (13%)
patients were noted to have vesicoureteric reflux secondary to the contracted bladder (Chu et al. 2008). In a similar series reported by Chang et
al. (2012), 10 of the 20 patients underwent video-cystometrography and the
mean bladder capacity was 70.8 ± 53.4 mL. It is worth noting that urodynamic studies can be poorly tolerated as patients with ketamine-related
urological damage often report that urethral catheterization and bladder
distension are uncomfortable and this can lead to having to abandon the
investigations (Chang et al. 2012; Cottrell and Gillatt 2008; Wei et al. 2013).
Cystoscopy. Cystoscopy findings in individuals with ketaminerelated bladder damage include a large range of findings such as a small
bladder with epithelial inflammation similar to carcinoma in situ or
chronic infection, a contracted bladder that bleeds on distension, an “erythematous bladder,” ulceration, and hemorrhage in the lumen (Mason et
al. 2010; Shahani et al. 2007; Tsai et al. 2009; Wei et al. 2013).
In Chu’s case series, 42 (71%) of the 59 patients underwent cystoscopy, all of whom had structural changes to their bladder with epithelial inflammation resembling interstitial cystitis and neovascularization
(Chu et al. 2008). In the Mason et al. series, 17 (74%) of the 23 patients
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underwent cystoscopy, which showed erythematous bladder with or
without ulceration (Cottrell and Gillatt 2008). In a review on ketamineinduced vesiculopathy, 110 cases of ketamine-induced urinary tract symptoms were reviewed and the cystoscopic findings commonly seen were
described as ulcerative cystitis with inflammation, which could be severe
with denudation of the epithelium, and also features suggestive of eosinophilic cystitis (Middela and Pearce 2011). In the Chang et al. (2012) series,
19 (95%) of 20 patients had erythematous patches, mucosal neovascularization, and glomerulation reported on cystoscopy. They describe that in
severe cases, hydrodistension of the bladder during cystoscopy resulted
in diffuse mucosal oozing and ecchymosis. There are other reports of similar changes noted in the ureters causing ureteric strictures and in some
cases also the presence of vesicoureteric reflux (Chang et al. 2012; Chu et
al. 2008; Mason et al. 2010).
5.5.4.1.5.3  Bladder biopsy. Histological specimens of the bladder
in individuals with ketamine-related urological symptoms demonstrate
chronic inflammatory changes similar to those seen in rodent studies
(Wai et al. 2012; Yeung et al. 2009). The changes that have been reported
range from erythema to ulceration, severe denudation of mucosa with
interstitial infiltration of granulocytes (predominantly eosinophils) and
mast cells, bladder tissue fibrosis without dysplasia or malignancy, loss of
nerve fibers among the muscles of the bladder, and calcification (Chu et al.
2008; Shahani et al. 2007; Shahzad and Svec 2012; Wei et al. 2013).
One case series included 17 patients with ketamine-induced lower
urinary tract symptoms and reported the histopathological features in
greater detail. The morphological features noted were ulceration in 12
(70%), presence of eosinophils in 12 (70%), and urothelial atypia in 12 (70%).
Immunohistochemistry markers such as p53, Ki67 reactivity, and cytokeratin 20 have previously been used to demonstrate urothelial atypia and
carcinoma in situ; in this series, 10 patients (59%) had immunohistochemistry performed and 9 of these 10 showed high p53 immunoreactivity and
7 of the 10 had moderate to high levels of Ki67 reactivity, but all were negative for cytokeratin 20. The authors hence concluded that ketamine cystitis
could mimic carcinoma in situ (Oxley et al. 2009). However, the long-term
risks of cancer remain unknown.
Histopathological lesions such as ulceration of the ureteral mucosa
with inflammatory infiltrate extending throughout the ureter were
reported in a chronic ketamine user who had used 1 g of ketamine per
day for 12 years (Hopcroft et al. 2011). Ureteric biopsies performed in
later case series have shown chronic inflammatory changes similar to
the bladder changes with granulation tissue formation and inflammatory
infiltrates progressing to periureteric fibrosis (Chang et al. 2012; Wei et
al. 2013).
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5.5.4.1.6  Management of ketamine-related urinary tract effects. As
described previously, ketamine causes destruction to the lower urinary
tract, but it can also involve the upper urinary tracts. Several authors have
described the relationship of the frequency and intensity (using >1 g in a
typical session) of ketamine use to the initiation and progression of bladder symptoms (Chu et al. 2008; Storr and Quibell 2009; Tsai et al. 2009).
Pelvic pain, urgency, and frequency seem to be the debilitating symptoms in ketamine cystitis and the management of this condition requires
both symptom control in the form of pain management and improvement
in bladder capacity along with psychological support for cessation of
ketamine use.
5.5.4.1.6.1  Cessation of ketamine use. Cessation of ketamine
use has been shown to result in symptomatic relief and improvement in
many patients; it is likely that this will be most successful in those with
early effects before the onset of fibrosis (Mason et al. 2010; Shahani et al.
2007; Tsai et al. 2009; Winstock et al. 2012). The bladder symptoms in 6 of
the 11 cases in one series improved after cessation of ketamine (Tsai et al.
2009). In another series, 7 of the 59 patients with minimal damage to the
bladder had recovery of symptoms after cessation or reduction in frequency
of ketamine use (Chu et al. 2008). In one of the largest user surveys of 251
ketamine users with urinary symptoms, 51% stated that their symptoms
had improved with cessation of ketamine use and only 8 (3.8%) reported
that their symptoms worsened after cessation of use. However, the biggest
hindrance to stopping the use of ketamine is the persistence of debilitating
bladder pain and dysuria. Some users may resort to taking higher doses
to get relief from this pain, causing further damage to the urinary tract.
It is therefore important that, in addition to providing the necessary psychological and addiction/dependence treatment, an alternative analgesic
regime is considered during the early phases of treatment (Wood et al.
2011). Therefore, close working between urologists, dependence services,
and pain services can be helpful in the management of these patients.
In addition to ketamine cessation and adequate analgesia, other treatments for ketamine-related bladder and urinary tract damage are generally
supportive/symptomatic treatments rather than curative. Anticholinergic
drugs such as amitriptyline may be used to reduce urgency and frequency
(Tsai et al. 2009).
Bladder protective agents such as local hyaluronic acid and oral pentosan sulfate have been tried with unclear benefits. There are reports of
the use of intravesical hyaluronic acid in those with interstitial cystitis
(Kallestrup et al. 2005). Hyaluronic acid is a mucopolysaccaride that acts
as a protective lining to the bladder epithelium. Its use has been explored
in ketamine cystitis because of its histopathological resemblance to interstitial cystitis. In one series, six patients managed with hyaluronic acid
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(together with ketamine cessation) had immediate relief in symptoms such
as pain, frequency, and dysuria. It is not clear from the paper whether this
improvement was seen at cystoscopy as well (Tsai et al. 2009). Case series
from China and Taiwan have also reported symptomatic improvement in
patients treated with intravesical hyaluronic acid (Chen et al. 2012; Lai et
al. 2012). All patients mentioned in these series had stopped ketamine use;
therefore, it is not possible to determine the degree to which the improvement relates to hyaluronic acid alone versus ketamine cessation. Oral
pentosan sulfate was used in seven of nine patients who did not benefit
with cessation of ketamine alone; all improved with the use of pentosan
sulfate (Shahani et al. 2007). Pentosan sulfate acts by supplementing the
glycosaminoglycan layer of the bladder (Chiang et al. 2000), and benefits
may occur by reducing the irritative effects of ketamine on lower urinary
tract symptoms.
5.5.4.1.6.2   Oral antibiotic therapy. Many studies have shown
that urine cultures in patients with ketamine cystitis are sterile and
therefore antibiotic therapy is unlikely to help with the management of
symptoms or to have an impact on progression. However, in the Chu et
al. series, 2 (3%) patients developed pyuria subsequently (Chu et al. 2008)
and prompt recognition and treatment of secondary bacterial infection in
those with ketamine-related urinary tract damage is important.
5.5.4.1.6.3  Hydrodistension. Cystoscopic hydrodilatation of
the bladder wall under general anesthetic has been tried in 20 patients,
with 14 reporting some relief in symptoms; the mechanism of its benefit
in ketamine cystitis is still unclear (Chang et al. 2012).
5.5.4.1.6.4  Surgical treatment. Persistent debilitating symptoms such as severe frequency or urgency, bladder pain, and incontinence
owing to reduced bladder capacity, despite abstinence and medical therapy, are all indications for consideration of surgical intervention. Surgical
management may include nephrostomy (in patients with obstructive
uropathy), cystectomy, and augmentation cystoplasty (Chu et al. 2008;
Chung et al. 2013; Shahani et al. 2007; Tsai et al. 2009). The latter involves
removal of a part of the bladder and replacement with an intestinal
segment. A recent pilot study including 14 refractory cases of chronic
ketamine-related bladder damage has demonstrated effective reduc
tion in symptoms and improved results (Chung et al. 2013). All patients
in this series had a contracted bladder, 9 had hydronephrosis, and 8 had
vesicoureteric reflux; after the procedure, there was increased bladder
capacity in all 14 patients, hydronephrosis improved in all 9 patients, and
vesicoureteric reflux improved in 5 of the 8 patients. Though surgery may
be beneficial, it has to be borne in mind that this is radical surgery and
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cystectomy or insertion of an intestinal segment (particularly in young
individuals) has long-term consequences on lifestyle and self-esteem. In
addition to the cosmetic concerns, complications include renal problems,
continence issues, and the unknown risks of cancer. In those treated with
an intestinal segment, the effects of ketamine on the intestinal mucosa are
unknown and so ketamine cessation is important.
In summary, the mainstay of the management of ketamine-related
urinary tract damage is early recognition and cessation of ketamine use.
This requires increased awareness among clinicians and also a multidisciplinary approach to care including experts in dependence management,
urologists, social workers, pain specialists, and assistance from drug
rehabilitation specialists (Morgan et al. 2012; Shahani et al. 2007; Wei et
al. 2013).

5.5.4.2 Ketamine-related chronic effects on the
gastrointestinal tract and liver
Abdominal cramps is one of the most common symptoms reported by
ketamine users; this is often referred to as “K-cramps.” One study that
interviewed 90 ketamine users found that “stomach problems” (including K-cramps) were reported by 33.3% of frequent users (ketamine usage
four times or more per week), 3.3% of infrequent users (ketamine use less
than four times a week but at least once a month), and 6.7% of ex-users
(Muetzelfeldt et al. 2008). In a series of 233 patients presenting to the emergency department after ketamine use, 21% complained of abdominal pain
(Ng et al. 2010). Another series from Hong Kong following the case series
by Ng et al. reported on 188 acute cases and 96 chronic cases. Twenty-six
percent (49) of acute cases presented with abdominal pain and 66% (63) of
chronic cases presented with chronic abdominal pain (Yiu-Cheung 2012).
The cause of this abdominal pain and relationship with other features in
these reports are not clear.
In a single series looking at chronic abdominal effects from ketamine,
Poon et al. identified 37 cases retrospectively between 2001 and 2008; 28
(75.7%) had upper gastrointestinal symptoms, 23 (62.2%) had epigastric
pain, 4 (10.8%) had epigastric pain with vomiting, and 1 (2.7%) presented
with anemia. Of these 37 patients, 14 had endoscopy, and of these, 12
(85.7%) had endoscopic evidence of gastritis, 1 (7.1%) had gastroduodenitis, and 1 (7.1%) had a normal endoscopy. The gastritis was found to be
Helicobacter pylori negative (Poon et al. 2010).
In a case series from Hong Kong including 233 patients presenting to the emergency department with ketamine toxicity, 29 (16%) had
abnormal liver function. This was noted in the form of raised alkaline
phosphatase (ALP) in 20 patients (100–508 IU/L; reference range, 35–98
IU/L) or raised alanine transaminase (ALT) in 16 patients (52–180 IU/L;
reference, <41 IU/L). Ng et al. (2009) followed up two patients who
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had further investigations in the form of ultrasound and CT; both the
patients were found to have dilated common bile ducts. Another report
from Hong Kong described three individuals with chronic ketamine
use who developed recurrent upper abdominal pain and were found to
have abnormal liver function in the form of raised ALP and ALT results.
CT showed dilatation of the common bile duct in all three; the findings
were described as being similar in appearance to choledochal cysts. This
was later confirmed by cholangiopancreatography in two cases (Wong et
al. 2009). It has been postulated that ketamine-related upper abdominal
pain could be caused by injury to the hepatobiliary system owing to
the direct hepatotoxic effect of ketamine (Lee et al. 2009) and the biliary
tree dilatation could be related to sphincter of Oddi dysfunction (Wong
et al. 2009).
Abnormal liver function has also been reported in relation to therapeutic use of ketamine for chronic pain and as an anesthetic. In one study
of patients in whom ketamine was used as an anesthetic for minor procedures, 14 (41%) of 34 patients developed deranged liver enzymes (Dundee
et al. 1980). In another study, 100-h ketamine infusions were used as
part of the treatment regimen for chronic regional pain syndrome in six
patients; three of these patients developed elevated levels of ALP, ALT,
aspartate transaminase, and gamma glutamyl transferase, suggestive of
liver injury; this settled over a 2-month period once ketamine therapy was
withdrawn (Noppers et al. 2011).
Experimental studies on hepatoma G2 cells has demonstrated that
exposure to ketamine increases DNA fragmentation and cellular apoptosis (Lee et al. 2009). This suggests that hepatic dysfunction noted with
chronic ketamine use could be directly related to its hepatotoxic effects in
addition to effects on the biliary tree.
5.5.4.2.1  Management of ketamine-related abdominal effects. All of
the reports of ketamine-related derangement of liver function have shown
improvement in liver function after cessation of ketamine use (Dundee
et al. 1980; Noppers et al. 2011). In the Wong et al. case series, there was
improvement in liver function in all three patients with ketamine-related
liver dysfunction; one of the three patients restarted ketamine use, which
resulted in recurrence of epigastric pain with elevated ALP, indicating a
causal relation to ketamine. It appears that ketamine-related biliary duct
dilatation may improve with ketamine cessation, but some patients may
require biliary stenting or other procedures (Wong et al. 2009).

5.5.4.3 Chronic ketamine-related neuropsychiatric effects
Acute ketamine toxicity predominantly results in effects on the central
nervous system and cognitive features and hence it would be plausible to
expect neurocognitive changes related to chronic ketamine use.
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5.5.4.3.1  Depression. A 1-year longitudinal study of 150 individuals looked at the relationship between ketamine use and depression.
Participants were divided into five groups of 30 each: frequent users (keta
mine use four times or more per week), infrequent users (use at least four
times a month), ex-ketamine users (abstinent from ketamine use for at
least a month), polysubstance users, and non–drug users (Morgan et al.
2010). At 1 year follow-up, increased depression was noted in ex-ketamine
users and frequent ketamine users as assessed by the Beck Depression
Inventory (frequent user: initial score, 7.08 ± 5.27; at follow-up, 10.67 ±
7.99; ex-user: initial score, 4.96 ± 3.52; at follow-up, 9.00 ± 8.48). However,
a review by the same authors a year later mentioned that this depression
was not clinically significant (Curran and Morgan 2011). No changes were
seen in current infrequent ketamine users of the drug.
5.5.4.3.2  Psychosis. It has been established that acute ketamine
toxicity is associated with delusions, hallucinations, and other positive and
some negative symptoms of schizophrenia (Krystal et al. 1994; PomarolClotet et al. 2006). A parallel design study compared 20 ketamine users to
19 nonketamine polydrug users on day 0 and again on day 3. The mean
ketamine dose used on day 0 was 0.14 (standard deviation, 0.16 g), and the
participants abstained from ketamine use in the next 3 days (Curran and
Morgan 2000). Results showed that ketamine users had higher dissociation scores (mean score of 44.00 in ketamine users vs. 5.47 in controls) and
schizotypal symptomatology scores (mean score of 87.4 in ketamine users
vs. 33.37 in controls) with poor immediate recall on day 0 as compared
with controls. On day 3, despite not using ketamine, the ketamine user
group showed persistently higher scores for dissociative (mean score of
17.75 in ketamine users vs. 5.37 in controls) and schizotypal symptomatology (mean score of 62.35 in ketamine users vs. 26.42 in controls) such as
depersonalization, derealization, and amnesia along with poor immediate
recall as compared to controls. Though this difference was less than when
tested on day 0, it remained significant. The authors commented that this
could be attributed to the chronic effects of the drug, impairing cognitive
and memory functions. The same authors did a follow-up study 3 years
later, this time with 18 lone ketamine users and 10 controls (nonketamine
polydrug users) from the previous study. The ketamine users had reduced
their usage by an average of 88.3%, using the drug less frequently than
3 years previously. There was a decrease in schizotypal scores over the
3-year period among both groups, but the ketamine user group still had
higher scores than controls (mean schizotypal symptom score based on a
questionnaire; ketamine users: baseline, 51.5; 3 years later, 18.67; controls:
24.8 and 4.0) (Morgan et al. 2004c).
The same group undertook a longitudinal 1-year study in the United
Kingdom assessing psychological well-being in ketamine users (Morgan
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et al. 2010). In this study, dissociative scores and mild delusional ideation
were shown to be highest among frequent ketamine users followed by
infrequent users and then ex-users, suggesting a dose-related effect. Over
the time course of the study, schizotypal symptom scores decreased in
infrequent users and polydrug controls but not in frequent users.
These studies suggest that psychotic symptoms can occur in chronic
ketamine users especially frequent, daily users; however, these features
are subclinical, and with the current level of evidence, chronic ketamine
use cannot be linked to the diagnosis of a psychotic disorder.
5.5.4.3.3  Cognitive impairment. The NMDA receptor has a central
role in brain functions of learning and memory involving a form of synaptic modification called long-term potentiation (Newcomer et al. 2000);
the principal action of ketamine is on the NMDA receptor and there has
therefore been an interest in the potential for ketamine to affect memory.
In healthy volunteers, a single dose of ketamine has been shown to
result in impairment in cognitive function, which has been described in
detail in Section 5.5.1 (Krystal et al. 1994). Similarly, impairments to working and episodic memory have also been shown in a double-blind placebocontrolled study in 54 healthy volunteers. In this study, ketamine at doses
of 0.4 or 0.8 mg/kg or vehicle placebo (0.9% sodium chloride saline) was
injected intravenously for 80 min. After this, volunteers were subjected to
a range of memory tests. The participants showed impaired working and
episodic memory with increasing dose and impaired semantic memory
regardless of the dose (Morgan et al. 2004a,b).
In another case–control study, Morgan et al. (2010) studied 150 individuals and compared frequent ketamine users who used ketamine more
than four times per week (30), infrequent ketamine users who used the
drug less than four times per week but at least once a month (30), ex-ketamine
users who were abstinent for at least 1 month (30), polydrug users (30), and
non–drug users (30). These groups were subjected to a range of neurocognitive and psychological well-being assessments at the start and 1 year
later. The frequent ketamine user group had impaired working memory,
episodic memory, and executive functioning. The frequent users when
followed up for a year showed a decline in cognitive functioning in the
domains of spatial working memory, pattern recognition memory, and
verbal recognition memory. In users who had increased their ketamine
use during this time, there was poorer performance on the spatial memory tasks demonstrating a dose–response effect of ketamine. Frequent
ketamine users were also found to have impaired short- and long-term
memory (Morgan and Curran 2006; Morgan et al. 2010).
The same study examining cognitive function in infrequent ketamine
users showed no long-term cognitive impairment in infrequent users
of ketamine. Ex-users showed neither an improvement nor a decline in
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their cognitive function (Morgan and Curran 2006; Morgan et al. 2010). A
similar study comparing 18 frequent (defined as ketamine use more than
twice a month) and 19 infrequent (defined as ketamine use twice or less in
a month) users of ketamine on day 0 (on the day of drug use) and on day 3
(no ketamine use for 3 days) showed that regular users had significantly
impaired episodic and semantic memory as compared to infrequent users
who were abstinent for 3 days (Curran and Monaghan 2001).
Another study compared 20 ketamine users with 20 polydrug users at
day 0 after acute intake of ketamine and 3 days after being abstinent and
performed tests of source memory tasks (Morgan et al. 2004d). They found
that ketamine users had persistent impairment in source memory; this study,
when compared with the double-blind study involving intravenous keta
mine described in more detail above, found that there was no impairment
in memory when participants were followed up on day 3 after ketamine use
(Morgan et al. 2004a). This confirms that ketamine affects memory because of
its chronic effects on cognition and not because of an acute effect.
5.5.4.3.4   Chronic neurological changes related to ketamine use. Over
the last decade, more data on the long-term neurological changes caused
by ketamine use have emerged. One study recruited 12 chronic ketamine
users and performed PET using a dopamine receptor radiotracer and
demonstrated increased binding of D1 receptors in the right dorsolateral
prefrontal cortex, suggesting up-regulation of dopaminergic receptors
(Narendran et al. 2005). The prefrontal cortex is involved in executive
functioning of the brain and deranged dopamine neurotransmission is
likely to cause impaired cognition (Moghaddam et al. 1997).
In a Chinese study comparing 44 healthy human volunteers with 41
chronic ketamine users, brain magnetic resonance imaging (MRI) scanning showed that, in chronic ketamine users, there were bilateral frontal
and left temporoparietal region abnormalities of the white matter. The
findings were dose dependent and provide a microstructural basis for
the changes in cognition reported with prolonged ketamine use (Liao et
al. 2010). These findings have been further confirmed in a recent study
where 16 ketamine users (ketamine use three or more times per week)
were compared with 16 polydrug user controls. Microstructural white
matter abnormalities were seen on MRI scanning in the right hemisphere
mostly predominantly underlying the prefrontal cortex of ketamine users
(Edward Roberts et al. 2014).
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6.1 Introduction
The use of ketamine as a recreational drug is spreading rapidly among
young people across the world. Ketamine is classified as an N-methyld-aspartate (NMDA) receptor antagonist like phencyclidine (PCP) and
MK801, which can produce schizophrenia-like psychosis in humans
(Javitt et al. 2012). Neurochemical models based on the actions of PCP
and ketamine have become progressively well established, with increased
focus on glutamatergic dysfunction as a basis for both symptoms and
cognitive dysfunction in schizophrenia. These same effects have contributed to it becoming used as a recreational drug. The reported negative
consequences of chronic ketamine use include cognitive impairment,
deterioration in psychological well-being, psychotic symptoms, bladder
dysfunction, and, in some cases, death. Moreover, chronic and prolonged
use of ketamine has led to damage of the nervous system, including neuronal loss, synaptic changes, white matter integrity, and formation of
mutated tau protein in neurons, as described in ketamine abuse models
of humans, primates, and rodents. Given that the use of ketamine as a
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“club drug” has increased dramatically in recent years, the side effects are
of increasing global concern. In addition, accumulating evidence suggests
that ketamine has rapid and potent antidepressant effects in treatmentresistant major depressive disorder and bipolar depression.
In vivo brain imaging enables the systematic examination of trait and
state variables that contribute to the etiology of human diseases. There
has been an explosion of interest in the development and use of brain
imaging techniques for the scientific study of ketamine use. This chapter provides a critical overview of functional and structural neuroimaging studies of ketamine users/abusers in humans, primates, and rodents,
including functional magnetic resonance imaging (fMRI)/pharmacological fMRI (phMRI), positron emission tomography (PET), magnetic resonance spectroscopy (MRS), and diffusion tensor imaging (DTI). The effect
of short- and long-term use of ketamine on the molecular mechanisms
in the central nervous system (CNS) and a comparison of ketamine use/
abuse and schizophrenia as determined by imaging are also reviewed
within the context of these studies.

6.2 Functional magnetic resonance
imaging/pharmacological fMRI
fMRI is a functional neuroimaging procedure using MRI technology to
measure brain activity by detecting associated changes in blood flow.
Blood oxygen level–dependent (BOLD) imaging can be exploited as
an indicator of cerebral blood flow. BOLD signal changes are assumed
to reflect changes in neuronal activity with the systematic variation of
a stimulus or task performance (Willson et al. 2004). Most fMRI studies
have used task activation such as photic stimulation, finger movements, or
a cognitive challenge to elicit neuronal activity. One approach to simplifying fMRI might be to study the functioning of the human brain during
rest. Recent advances in resting-state functional connectivity neuroimaging techniques can be used to evaluate regional interactions that occur
when a subject is not performing any explicit tasks (Biswal 2012). The
fMRI images obtained using BOLD contrast show signal fluctuations at
rest that occur at low frequencies (0.01–0.05 Hz), with coherent changes
between widely separated brain regions. The characterization of changes
in functional connectivity between brain networks serving to promote
distinct psychophysiological functions might explain how various psychiatric symptoms arise from disrupted connectivities between distinct
functional networks. The default mode network (DMN) is a network of
brain regions that are active when an individual is awake and at rest; this
is one of the most well-studied networks present during the resting state
and is one of the most easy to visualize (Buckner 2012).
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The phMRI technique is being used increasingly in both preclinical
and clinical models to investigate pharmacological effects on task-free
brain function. Similar to conventional fMRI, with phMRI, it is also possible to elicit neuronal activity using various pharmacological agents as
stimuli or as a means of modifying the response to a cognitive challenge.
However, unlike in conventional task-related fMRI studies where the time
course of the stimuli can be controlled at will, in phMRI, the time course
is determined by the pharmacokinetic and pharmacodynamic profile of
the drug administered to induce the signal changes. phMRI experiments
commonly use BOLD contrast to detect signal changes in a T2-weighted
MRI time series covering both pre-compound (i.e., baseline) and postcompound administration conditions with continuous acquisition (Shah
and Marsden 2004). The phMRI technique is also used to test novel drugs,
targeted toward receptors in the brain to determine if they indeed hit their
targets; however, this application is still used relatively little. Without the
need for a radiolabel, phMRI is a very useful tool for performing drug
discovery (Jenkins 2012).
The NMDA receptor hypofunction model, which is now proposed
to explain schizophrenia, is supported by remarkably schizophrenialike psychotic and cognitive symptoms that occur after administration
of PCP and ketamine (De Simoni et al. 2013; Fletcher and Honey 2006;
Javitt and Zukin 1991; Javitt et al. 2012). Schizophrenia is characterized
by widespread cognitive impairment (Strauss 1993), in particular in the
working memory, and prefrontal cortex dysfunction is a core feature of
this mental disorder (Potkin et al. 2009; Thormodsen et al. 2011). A longer
and less accurate reaction time, especially as the memory load increases,
is one of the major working memory features in schizophrenia patients
(Potkin et al. 2009). However, the brain activation patterns that are responsible for the poor performance remain controversial (Altamura et al. 2007;
Karlsgodt et al. 2007; Manoach et al. 1999). Manoach et al. (1999) observed
greater activation in the dorsal lateral prefrontal cortex (DLPFC) in schizophrenia patients, as well as positive correlation between activation and
task performance. In addition, DLPFC activation appears to be strongly
affected by memory load (Manoach et al. 1999). In healthy volunteers, the
BOLD signal in the DLPFC region appears to increase with increasing
memory load (Altamura et al. 2007; Jaeggi et al. 2003), although with some
of the highest load level tasks, activation may decline. On the other hand,
schizophrenia patients reach a peak activation of the working memory
system at a lower processing load than the healthy controls (Callicott et al.
1999). Therefore, at least on certain cognitive tasks, with tasks of a low level
of difficulty, schizophrenia patients may use greater prefrontal resources
yet achieve lower accuracy, compared with healthy controls. With tasks
at higher levels of difficulty, patients may fail to sustain the prefrontal
network that processes the information, achieving an even lower accuracy
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as a result (Callicott et al. 2003; Cannon et al. 2005; Perlstein et al. 2001).
Esslinger et al. (2007) demonstrated that in a mental maze task, activation was decreased in patients. Meanwhile, hypofrontality is frequently
reported in schizophrenia, particularly in chronic schizophrenia and
with negative symptoms of schizophrenia (Andreasen et al. 1992; Carter
et al. 1998; Gur and Gur 1995). The reported findings of both hypo- and
hyperactivation in schizophrenic patients may be related to task, load,
performance relative to capacity, ability to compensate, and perhaps temporal variation over time. Thus, a clearer understanding of the influence
of ketamine upon working memory and prefrontal activation is critical in
assessing its validity as a model of schizophrenia. This may also support
a role for glutamatergic dysfunction in the pathophysiology of schizophrenia. Most studies have demonstrated that ketamine induces symptoms in healthy individuals comparable to an acute psychotic state. For
example, an increase in score of the clinician-administered dissociative
states scale (CADSS), brief psychiatric rating scale (BPRS), positive and
negative syndrome scale (PANSS), altered states of consciousness rating
scale (5D-ASC), and visual analogue scale (VAS), which are all scales used
for measuring the severity of a psychotic state, was observed in healthy
volunteers with ketamine administration (Abel et al. 2003a,b; Corlett et al.
2013; De Simoni et al. 2013; Deakin et al. 2008; Doyle et al. 2013; Driesen et
al. 2013a,b; Fu et al. 2005; Musso et al. 2011; Nagels et al. 2012; Scheidegger
et al. 2012). Although a number of studies have indicated that ketamine
does not significantly impair task performance, these studies have shown
an increased ketamine-induced activation in the frontal areas involved
in episodic memory (Honey et al. 2005), working memory (Honey et
al. 2004), verbal fluency (Fu et al. 2005; Nagels et al. 2012), and attention
tasks (Daumann et al. 2008). For example, Fu et al. (2005) found no significant deficits in task performance during verbal fluency. The absence
of a significant effect of ketamine being observed for this type of task
performance may have been attributed to the paced presentation of the
letter cues, which required subjects to generate a single word for each cue,
rather than as many words as possible such as in a classical (unpaced)
verbal fluency test. Likewise, studies of patients with schizophrenia using
a paced test have not documented impaired performance, while it is evident with unpaced tests (Fletcher et al. 1996; Frith et al. 1995). The hyperactivity of prefrontal areas during ketamine administration may indicate
compensatory mechanisms in order to maintain constant cognitive performance. The task-specific effects of ketamine on brain activation may
result in the fMRI alterations observed even though overt performance
is unimpaired. Moreover, some studies have reported deficits of working
memory with ketamine administration (Anticevic et al. 2012; Corlett et al.
2013; Daumann et al. 2010; Driesen et al. 2013b; Honey et al. 2008; Northoff
et al. 2005). However, the findings for the prefrontal activities reported in
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these studies are not consistent. For example, hypofrontality is involved in
episodic retrieval tasks (Northoff et al. 2005), working memory (Anticevic
et al. 2012), and spatial working memory (Driesen et al. 2013b), whereas
hyperfrontality is involved in target detection (Daumann et al. 2010), and
hyperactivity in the striatum and thalamus plays a role in verbal working
memory tasks (Honey et al. 2008). Similar to the hypo- and hyperactivation fMRI findings in schizophrenic patients, the acute effects of ketamine
on brain function may also relate to task, load, performance relative to
capacity, ability to compensate, and perhaps temporal variation over time.
The first fMRI evidence for the long-term effects of ketamine on brain
function in primates was reported by Yu et al. (2012). The results showed
that repeated exposure to ketamine markedly reduced neural activities in
the ventral tegmental area, the substantia nigra in the midbrain, the posterior cingulate cortex, and the visual cortex, while increased neural activities were observed in the striatum and entorhinal cortex (Yu et al. 2012).
Furthermore, resting-state research directly shows the functional
connectivity in response to ketamine administration (Driesen et al. 2013a;
Scheidegger et al. 2012). Scheidegger et al. (2012) reported a marked reduction of resting-state functional connectivity between functional nodes of
the DMN via the dorsal nexus (DN), pregenual anterior cingulate (PACC),
and medioprefrontal cortex after ketamine administration. However, another
recent resting-state fMRI study showed enhanced global functional connectivity immediately after ketamine administration and after 45 min of
ketamine infusion (Driesen et al. 2013a). The effect of chronic ketamine
use on resting-state functional connectivity was determined using the
regional homogeneity method and showed increased activity in the left
precentral frontal gyrus and decreased activity in the right anterior cingulate cortex (ACC) (Liao et al. 2012) in ketamine users. Most recently, the
effect of acute ketamine administration on resting-state BOLD functional
connectivity was investigated in the rat. Gass et al. (2014) focused on the
hippocampus–prefrontal cortex network (HC–PFC) as a key substrate of
cognitive and emotional deficits in psychiatric disorders such as schizophrenia and demonstrated a dose- and exposure-dependent increase in
the HC–PFC system in the rat brain with acute ketamine challenge.
The effect of ketamine on the regional BOLD signal was investigated
by infusing the drug and performing a resting-state phMRI time series.
Deakin et al. (2008) performed two separate experiments. In Experiment
(Expt.) 1, ketamine or a placebo was given to healthy volunteers to determine the effects of this drug on the regional BOLD signal. In Expt. 2,
volunteers were pretreated with lamotrigine (an inhibitor of glutamate
release) before ketamine administration, to identify the regional components of ketamine treatment that are mediated by enhanced glutamate
release. In Expt. 1, ketamine induced increased activity in the mid-posterior
cingulate, thalamus, and temporal cortical regions, along with decreased
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activity in the ventromedial frontal cortex, including the orbitofrontal cortex and subgenual cingulate. Manifestations of dissociative and psychotic
subjective effects, assessed by CADSS and BPRS, respectively, were found
to be correlated with changes in BOLD activation, supporting the connection between NMDA receptor blockade and psychotomimetic symptoms.
Expt. 2 demonstrated that a single dose of lamotrigine before ketamine
administration prevented many of the BOLD signal changes induced by
ketamine. Given that lamotrigine inhibits the release of glutamate, the
results indicate that the ketamine-induced changes in both symptoms and
BOLD signal are attributed to an increase in glutamate release (Deakin
et al. 2008). This is consistent with rodent studies showing increased glutamate efflux in the prefrontal cortex upon acute administration of keta
mine (Lorrain et al. 2003). More recently, Doyle et al. (2013) confirmed the
results obtained by Deakin et al (2008) and demonstrated the effect of
lamotrigine on ketamine-induced changes in the BOLD signal. Doyle
et al. (2013) also investigated the effect of pretreatment with risperidone
on the ketamine-induced BOLD signal and showed that risperidone attenuates the ketamine effect across most brain regions, including the prefrontal and cingulate regions as well as the thalamus. As risperidone is an
atypical antipsychotic with high affinities for the dopamine D2 and serotonin 2A receptors, Doyle et al.’s (2013) study suggests that serotonergic
and dopaminergic mechanisms might play a role in the ketamine-induced
prefrontal changes. This provides a way to investigate the mechanistic
action of novel compounds relevant for psychiatric disorders.
A detailed comparison of behavioral characteristics and fMRI/phMRI
imaging results after ketamine administration is shown in Table 6.1.

6.3 Positron emission tomography/single-photon
emission computed tomography
PET/single-photon emission computed tomography (SPECT) is another
important functional imaging technique that can be used to investigate
the localization of neurotransmitter receptors and transporters directly
by mapping human brain function (Krause 2008). PET measures the emissions from radioactively labeled metabolically active chemicals that have
been injected into the bloodstream, and the emission data are computer
processed to produce multidimensional images of the distribution of the
chemicals throughout the brain. The greatest benefit of PET scanning is
that the different compounds can show blood flow, oxygen levels, and glucose metabolism in regions of a working brain and thus provide information about how the brain works. Compared with other functional imaging
techniques, PET scans are fast and the images generated are high resolution. However, the biggest drawback of this scanning method is that the

Number
of subjects

HC = 8
All M

HC = 12
M=6
F=6

HC = 10
All M

HC = 12
M=6
F=6

References

Abel et al.
(2013a,b)

Honey et al.
(2004)

Fu et al.
(2005)

Honey et al.
(2005)

Episodic memory
task

Verbal fluency task

Verbal working
memory

Face discrimination

Task

No effect on task performance.

↑CADSS score and total BPRS with
Ket.
No effect on task performance.

No effect on task performance.

(Continued)

Imaging results
↓Middle occipital gyrus, precentral
gyrus (Pla > Ket).
↑Right cerebellum (Pla > Ket) for
fearful faces; right precuneus and
bilateral caudate nuclei (Ket > Pla) for
neutral faces.
↑Bilateral dorsolateral prefrontal
regions, ventrolateral prefrontal
regions, parietal areas, anterior
cingulate gyrus, caudate nucleus, and
putamen (Ket > Pla) for manipulation
compared with maintenance contrast.
↑Anterior cingulated gyrus, medial
prefrontal cortices, middle and
inferior frontal gyri, ventrolateral
prefrontal cortices, occipital and
cerebellar cortices, caudate, putamen,
and nucleus accumbens.
↑Bilateral prefrontal cortex, left
hippocampus.

Behavior
↑CADSS score, BPRS total,
depersonalization score with Ket.

Table 6.1 Effect of Ketamine on Behavior and fMRI/phMRI Imaging
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HC = 16
M=8
F=8

HC = 15
M=8
F=7

HC = 15
M=8
F=7

HC = 14
M=8
F=6

Corlett et al.
(2006)

Honey et al.
(2008)

Daumann
et al. (2008)

Number
of subjects

Northoff
et al. (2005)

References

Covert orienting of
attention task
(COVAT)

Verbal working
memory task,
sustained attention,
semantic
generation, verbal
self-monitoring

Causal associative
learning task

Episodic memory
retrieval task

Task

Psychological effects: ↑Negative
symptoms of schizophrenia, body
perception disruption, anxiety,
and affective blunting.
No effect on task performance.

Psychological effects:
↑Auditory perceptual alterations,
oceanic boundlessness.
↓Episodic memory retrieval in
“remember”/“know.”
↓Error-dependent learning activity
with low-dose Ket.
↓Perceptual aberrations with
high-dose Ket.
Psychological effects: ↑Negative
symptoms of schizophrenia,
thought disorder, and auditory
illusions.
↓RTs in overall behavioral tasks.

Behavior

↑Basal ganglia and thalamus (working
memory).
Positive correlation between activation
of left middle temporal gyrus,
anterior cingulate cortex, and right
inferior frontal gyri with Pla, with
some auditory illusions experienced
with Ket.
↑Right superior frontal gyrus, left
superior temporal gyrus, and right
midfrontal gyrus.

↑Frontal activation

↓Posterior cingulate, precuneus, and
anterior cingulate cortex.

Imaging results
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Musso et al.
(2011)

Daumann
et al. (2010)

Deakin et al.
(2008)

Visual oddball task

Expt. 2:
Lamotrigine
pretreatment
before Ket infusion
A target detection
task

Expt. 2:
HC = 19
All M

HC = 14
M=8
F=6
HC = 24
All M

All phMRI
Expt. 1:
Ket infusion

Expt. 1:
HC = 12
All M

Psychological effects: ↑PANSS and
5D-ASC scale.
Reaction hit and false alarm rate
separates the two drug conditions.

(Continued)

↑Cortical activation in the left insula
and precentral gyrus in the auditory
modality.
↓Visual cortex, the anterior cingulate
cortex, and temporoparietal cortex.

↓RTs

Expt. 2:
↓BPRS total and CADSS after
lamotrigine pretreatment.

Expt. 1:
↑Precuneus, mid-posterior cingulate
gyrus, motor cortex, superior frontal
gyrus, inferior temporal gyrus,
hippocampus and bilaterally superior
temporal gyrus.
↓Bilaterally in medial orbitofrontal
cortex, and temporal pole.
Expt. 2:
Lamotrigine inhibited most of the
effects of Ket.

Expt. 1:
↑CADSS score and total BPRS with
Ket.
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HC = 15
All M

HC = 19
M=9
F = 10
HC = 44
M = 34
F = 10
Ket = 41
M = 33
F=8

Nagels et al.
(2012)

Scheidegger
et al. (2012)

Liao et al.
(2012)

Number
of subjects

References

Resting-state fMRI;
long-term effects of
Ket

Resting-state fMRI

Phonological verbal
fluency task

Task

NA

Psychological effects: ↑5D-ASC
scale.

Psychological effects: ↑PANSS.
No effect on task performance.

Behavior

↑Frontotemporal language network:
left superior temporal and inferior
parietal lobe.
PANSS score positively correlated with
left superior temporal gyrus, the right
middle and inferior frontal gyrus, and
precuneus for formal thought
disorder positive; abstract thinking
correlated with prefrontal and
anterior cingulated regions; lack of
spontaneity and flow of conversation
correlated with hyperactivity in the
left superior temporal gyrus.
↓DMN to the DN and to PACC and
medioprefrontal cortex via the
posterior cingulate cortex.
↑Left precentral frontal gyrus.
↓Right anterior cingulate cortex.

Imaging results
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Corlett et al.
(2013)

Driesen et al.
(2013b)

Driesen et al.
(2013a)

Anticevic
et al. (2012)

HC = 22
M = 14
F=8
HC = 18
M = 10
F=8

HC = 19
M = 10
F=9
Primary
HC = 22
M = 14
F=8
Additional
HC = 12

Fear memory task

Spatial working
memory task

Resting-state fMRI

Working memory

Psychological effects: ↑CADSS.
↑The cue reactivated under Ket.
↑Subsequent memory of
representation of the CS under
Ket.

(Continued)

↑Global-based connectivity.
↑Right insula, right planum temporale,
bilateral pulvinar nuclei, left lingual
gyrus and anterior cerebellar vermis
with ↑ positive symptoms.
↑Dorsal and medial anterior striatum
and the thalamus with ↓ negative
symptoms.
↓Left prefrontal cortex.
↓Connectivity between the R-DLPFC
seed and many brain areas.
Inappropriate DLPFC response to the
violation of blocking with Ket.

Psychological effects: ↑PANSS.

Psychological effects: ↑PANSS.
↓Task performance accuracy.

↓The dorsolateral prefrontal cortex and
precuneus.

↓Task performance accuracy.
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HC = 10
All M

HC = 16
All M

De Simoni
et al. (2013)

Doyle et al.
(2013)

phMRI

phMRI

Task

↑Anterior cingulate cortex,
supragenual paracingulate cortex,
thalamus, posterior cinglulate cortex,
supragenual paracingulate motor
area, left anterior insula, right anterior
insula, left operculum, right
operculum, precuneus, medial
occipital lobes.
↓Subgenual cingulate cortex.
↑Frontal cortex and thalamic regions
with Ket. Lamotrigine and
risperidone attenuated the Ketinduced increases.
↓Subgenual cingulate cortex with Ket.

Psychological effects: ↑PSI, CADSS,
VAS.

Psychological effects: ↑VAS.

Imaging results

Behavior

Note: 5D-ASC, altered states of consciousness rating scale; BPRS, brief psychiatric rating scale; CADSS, clinician-administered dissociative states
scale; CS, conditioned stimulus; DMN, default mode network; DN, dorsal nexus; Expt., experiment; F, females; fMRI, functional magnetic resonance imaging; HC, the number of healthy controls; Ket, ketamine; M, males; NA, not applicable; PACC, pregenual anterior cingulate cortex;
PANSS, positive and negative syndrome scale; phMRI, pharmacological MRI; Pla, placebo; PSI, psychotomimetic states inventory; R-DLPFC,
right dorsal lateral prefrontal cortex; RTs, reaction times; VAS, visual analogue scale.

Number
of subjects

References
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radioactivity decays rapidly and subjects are exposed to ionizing radiation. In recent years, PET scanning has been used largely to determine
the distribution of important neurotransmitters in the human brain and
to advance our understanding of the pathophysiology of schizophrenia
(Patel et al. 2010).
PET studies have shown that schizophrenia is associated with
the enhanced synthesis and storage of presynaptic striatal dopamine
(McGowan et al. 2004; Meyer-Lindenberg et al. 2002). The administration
of amphetamine-like drugs induced an increase in striatal dopamine in
schizophrenia patients, leading to a change in the specific binding of the
dopamine D2/D3 receptor (as determined by specific PET radioligands),
in drug-free and drug-naive patients with acute symptoms (Breier et al.
1997; Laruelle et al. 1996). Similarly, when healthy volunteers were treated
with amphetamine alone, there was an increase in the release of dopamine in the striatum, which was measured by SPECT as a decrease in
binding of the D2/D3 receptor PET/SPECT ligands. When infused with
ketamine first, amphetamine treatment induced a twofold greater release
of dopamine, as shown by the significantly lower binding of the D2/
D3 receptor PET/SPECT ligands (Kegeles et al. 2000). This finding validates the NMDA model of schizophrenia, as the enhanced response to
amphetamine resulting from ketamine treatment in healthy subjects mimics the exaggerated response to amphetamine seen in schizophrenia.
Meanwhile, several studies have used D2/D3 receptor PET/SPECT ligands
to measure the effects of ketamine infusion on D2/D3 receptor availability
in the striatum, as a model of schizophrenia. Half of these studies have
shown increased dopamine transmission in the striatum (Breier et al.
1998; Smith et al. 1998), ventral striatum, left caudate, and right putamen
(Vollenweider et al. 2000). However, the remaining studies have reported
that ketamine has no observable effects on dopamine release in the striatum (Aalto et al. 2002; Kegeles et al. 2002). In addition, Narendran et al.
(2005) reported that chronic ketamine users show higher dopamine 1
(D1) receptor availability in the dorsolateral prefrontal cortex, similar to
what has been observed in patients with schizophrenia (Abi-Dargham et
al. 2002, 2012). Furthermore, direct in vivo measurements of glutamatergic indices are necessary to translate clinical findings of schizophrenia
into effective therapies. However, the approaches used to measure glutamatergic indices are currently limited by a lack of availability of suitable
PET radiotracers. In a SPECT study on schizophrenia, the availability of
the NMDA receptor in the hippocampus was negatively associated with
the severity of symptoms, especially negative symptoms (Pilowsky et al.
2006). Stone et al. (2008) used the NMDA receptor radiotracer 123I-CNS1261 to study the effect of ketamine binding to NMDA receptors and its
relationship to the induction of positive and negative psychotic symptoms.
They demonstrated that ketamine induces negative symptoms via direct
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inhibition of the NMDA receptor, although positive symptoms may arise
though a different neurochemical pathway. Whereas the development of
PET and SPECT imaging of the glutamate system has lagged behind that
of the dopamine system, MRS technology (described in Section 6.4) has
more effectively been utilized to measure glutamatergic indices in vivo.
Recently, ketamine has been reported to elicit a long-lasting antidepressant effect in patients with major depression (Berman et al. 2000; Zarate et
al. 2006). Yamanaka et al. (2014) conducted a PET study with two serotonin
(5-HT)-related PET radioligands, 11CAZ10419369 and 11CDASB, to elucidate
the involvement of the serotonergic system in the actions of ketamine in
the living primate brain. They observed that ketamine administration significantly increased 5-HT1B receptor binding in the nucleus accumbens,
ventral global pallidus, and thalamus—all regions that may be critically
involved in the antidepressant action of ketamine. PET imaging studies of
the serotoninergic system may prove to be useful in the diagnosis of major
depression as well as in the development of novel antidepressants.

6.4 Magnetic resonance spectroscopy
MRS is a noninvasive, ionizing radiation–free analytical technique, which
has been used to study metabolic changes in the brain. It uses proton signals (1H-MRS) to determine the relative or absolute concentrations of target brain metabolites. Compared with PET/SPECT, this is an alternative
way to estimate the concentration of glutamatergic metabolites in vivo.
However, individual MRS glutamate studies have produced some inconsistent findings for schizophrenia. In general, studies conducted at higher
field strengths indicate that frontal glutamine function is elevated in the
early stages of psychosis (Bustillo et al. 2010; Théberge et al. 2002), whereas
the findings in chronic schizophrenia are more variable (Reid et al. 2010;
Shirayama et al. 2010; Tayoshi et al. 2009; Théberge et al. 2003; Wood et al.
2007).
To further test the glutamate/NMDA hypofunction theory of schizophrenia, several MRS studies have been performed to examine the effects
of ketamine on glutamatergic levels in the brain. Stone et al. (2012) reported
that ketamine increases the glutamate levels in the ACC, which correlates
with the degree of severity of positive psychotic symptoms. On the other
hand, ketamine does not affect the levels of subcortical gamma-aminobutyric
acid. Rowland et al. (2005) observed an increase in glutamine, a putative
marker of glutamate neurotransmitter release, in the ACC. However, this
increase was not related to schizophrenia-like positive or negative symptoms. Taylor et al. (2012) reported no difference in either glutamate or glutamine (Glx) in the ACC after low-dose ketamine infusion. Overall, these
findings are consistent with the findings of increased glutamatergic indices in the prefrontal cortex of unmedicated patients with schizophrenia.
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6.5 Magnetic resonance imaging
Structural MRI is an imaging technique used primarily in a medical setting to produce high-quality images to investigate the anatomy of the
body. During the past decade, the application of MRI techniques in psychiatric disorders has seen a rapid increase. Schizophrenia is one of the
most studied psychiatric disorders using the MRI technique.
Voxel-based morphometry (VBM) is a popular tool used for analyzing
MRI data. VBM has been used to map the neuroanatomy of schizophrenia.
Several recent meta-analyses of various VBM studies published in the literature have focused on identifying which brain regions most consistently
show significant differences. Consistent with the functional findings,
the structural imaging results suggest that schizophrenia might involve
a reduced global integration of structural brain network and a reduced
role for key frontal and parietal hubs in the overall network architecture,
which in turn lead toward a diminished capacity to integrate information
across different regions of the brain (Filippi et al. 2013; Fornito et al. 2012;
van den Heuvel et al. 2010). A meta-analysis on VBM studies showed that
schizophrenia is characterized mainly by deficits in the anterior cingulate
thalamus, frontal lobe, hippocampal–amygdala region, and superior temporal gyrus, as well as volume reduction in the left medial temporal lobe
gray matter (Honea et al. 2005). A more recent meta-analysis and metaregression of a longitudinal MRI study of schizophrenia demonstrated
that the underlying pathological process appears to be especially active in
the first stages of the disease; it affects the left hemisphere and the superior temporal structures more and is at least partly moderated by the type
of antipsychotic treatment received (Vita et al. 2012).
Liao et al. (2011) observed significant decreases in gray matter volume
in the bilateral frontal cortex including the left superior frontal gyrus and
the right middle frontal gyrus of chronic ketamine users when compared
with controls by using VBM analysis of structural MRI. In this study, they
also demonstrated a correlation between a longer duration of ketamine
use and lower gray matter volume, which is also consistent with the findings from studies of heroin addiction (Yuan et al. 2009). Another recent
MRI study (Wang et al. 2013) revealed lesions in many brain regions of
long-term ketamine addicts. These lesions appear as minute patches in the
first year and become larger sites of atrophy by 4 years of addiction. The
brain regions affected include the prefrontal, parietal, occipital, and limbic
lobes; brain stem; and corpus striatum. The results obtained in these MRI
studies also correlated with the work by Morgan and Curran, suggesting
a long-lasting impairment of episodic memory and attentional functioning in chronic ketamine abusers (Morgan and Curran 2006; Morgan et al.
2004, 2009). In addition to structural changes, fMRI and functional studies
also confirm functional and cognitive derangements in ketamine addicts
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(Driesen et al. 2013a; Morgan and Curran 2006; Morgan et al. 2009; Yu et
al. 2012).
Ketamine is reported to cause neurotoxicity (Olney et al. 1991; Vranken
et al. 2006), as well as changes in synaptogenesis (Thomson et al. 1985)
and apoptosis (Sun et al. 2014), which may contribute to the morphological changes observed in the brain in ketamine addicts via MRI. Chronic
NMDA blockade actually sensitizes the dopamine system (Jentsch and
Roth 1999); however, prolonged exposure to ketamine is followed by a
depression in brain activity and a reduction in the volume of the prefrontal cortex (Liao et al. 2010; Roberts et al. 2014). Evidence indicates that the
availability of the D1 receptor increases in chronic ketamine users, which
is compatible with the hypothesis that chronic NMDA antagonist leads
to D1 receptor up-regulation via reduced dopamine levels in the prefrontal cortex (Narendran et al. 2005). On the other hand, the dysfunction of
a subset of cortical fast-spiking inhibitory interneurons might explain
the brain morphological alterations that occur after repetitive exposure
to ketamine (Behrens et al. 2007). In the rat, the transient blockade of
NMDA receptors during late fetal or early neonatal life was shown to
trigger widespread apoptotic neurodegeneration in which large numbers
of neurons were deleted from the developing brain (Ikonomidou et al.
1999). In another, more recent study, ketamine was shown to significantly
increase the translocation of Bax from the cytoplasm to the mitochondria,
as well as enhancing the activity of caspases 3, 6, and 9 and increasing the
level of cytochrome c in human hepatoma HepG2 cells, which resulted in
an increase in DNA fragmentation and apoptosis (Lee et al. 2009). Other
studies also demonstrated that ketamine increases the level of apoptosis in neurons with increased levels of Bax protein in forebrain cultures
from neonatal rats (Wang et al. 2005, 2008) and postnatal monkeys (Wang
et al. 2006). In addition, repeated ketamine administration resulted in
significant numbers of apoptotic neuronal cells in the frontal cortex as
well as in other regions of the brain (Zou et al. 2009). Furthermore, use
of MRI in ketamine-treated animal models revealed that the molecular
mechanisms responsible for structural changes in the brain are similar
to those observed in human ketamine addicts. These include prefrontal
cortex apoptosis (Mak et al. 2010; Sun et al. 2014), mutated tau aggregation (Yeung et al. 2010), prefrontal/brain stem chemical changes (Tan et al.
2011, 2012; Yu et al. 2012), and cerebellar apoptosis (Chan et al. 2012).

6.6 Diffusion tensor imaging
Gascon et al. (2007) reported that in a rodent model of ketamine addiction, both neurons and fibers (white matter) in the CNS are affected. They
suggested that long-term administration of ketamine may impair the neuronal network by interfering with the fundamental contacts between the
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neurons. Given the suggestion that chronic NMDA blockade exerts an
effect on synaptic plasticity, an evaluation of connectivity-related changes
may prove to be useful. White matter organization and integrity can be
evaluated with DTI. This is a novel, noninvasive magnetic resonance
technique that is capable of providing quantitative investigation of the
microstructural organization of white matter based on patterns of water
diffusion in the neural tissue (Le Bihan et al. 2001). White matter integrity can be studied by examining the degree of fractional anisotropy (FA),
which qualifies the restriction (anisotropy) of water diffusion by tissue
microstructure in each image voxel. FA is thought to reflect properties
of the white matter microstructure such as axonal size, density, and the
level of myelination (Beaulieu 2002). A high FA indicates a nonspherical tensor with preferential orientation in a particular direction, while a
lower FA indicates more isotropic diffusion, which is more characteristic of disrupted or damaged white matter (Beaulieu 2002). Recently, DTI
has been used to identify white matter abnormalities in schizophrenia
patients (Kyriakopoulos et al. 2008a), even at early stages of the disorder (Kyriakopoulos and Frangou 2009; Kyriakopoulos et al. 2008b). Even
though abnormalities in the white matter are not found consistently, the
frontal white matter seems to be more commonly affected. Moreover, the
deleterious effect of schizophrenia on network performance appears to be
localized as reduced regional efficiency in hubs such as the frontal, temporal, paralimbic/limbic, and putamen regions. This shows diminished
support for the dysconnectivity hypothesis of schizophrenia, suggesting
a deficiency of processing integration that matches well with the cognitive
impairment underlying the pathology (Wang et al. 2012). Zalesky et al.
(2011) showed that a frontoparietal/occipital network may represent the
key macro-circuit affected in schizophrenia. An aberrant frontal–temporal
complex network structure, especially of the bilateral inferior/superior
frontal cortex and temporal brain regions, has been reported in schizophrenia patients (van den Heuvel et al. 2010). Together, these findings
suggest that schizophrenia patients have a less integrated brain network
with a reduced central role for key frontal hubs, resulting in a limited
structural capacity to integrate information across the other brain regions.
There is a compelling similarity in the white matter changes that
occur between chronic ketamine use and schizophrenia. Liao et al. (2010)
measured white matter integrity using in vivo DTI in 41 ketaminedependent subjects and 44 healthy controls, and they demonstrated white
matter changes with reduced FA in the bilateral frontal and left temporoparietal cortices associated with chronic ketamine use. They also reported
a correlation between the severity of drug use and the extent of white
matter disruption in the bilateral frontal cortex. The brain regions shown
to be affected by ketamine (Liao et al. 2010) are remarkably consistent
with those affected in schizophrenia (Pomarol-Clotet et al. 2010; van den
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Heuvel et al. 2010). In addition, there is striking overlap in the symptoms of
schizophrenia, such as perceptual changes and hallucinations, and those
described for ketamine users (Liao et al. 2010). Most recently, Roberts et
al. (2014) partially replicated the findings reported by Liao et al. (2010),
describing increased dissociative and schizotypal symptoms in ketamine
users as well as a widespread reduction in axial diffusivity (which reflects
the packing density and diameter of axons; Song et al. 2003). Roberts et
al. (2014) measured white matter integrity and connectivity in the brain
of 16 ketamine users and 16 polydrug-using controls and found a reduction of white matter integrity in the right hemisphere network. Within
the ketamine user group, there was a significant positive association in
the connectivity profile between the caudate nucleus and the lateral prefrontal cortex pathway, and dissociative experiences were reported. These
findings suggest that chronic ketamine use is associated with significant
changes to the microstructure of the white matter in the brain, and this
may contribute to the prediction of the individual differences in symptomatology in chronic ketamine users. It is noteworthy that frontal white
matter abnormalities may also occur after the chronic application of other
forms of drug (Goldstein and Volkow 2002), such as alcohol (Rosenbloom
et al. 2003), amphetamine (Thompson et al. 2004), methamphetamine
(Alicata et al. 2009), cannabis (Arnone et al. 2008), heroin (Liu et al. 2008),
and nicotine (Wang et al. 2009).

6.7 Summary
The recent and rapid advances in MRS and PET/SPECT techniques capable of imaging different components of the neurotransmitter system have
paved the way for a greater, more nuanced understanding of the glutamatergic, dopaminergic, and serotonergic systems in the NMDA receptor
hypofunction model of schizophrenia. Further investigations are critical
and will facilitate a greater understanding of schizophrenia as well as the
successful and efficient development of new treatments. fMRI has also
improved tremendously in recent years, with attention now focusing on
the resting-state functional connectivity of the brain. In addition, phMRI
is starting to yield new information regarding selective receptors and
neurotransmitter pathways; without the need of a radiolabel, phMRI is a
very useful tool for drug discovery studies.
Recent advances in the development of neuroimaging hardware now
make translational studies, from clinical to preclinical, possible. This
offers new opportunities in translational neuroscience research, accelerates drug discovery programs, and reduces the cost of drug development.
Though no one animal model can fully recapitulate neuropsychiatric
disorders, the aspects of the disorder being modeled help us not only to
understand the neurobiology of those disorders but also to identify and
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validate molecular targets, which can then be manipulated pharmacologically. In the future, more studies combining neuroimaging techniques
with nonhuman primate or rodent NMDA receptor hypofunction models
of schizophrenia are necessary to facilitate our longtitudinal understanding of how drugs, disease development, and even social situations might
affect neural structure and function.
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chapter seven

Does sniffing drugs affect
the respiratory system?
An example being ketamine
Maria S.M. Wai, Jacqueline C. Lam,
Lawrence K. Hui, and David T. Yew
Ketamine, a common anesthetic used in both human and animal surgeries, is an N-methyl-d-aspartate glutamate receptor antagonist. Even
at clinical concentrations, the drug can induce psychotropic and pathological changes in experimental animals (Jevtovic-Todorovic and Carter
2005). Studies in the past decade have indicated that ketamine might also
induce neurodegeneration (Beals et al. 2003; Mellon et al. 2007). Interaction
of ketamine with nitrous oxide was shown to have a more extensive and
significant effect on the central nervous system (Beals et al. 2003; Nakao
et al. 2003), and this reaction was particularly significant in older animals
(Beals et al. 2003; Jevtovic-Todorovic and Carter 2005). In addition, as keta
mine became one of the more popular drugs of abuse, much attention
was being centered on its influence on recreational ketamine users and
long-term abusers. Narendran et al. (2005) reported that there is an upregulation of the D1 dopamine receptor in the brains of chronic ketamine
users, especially in the region of the prefrontal cortex. Using magnetic resonance imaging (MRI), gene expression, and immunocytochemical techniques, many regions of the brain and the associated molecular changes
that occur therein have been reported in mice and monkey long-term
ketamine abuse models (Chan et al. 2011; Mak et al. 2010; Sun et al. 2011;
Tan et al. 2011a; Yeung et al. 2010; Yu et al. 2012). Changes were not only
seen in the brain after chronic abuse of ketamine but also observed in
other organs such as the heart (Chan et al. 2011; Tan et al. 2011a), kidney,
and urinary bladder (Tan et al. 2011b; Yeung et al. 2009). Similar to the
administration of drugs such as cocaine, many ketamine abusers choose
to sniff the powder into their nasal cavity instead of injecting the drug
into their body, as it ensures a faster reaction.
Sniffing of drugs such as ketamine is a common practice for abusers
around the world, because the drug is absorbed via the nasal vasculature
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and thus achieves rapid direct contact with the brain. Insufflation is
believed to be a more rapid route to trigger the effect of the drug when
compared with either oral intake or intravenous injection. Moreover, the
restriction of the blood–brain barrier may also be overcome via the intranasal approach. A study led by Sherry Chow et al. (1999) on the nasal
transport of cocaine to the brain in rats provided supportive evidence
for this more efficient and faster route. For this reason, taking analgesic
drugs intranasally is now more commonly used in routine clinical practice, including for pain relief in children (Nielsen et al. 2014) and in adult
patients after surgical operations (Costantini et al. 2011).
Despite the benefits of the rapid onset of drug effects via intranasal
administration, the adverse consequences of this approach should not be
overlooked, especially in long-term users or abusers. Induced pathological changes of the nasal cavity, paranasal sinuses, and pharynx have often
been reported in active cocaine (Rachapalli and Kiely 2008; Sittel and Eckel
1998) and narcotic (Yewell et al. 2002) abusers over the past 10 years. Drug
abusers who use the nasal route are frequently admitted to the hospital
claiming to have nasal obstruction, epistaxis, abnormal nasal discharge,
and nasal or facial pain. A detailed medical examination reveals that
necrotic damage of the nasal and pharyngeal mucosae and perforation of
the nasal septum are common symptoms that occur in these drug abusers. In addition, the growth of numerous fungal flora in the nasal mucosa
has been reported in drug abusers, indicating that localized immunosuppression might be triggered by the intranasal administration of narcotics
(Yewell et al. 2002). In addition, cocaine-induced midline nasal lesions,
including erosion of the nasal septum and palate, and including the presence of anti-neutrophil cytoplasmic antibodies, might be misdiagnosed as
granulomatosis (Perez Alamino and Espinoza 2013; Rachapalli and Kiely
2008), which have similar symptoms. The accumulating evidence for the
effect of drug sniffing on intranasal destruction has recently provoked
more extensive studies on the damage caused by other drugs such as heroin (Peyrière et al. 2013) and methamphetamine (Bakhshaee et al. 2013),
the latter being a prescribed psychostimulant, which elevates mood and
alertness.
The damage to the nasal cavity caused by sniffing ketamine has yet to
be fully determined. However, side effects such as nasal passage irritation
and a transient change in taste have been reported in patients who have
daily intranasal administration of ketamine for chronic pain relief (Carr
et al. 2004). We have performed experiments on 2- and 4-month-old mice
to study the effect of ketamine on the nasal structures via histopathology
and MRI. As 1-year-old mice are approximately equal to a 40- to 50-yearold human, our 2- and 4-month-old mice are equivalent to 6- to 8-yearold and 13- to 16-year-old humans, respectively. Prominent damage to the
nasal epithelium and glands and the formation of polyps and granuloma
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were observed after just 1 month of ketamine treatment. In addition, the
normal pseudostratified respiratory epithelium (Figure 7.1a) was lost in
most experimental animals (Figure 7.1b). In some specimens, denuded
epithelium on the septum was demonstrated, with only the basal layer of
the epithelium retained (Figure 7.2a), and signs of metaplasia on the epithelium of the septum were also observed (Figure 7.2b). In addition, severe
hyperemia occurred, in which congested blood vessels developed in the
lamina propria of the lateral nasal wall epithelium (Figure 7.3a), including that covering the conchae (Figure 7.3b). The effect of drug sniffing on
the blood vessels has also been reported in some cocaine abusers, when
inflammation of small blood vessels (i.e., vasculitis) in the nasal cavity
was documented (Perez Alamino and Espinoza 2013). This is somewhat
similar to a form of cutaneous drug reaction (Verma et al. 2013).
Our results also demonstrated that the severity in the damage caused
to the nasal cavity was dependent on the age of the animal. Older animals

(a)

(b)

Figure 7.1 Hematoxylin and eosin–labeled sections showing the nasal cavity
epithelium in control and ketamine-treated 2-month-old mice. (a) The normal
epithelium in the nasal cavity of the control mouse. Note the pseudostratified
columnar epithelium (arrowhead) with cilia on top of the dense connective tissue
and glands. (b) After administration of ketamine, the nasal epithelium exhibits a
denuded surface (arrowhead). Magnification is ×400.

176

Maria S.M. Wai et al.

(a)

B

A

(b)

Figure 7.2 Hematoxylin and eosin–labeled sections showing the denuded epithelium of ketamine-treated 2-month-old mice. Images show (a) that the basal layer
was retained (arrowhead) and (b) while some epithelia were normal (A), others
showed metaplasia (B). Magnification is ×400.

(i.e., 4-month-old mice) were more prone to severe damage than younger
animals after the same ketamine treatment regimen. More drastic changes
were displayed in the older mice after exposure to ketamine for a month.
These included large areas of the nasal epithelium becoming monolayered, and in the lamina propria, the accumulation of exudates and degeneration of glands occurred (Figure 7.4a). In addition, the nasal cavity wall
revealed a severe focal loss of epithelium and an accumulation of inflammatory cells (Figure 7.4b). Moreover, large polyps were seen to protrude
out from the concha (Figure 7.5a), which had a nonciliated, squamous epithelium (Figure 7.5b) rather than the usual pseudostratified columnar ciliated epithelium. In addition, there were glands and blood vessels inside
the polyps, and while some of the polyps that protruded out from the
wall of the nasal cavity were round, others were fungiform in appearance (Figure 7.5c). Furthermore, many foci of immune cells with denuded
epithelium were clearly noted in the wall of the nasal cavity (Figure 7.5d).
In essence, the older animals exhibited more obvious histopathological
changes in the nasal cavity after intranasal ketamine treatment. The more
severe damage noted in the older animals is consistent with other reports,
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(a)

(b)

Figure 7.3 In the nasal cavity of the ketamine-treated 2-month-old mouse, hyperemia of tissue was seen in the (a) nasal wall (arrowheads) and (b) nasal conchae
(arrowheads). Magnification is ×400.

which demonstrated that older animals suffered more with drug-toxicity
effects (Beals et al. 2003; Jevtovic-Todorovic and Carter 2005).
In our ketamine experiments, examination of the nasal cavity with
MRI indicated that approximately 70% of 2-month-old mice had high-
contrast material in the nasal cavity not seen in the normal controls
(Figure 7.6a and b). On the other hand, more severe effects were observed
in the older animals, in that degeneration of brain tissue in the temporal
lobes of the brain and erosion of the bones in the surrounding skull were
observed (Figure 7.6c).
In mice, even a low dose of ketamine (i.e., 0.02 mg per animal) caused
apparent adverse changes to the functional structures of the nasal cavity.
On the other hand, severe damage to the nasal cavity was observed in
long-term ketamine addicts who, in general, use as much as 200 mg of
ketamine per dose per day (personal information supplied by local psychiatrists and the law enforcement agency), and thus prominent pathology is
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(a)

(b)

Figure 7.4 Hematoxylin and eosin–labeled sections through the nasal cavity of a representative ketamine-treated 4-month-old mouse. Images show
(a) denuded area (arrowheads) and thin epithelium (arrow) in the nasal cavity,
with a few glands, and (b) inflammatory changes. Images at (a) ×400 and (b) ×50
magnification.

unavoidable. As far as time required for initiation of damage in the nasal
cavity, it is clear that after just a month of sniffing ketamine, significant
reactions can already be observed in both young and old animals.
To date, relatively few studies have been reported that employ animal
models to investigate the nasal and lung damage that occurs after continuous application of abusive drugs via the intranasal route. Herculiani et al.
(2009) exposed mice to a 5-g daily dose of crack cocaine for 2 months and
reported a thinning of the epithelium in the mucosae of the nose and in the
bronchi, with a concomitant thickening of the pulmonary arteries owing
to vasoconstriction. They also reported an elevated level of hemosiderin in
the alveoli and an increase in the number of macrophages. In our study, we
demonstrated that sniffing ketamine caused the initial severe changes in the
nasal cavity. These were mostly granulomatous lesions or polyps, although
metaplasia of nasal epithelium was also noted. It appeared that aging led
to more vigorous damages. Metaplasia should be of great concern to longterm addicts as it might lead to neoplastic changes. Continuous use of keta
mine for long periods, no matter whether via the intranasal application or
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(a)

(a)

(b)

(c)

(d)

Figure 7.5 Hematoxylin and eosin–labeled sections through the nasal cavity of a
representative 4-month-old mouse after intranasal ketamine treatment. Images
show (a) a polyp at low magnification (×50). The region bounded by the rectangle
in panel (a) is shown at higher magnification (×400) in panel (b), and the arrowhead shows the squamous epithelium. (c) A low magnification view (×50) of a
fungiform polyp (arrowhead) and nasal septum (arrow), and (d) a granulomatous
lesion-like (magnification: ×50) structure containing immune cells (arrowhead).

A

A

B

B
(a)

3 mm

(b)

(c)

Figure 7.6 Magnetic resonance images of mouse brains. Images show (a) a normal (control) 2-month-old mouse with a clear nasal cavity (white arrowhead),
(b) a 2-month-old mouse after ketamine treatment displaying infiltration in both
the nasal conchae (A) and maxillary sinus (B), and (c) another ketamine-treated
mouse displaying temporal lobe lesion (A) and bone erosion (B).
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via system injection or ingestion, can lead to lung fibrosis, with an increase
in the number of collagen fibers, first around the bronchi and then around
the alveoli (Figure 7.7a and b). We first observed this pathological change
in mice after treatment with ketamine for over 3 months. It has long been
known that addicts are prone to lung abnormalities and infections; however, the effect of long-term ketamine use on the lung physiology in human
addicts has still not been formally investigated. Nonetheless, clinicians
often blame these symptoms on the low immune resistance that is acquired
because of drug usage.
Although there are relatively few reports that describe drugs of abuse,
such as ketamine, causing fibrosis of the lung, far more reports describe
drug-induced lesions in the lung. For many years, paraquat, used to treat
urinary tract infections, was known to induce changes in the lungs of
women during pregnancy (Chomchai and Tiawilai 2007). In this case,

(a)

(b)

Figure 7.7 Histological images of the lungs of normal and ketamine-treated mice.
(a) Lung of a representative normal (control) mouse with no fibrosis (note the clear
alveoli). (b) Fibrosis of lung after 1 month of ketamine treatment. Note the formation of the collagen fibers as revealed by Sirius Red staining in the bronchi (white
arrows) and alveolar wall (white arrowhead). Magnification is ×400.
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pleural effusion and pulmonary hemorrhage occurred along with the
infiltration of eosinophils, and this progressed to interstitial pneumonia
(Boggess et al. 1996). Other agents, such as nilutamide and bleomycin,
have also been reported to lead to interstitial pneumonia, and pathological features such as lymphocytosis and bronchoalveolar fluid collection
may result in an immunological episode (van der Drift and Kaajan 2002).
Interstitial pneumonia usually leads to fibrosis, via the use of amiodarone,
methotrexate, or antiandrogens (van der Drift and Kaajan 2002). In addition, inhalation of inorganic particles such as silica and liquid droplets
such as mineral oil may lead to fibrosis of the lung (Dogan et al. 2014;
Fazzi et al. 2014; Morfeld et al. 2013). In all of these induced lung diseases,
inflammation is a key factor to the fibrosis that results (Rastrick and Birrell
2014). The results we obtained from our study of ketamine inhalation in
mice are in accord with the previous reports, as we observed that lymphocytes are present in lung before fibrosis occurs (unpublished data). Other
environmental agents including dust after long-term exposure could also
be a risk for lung fibrosis in addition to other lung allergic or infectious
reactions (Momoh et al. 2013).
The prognosis of idiopathic lung fibrosis and that of either induced
fibrosis or that which occurs secondary to another disease differs (Alhamad
et al. 2012). Idiopathic disease patients usually have an increased rate of
mortality (de Lauretis et al. 2011; Strand et al. 2014; Vij et al. 2011). In fact,
the histology of idiopathic lung disease is not the same as that of induced
or secondary lung disease (Tansey et al. 2004).
It is known that in humans, heroin causes extensive damage to the
central nervous system, especially to the white matter in areas including
the cerebellum, posterior internal capsule, frontoparietal cortex, occipital
lobe, and brainstem (Jee et al. 2009; Keogh et al. 2003; Tormoehlen 2011).
This condition, known as leukoencephalopathy (Tormoehlen 2011), can
also occur in patients overdosed with morphine (Salazar and Dubow
2012). With regard to ketamine, brain lesions also initially occurred in the
white matter, but they eventually occur in both the white and gray matters (Roberts et al. 2014; Wang et al. 2013). The same diffuse regions of the
brain are affected by ketamine as they are by heroin and cocaine. The
question here is whether the mode of drug application (i.e., inhalation or
injection) might affect the type of lesions that form. Our MRI images of
mice brains after 1 month of ketamine delivery via the nose show that
both nasal and brain lesions had formed. This appears to signify that the
ketamine-induced damage to the brain may be induced by nasal administration as well as by injection.
Indeed, any damage caused to the body and particularly to the respiratory system as a result of the inhalation of toxic materials depends on
the total dosage, as well as the size of the particles and their density in
the environment, as was clearly demonstrated in the study on cigarette
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deposits in the alveolus by Gower and Hammond (2007). For our nasal
ketamine study, we used ketamine solution, which was applied inside the
nasal cavity directly. Our treatment regimen lasted for just 1 month, but
in that time, damage to both the nasal cavities and the lung was apparent. The lung damage observed in our animals was consistent with that
observed in animals that had been injected with ketamine, where fibrosis
of the lung occurred in both treatment groups. As the dose of ketamine
we used was lower and the treatment period was shorter for the animals
injected with the drug, our results appeared to indicate that the accelerated damage to the lung could manifest after just a short period of nasal
sniffing of minute quantities of the drug.
When comparing the mode of ketamine application that we used in
our mice experiments with that used by human addicts, there are two
major differences. Due to the small nostril size of mice and the fact that
ketamine powder is difficult to apply and to ensure that it stays within
the nasal cavity, we applied the solution form of ketamine into the mouse
nose. Human addicts, on the other hand, insufflate ketamine in its powdered form. In addition, while the purity of ketamine used for the mouse
experiments can be closely controlled, the purity of that used by human
abusers can never be determined as these drugs are accessed illegally and
so different batches might be of differing purities. This was something
that always posed a problem. As ketamine is getting to be more popular
as an addictive agent worldwide, possibly because of its affordable price,
it is important that more studies are conducted to determine the specific
damage caused when it is delivered via the nasal route.
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8.1 Introduction
The chronic effects observed after long-term ketamine usage, as seen in
human addicts, only started to receive attention in the last half decade.
For instance, the effect of ketamine on the central nervous system was
explored, and areas of ketamine damage in the prefrontal cortex, hippocampus, and striatum were demonstrated by functional magnetic
resonance imaging (fMRI), as well as via morphological and immunohistochemical studies (Chan et al. 2012; Mak et al. 2010; Sun et al. 2011;
Yeung et al. 2010; Yu et al. 2012). These studies illustrated apoptosis of the
neurons (Chan et al. 2012; Mak et al. 2010; Sun et al. 2011), formation of
hyperphosphorylated tau (hypertau) in the neurons (Yeung et al. 2010),
and changes in fMRI patterns of the brain (Chan et al. 2012; Yu et al. 2012).
In the heart, necrosis of cardiac cells and electrocardiogram abnormalities
187

188

Wai Ping Lam et al.

were observed (Chan et al. 2011); in the urinary bladder, loss of muscle
cells followed by fibrosis was demonstrated (Tan et al. 2011), while in the
kidney, long-term damage by ketamine was shown to lead to glomerular
and tubular changes that resulted in proteinuria (Wai et al. 2012).
The effects of ketamine on the pancreas and adrenal glands as vital
organs in the body have rarely been addressed in drug addiction studies.
The few reports that have been published all describe the effects of keta
mine after acute administration but not after long-term ketamine treatment (Changmin et al. 2010; Reyes Toso et al. 1995; Saha et al. 2005). In
this study, therefore, we explored the various changes that occur in these
organs after long-term chronic ketamine treatment in mice.

8.2 Materials and methods
8.2.1 Grouping of experimental animals and treatments
Four-week-old male Institute of Cancer Research (ICR) mice, raised in the
Laboratory Animal Services Centre of the Chinese University of Hong
Kong, were kept in cages with water and food pellets in a room that was
maintained at 22°C ± 1°C with a 12-h light–dark cycle. The Animal Ethics
Committee of the Chinese University of Hong Kong approved this study.
Twenty-seven ICR mice were divided randomly into the three groups
comprising the saline-treated (n = 9), ketamine-treated (n = 9), and keta
mine plus alcohol–treated (n = 9) groups. The ketamine-treated and keta
mine plus alcohol–treated mice received daily intraperitoneal injections
of ketamine (HK-37715, Alfasan, Holland) at 30 mg/kg for 6 months.
This ketamine treatment period was selected based on preliminary
results, which showed that pathological changes in the adrenal gland
and pancreas were apparent in mice after 6 months of treatment. Mice
in the corresponding control group were injected with saline alone. For
the ketamine with alcohol group, mice were injected with ketamine for
6 months, and in the final (i.e., 6th) month, they were also given 10% ethanol orally (0.05 ml/day). At the end of the treatment period, all the mice
were sacrificed by cervical dislocation. The adrenal glands and pancreas
were dissected out and fixed in 4% paraformaldehyde. They were then
dehydrated in ethanol and xylene, embedded in paraffin, and sectioned
at 5 μm.

8.2.2 Histological studies on the pancreas and adrenal glands
Specimens from each group were deparaffinized, rehydrated, and immersed
in Mayer’s hematoxylin for 5 min. After rinsing with deionized water,
these sections were dipped into 0.1% acid water and then immersed in
Scott’s tap water for 1 min for the blue color to develop. They were then
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immersed in 1% eosin for 5–10 min for the development of the red-colored
stain. The sections were then run through a graded alcohol series, cleared
in xylene, mounted under Permount (USB Corporation, Cleveland, Ohio,
USA), and then observed via light microscopy.

8.2.3 Immunohistochemistry on the pancreas and adrenal glands
The adrenal gland sections were immunolabeled with antibodies to proliferative cell nuclear antigen (PCNA), lactic acid dehydrogenase (LDH),
tyrosine hydroxylase (TH), and dopamine β-hydroxylase (DBH). In addition, the pancreatic sections were immunolabeled with antibodies to
PCNA and LDH. The selected sections were dewaxed, rehydrated, and
permeabilized for 10 min with 1×phosphate-buffered saline (PBS) supplemented with 0.1% Triton X and 0.05% Tween 20, followed by three rinses
for 5 min each in 1×PBS. The endogenous peroxidase activity was blocked
with 3% hydrogen peroxidase in methanol for 45 min. After three more
rinses in 1×PBS, nonspecific binding was suppressed by incubation for
1 h with either 5% normal rabbit serum (10510, Invitrogen, California,
USA) for the LDH and TH labeling or 5% normal goat serum (PCN500,
Invitrogen) for the PCNA and DBH labeling. Thereafter, individual sections were incubated overnight at 4°C with one of the following anti-sera:
PCNA (dilution: 1:1000; ab29, abcam, Cambridge, UK), LDH (dilution:
1:500; sc27230, Santa Cruz Biotechnology, USA), TH (dilution: 1:1000;
sc-7847, Santa Cruz Biotechnology), and DBH (dilution: 1:1000; ab43868,
abcam). PCNA is a proliferation marker (Wai et al. 2008) while LDH is a
marker of necrosis (Ostrovskiĭ et al. 2011). TH plays an essential role in the
synthesis of catecholamines (Bobrovskaya et al. 2010) and DBH plays an
essential role in the production of noradrenalin (Kvetnanský et al. 2008).
On the following day, sections were rinsed three times with 1×PBS before
incubation with the respective diluted secondary antibodies: anti-rabbit
goat-biotinylated secondary antibodies for DBH (dilution: 1:500, 656140,
Invitrogen), anti-mouse goat-biotinylated secondary antibodies for PCNA
(dilution: 1:500, 626520, Invitrogen), and anti-goat rabbit-biotinylated secondary antibodies for TH and LDH (dilution: 1:500, 611640, Invitrogen) in
2% (w/v) bovine serum albumin for 2 h at room temperature. After rinsing with 1×PBS with Tween 20 (PBST) three times, the sections were incubated with Streptavidin-HRP (dilution: 1:500; 43432, Invitrogen) in PBST
for 2 h at room temperature. After rinsing with PBST three times again,
the sections were then incubated in 5% 3,3-diaminobenzidine (DAB)
(Sigma-Aldrich, St. Louis, Missouri, USA) in 1×PBS containing 0.01%
hydrogen peroxide (H2O2) for 5–10 min until the brown-colored labeling
had developed. The sections were then run through an ascending alcohol series, cleared in xylene, mounted under Permount (USB Corporation)
and observed with a light microscope.
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For quantitation of the level of TH and DBH labeling, five random sections (from anterior to posterior) of each adrenal gland were selected. The
positive regions (darkly stained areas) of each section of the adrenal gland
were calculated as a percentage of the whole adrenal area in that section.
All percentages from the five sections were averaged and represented the
percentage of the total area of TH- or DBH-positive sites in the adrenal of
that animal. Bearing in mind that each group had 9 animals, we therefore
had n = 9 adrenal glands for each group. They were then averaged and
standard deviations were calculated. Means of the different groups were
then compared with the controls using one-way analysis of variance and
p < 0.05 was considered to be significant.

8.2.4 TUNEL evaluation
Apoptosis in both the pancreas and adrenal glands was detected by in situ
terminal transferase mediated dUTP nick end labeling (TUNEL), using
an ApopTag kit (s7100, Millipore Corporation, Massachusetts, USA). First,
randomly selected sections from each group of animals (five slides for each
group) were deparaffinized, rehydrated, and incubated with proteinase-K
in PBS at 20 μg/ml for 15 min at room temperature. Sections were rinsed
with 1×PBS and then they were quenched in 3.0% H2O2 in PBS for 5 min,
followed by a rinse with 1×PBS again. Subsequently, the sections were
treated with biotin-deoxyuridine triphosphate in the working solution of
deoxynucleotidyl transferase for 1 h in a humidified chamber at 37°C, followed by incubation in the working stop/wash buffer for 30 min at 37°C.
The sections were then rinsed with 1×PBS three times (5 min each), and
three drops of anti-digoxigenin-peroxidase were applied to each section
and incubated for 30 min at room temperature. The sections were rinsed
with PBS and reacted with DAB and 0.01% H2O2 for visualization of apoptotic cells. They were subsequently rinsed with distilled water and dehydrated before being mounted under Permount and stained slides were
then observed via light microscopy.

8.3 Results
Histology on the saline-treated adrenal glands revealed a normal arrangement of the three cortical zones (i.e., the glomerulosa, fasciculata, and
reticularis) and the medulla (Figure 8.1a). After ketamine treatment alone,
the three cortical zones were morphologically the same as the controls
(Figure 8.1b), whereas after ketamine plus alcohol treatment, the zona fasciculata demonstrated focal misalignment of fasciculata cells (Figure 8.1c),
and in approximately 10% of animals receiving ketamine plus alcohol
treatment, a nodular aggregation of cells with dense nuclei was apparent
in the cortex (Figure 8.1d).
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Figure 8.1 Hematoxylin and eosin (HE) staining of the adrenal gland. (a) Normal
adrenal gland with zona glomerulosa (g), zona fasciculata (f), zona reticularis (r),
and medulla (m). (b) A representative adrenal gland exhibiting normal histology
in a ketamine-treated mouse. (c and d) The adrenal gland of a representative keta
mine and alcohol–treated mouse showing (c) disorganization of some areas of
the zona fasciculata (f and arrow) and (d) nodular infiltration of cells with dense
nuclei (arrow) in the cortex. Magnification, ×100.

Immunohistochemistry for LDH revealed no positive cells in the controls (Figure 8.2a), while some LDH-positive cells were apparent in the
deep adrenal cortex of the ketamine alone–treated animals (Figure 8.2b). In
the ketamine plus alcohol–treated mice, LDH-positive cells were observed
in both the cortex and the medulla of the adrenal glands (Figure 8.2c). On
the other hand, PCNA-positive nuclei were present in both the cortex and
medulla of the controls (Figure 8.3a) but were less obvious in the keta
mine and ketamine plus alcohol treatment group (Figure 8.3b and c). No
TUNEL-positive sites were seen in any group (Figure 8.3d and e).
Immunocytochemistry for TH showed positive sites in the zona glomerulosa, fasciculata, and the medulla in the controls (Figure 8.4a), whereas
after ketamine treatment, there was a significant decrease in the density of
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Figure 8.2 Immunochemistry of LDH in the adrenal gland. (a) Normal adrenal gland with few LDH-positive sites. (b) The adrenal gland of a representative
ketamine-treated mouse showing some LDH-positive sites (arrow) in the cortex (C).
(c) The adrenal gland of a representative ketamine and alcohol–treated mouse
showing more LDH-positive sites (arrow) in both the cortex (C) and medulla (m).
Magnification, ×100.

these sites in both the medulla and the cortex (Figure 8.4b). Further downregulation in the number of these positive sites was observed in the keta
mine plus alcohol–treated group (Figure 8.4c). Since catecholamines in the
adrenal medulla are of great physiological importance, the optical density of TH was quantified in the adrenal medulla for all three treatment
groups with the microphotometer (Minolta III). The optical density of TH
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Figure 8.3 Immunochemistry of PCNA, and TUNEL in situ hybridization in the
adrenal gland. (a–c) Representative examples of adrenal glands from (a) a normal mouse, (b) a ketamine-treated mouse, and (c) a ketamine plus alcohol–treated
mouse. (a) The adrenal gland from the normal mouse has many PCNA-positive
cells (arrows) in both the medulla and the cortex, whereas after (b) ketamine
or (c) ketamine and alcohol treatment, progressively fewer PCNA-positive cells
(arrows) were observed. In panels (a) through (c), C and m are cortex and medulla,
respectively. (d and e) TUNEL in situ hybridization of (d) a normal adrenal gland
and (e) an adrenal gland from a ketamine and alcohol–treated mouse. No TUNELpositive sites were seen in either panel (d) or (e). Magnification, ×100.

was determined to be 91.39% ± 3.42% in the controls, 31.6% ± 15.06% in the
ketamine-treated group, and 12.15% ± 8.03% in the ketamine plus alcohol–
treated animals (n = 9 for each group). In addition, immunohistochemistry
for DBH confirmed its down-regulation in both the cortex and the medulla
of the ketamine-treated and the ketamine plus alcohol–treated group when
compared with the controls (Figure 8.5a and b). Interestingly, there was not
much difference between the ketamine-treated and ketamine plus alcohol–
treated group in this case (Figure 8.5c). It was also interesting that although
the down-regulatory trend of TH and DBH was the same after ketamine
treatment, the number of DBH-positive sites was much less than that of
TH-positive sites.
At first glance, the pancreas of all animals appeared to have a normal histology, with complements of both acinar cells and islets, and
some of the islets were huge in size in the normal control mice (Figure
8.6a). After ketamine treatment, the acinar cells were still normal in
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Figure 8.4 Immunochemistry of TH in the adrenal gland. (a) Representative normal adrenal gland with TH-positive signals (arrows) in the cortical glomerular
(g) and fasciculata (f) cells as well as in the reactive medulla (m). (b) A representative ketamine-treated mouse showing TH-positive cells in the cortex (C) and in
focal areas of the medulla (mf). (c) A representative ketamine and alcohol–treated
mouse with few TH-positive sites. Magnification, ×100.

appearance (Figure 8.6b) but many of the islets appeared to be smaller
in size, and after the ketamine plus alcohol treatment, some islets were
even smaller and appeared to go into atresia (Figure 8.6c and d). As
an example, the number of islets above the size of 30 μm 2 in area per
700 μm 2 area (n = 30 fields) was 1.67 ± 0.9 (n = 30 fields) in the control,
0.67 ± 0.48 in the ketamine-treated group, and 0.32 ± 0.21 in the keta
mine plus alcohol–treated animals. In two of the nine animals, mononuclear inflammatory cells infiltrated the pancreas (Figure 8.6e) and
some of these inflammatory cells were located around the pancreatic
ducts (Figure 8.6f).
PCNA-positive nuclei were found in both the acinar cells and the
islets of the normal control mice (Figure 8.7a). After ketamine treatment,
PCNA-positive nuclei were still present in the acinar cells and the islets
(Figure 8.7b) but were fewer in number (Figure 8.7b) than those in the
control mice (Figure 8.7a). After ketamine plus alcohol treatment, PCNApositive nuclei were present in the acinar cells only (Figure 8.7c). LDH, a
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Figure 8.5 Immunochemistry of DBH in the adrenal medulla. (a) A representative ketamine-treated mouse with few DBH-positive cells (arrow) in focal areas of
the medulla (m). (b) A representative ketamine and alcohol–treated mouse with
DBH-positive cells in focal areas (arrow). (c) The percentage of DBH-positive areas
per total area of the adrenal gland in the control, ketamine, and ketamine plus
alcohol groups. Bars represent mean ± SD. *Statistically significant data at p < 0.05.
Magnification, ×100.

marker of necrosis, showed no reaction in the control specimens (Figure
8.8a) while only acinar cells were positive in the ketamine-treated animals (Figure 8.8b), and in the ketamine plus alcohol treatment group, the
cells in the islets also showed LDH activity (Figure 8.8c). There were no
TUNEL-positive cells in any of the groups (Figure 8.9a and b).
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Figure 8.6 Hematoxylin and eosin (HE) staining of an islet in the pancreas.
(a) Normal pancreas with a large islet (i). (b) The pancreas of a ketamine-treated
mouse with smaller islet (arrow). (c and d) The pancreas of a ketamine and alcohol–
treated mouse with degenerating islets (arrows). (e and f) The pancreas of a keta
mine and alcohol–treated mouse showing the infiltration of mononuclear cells (e)
into the acinar cells (arrows) and (f) around the duct (arrow). Magnification, ×100.
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Figure 8.7 Immunochemistry of PCNA in the pancreas. (a) Normal pancreas with
PCNA-positive signals (arrows) in the acinar (A) and islet (i) cells. (b) The pancreas from a representative ketamine-treated mouse with relatively few PCNApositive signals (arrows) in the acinar (A) and islet (i) cells. (c) The pancreas from
a representative ketamine and alcohol–treated mouse with PCNA-positive sites
(arrows) in the acinar (A) cells alone. Magnification, ×100.
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Figure 8.8 Immunochemistry of LDH in the pancreas. (a) Normal pancreas
without any LDH-positive cells. (b) The pancreas from a representative ketaminetreated mouse with LDH-positive cells (arrows). (c) The pancreas from a representative ketamine and alcohol–treated mouse with LDH-positive sites (arrows) in
both the acinar (A) and islet (i) cells. Magnification, ×100.
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(a)
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Figure 8.9 TUNEL in situ hybridization in the pancreas. (a) Normal pancreas.
(b) The pancreas from a representative ketamine and alcohol–treated mouse. No
positive TUNEL nuclei were found in either panel (a) or (b). Magnification, ×100.

8.4 Discussion
Only a small number of animal studies have been conducted to investigate the effect of ketamine on the pancreas and the adrenal glands. Saha
et al. (2005) reported that in fasting rats, ketamine at 100 mg/kg produced
acute hyperglycemia with 174.8 ± 5.7 mg/dl glucose, reaching a maximum
of almost 300 mg/dl within just 2 h after the administration of ketamine.
Such a dramatic increase in the level of glucose was not recorded in fed
rats. This induced hyperglycemia in fasting rats could be blocked by
yohimbine, an α2-adrenergic receptor antagonist, at 1 to 4 mg/kg (Saha
et al. 2005). These results corroborated those from another study conducted 10 years earlier, which suggested that ketamine or barbitone could
inhibit insulin secretion mediated by the adrenergic innervation of the
pancreas of the rat (Reyes Toso et al. 1995). It was further suggested that
after acute ketamine treatment, circulatory changes occur in the catecholamines secreted by the adrenal medulla. More recently, Changmin et al.
(2010) confirmed that after short-term catecholamine treatment, there is
an increase in the plasma glucose level and a decrease in the level of insulin, as well as in adrenalin and noradrenalin. Furthermore, it was most
recently reported that ketamine treatment can deplete the formation of
liver glycogen (Wong et al. 2012). The fluctuation in blood glucose level
after ketamine treatment must therefore be carefully monitored.
The results recorded in this study are novel for the pancreas and the
adrenal glands. We showed that after long-term ketamine treatment, the
pancreatic islets appear to be much smaller in size, even though the TUNEL
results indicated no apoptosis. In addition, immunolabeling of LDH (a
marker for necrosis) only showed a slight increase in the level of this protein
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in the pancreas. On the other hand, the smaller size of the islets might indicate functional hormonal disturbance, resulting in less secretion of insulin.
This, together with liver cirrhosis, which might disrupt the storage of cellular glycogen (Wai et al. 2012) and thus cause a rise in plasma glucose, are
just two of the many reasons that might lead to an increase in glucose in
the blood. Our findings from these long-term experiments correspond with
those reported by Reyes Toso et al. (1995), Saha et al. (2005), and Changmin et
al. (2010) in their acute ketamine experiments, as well as with those of Wong
et al. (2012) in their chronic-treatment experiments.
Our study also reveals several novel findings in the pancreas and adrenal glands after treatment with ketamine, both with and without the addition of alcohol. First, we showed that there was a decrease in the number
of proliferative (i.e., PCNA-positive) cells and an increase in the number of
necrotic (i.e., LDH-positive) cells in these organs after ketamine treatment.
Perhaps the most significant result was the decrease in the localization of
TH- and DBH-expressing cells as both are important productive enzymes
in the catecholaminergic pathway in the adrenal glands. Such a reduction
indicates a significant disruption of catecholamine production in general,
and of noradrenalin specifically, which might prove to be life-threatening.
A decrease in noradrenalin or adrenalin might be attributed to too much
noradrenalin or adrenalin being released into the blood or a decrease in
the production of these chemicals. Our results seemed to favor the latter.
Further studies need to be conducted in order to elucidate the effect of
ketamine on adrenal gland function.
The presence of catecholamines, especially dopamine and its analogues, in the adrenal glands has been well documented (Bird et al. 1998;
Charlton et al. 1992; Choi et al. 1993; Toth et al. 1997). It was suggested
that noradrenaline in the fasciculata cells is probably acting on vessels
(Bird et al. 1998; Charlton et al. 1992; Choi et al. 1993; Toth et al. 1997)
while dopamine itself might stimulate cortisol secretion (Bird et al. 1998).
Dopamine analogues in the medulla are, of course, very important for
whole-body physiology (Choi et al. 1993). The depletion of catecholamines
upon the down-regulation of synthesis induced by long-term ketamine
administration thus had a profound effect on the homeostasis of the body
both directly and indirectly and is thus worthy of further research. Taken
together, disturbances in the adrenal gland might involve both hormones
and neurotransmitters.
Our results appeared to show that the toxic effects of ketamine
were focused mainly in the adrenal cortex and medulla, both of which
are instrumental for vital body functions, with the middle cortex apparently being affected primarily. It is common knowledge that glucocorticoids are secreted by this part of the adrenal cortex. Thus, impairment or
degeneration of this area is likely to affect gluconeogenesis in the liver,
glucose regulation by cells, and fluctuation in the blood glucose supply.
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Our results appear to correspond with those reported previously where
there was a lack of glycogen in the liver in chronic ketamine-treated mice
(Wong et al. 2012). A disturbance in the level of glucose is an essential
parameter that can compromise the health and integrity of living individuals. Fortunately, our study revealed that other areas of the adrenal
cortex appeared to be spared from obvious damage at least at the histological level, and thus mineral corticoids and ions such as potassium
would likely not be affected.
Our results also showed that the adrenal medulla, and hence the
secretion of catecholamines, was also affected by chronic ketamine
administration. Maintaining catecholamines at a stable level is of great
importance for our survival. In ketamine addicts, the irregular production of catecholamines by the adrenal glands might lead to a sudden drop
in blood pressure and, with the added weakening effect of the drug on the
hearts, result in sudden death. This has previously been demonstrated to
occur in heroin addicts (Li et al. 2005).
We showed that after ketamine treatment, the pancreatic islets in mice
appeared to be smaller in size than those in the controls and of particular
significance was the decrease in the number of large β islets after keta
mine alone and the ketamine–alcohol combined treatment. The decrease
in the number of large-sized β islets after ketamine treatment was approximately 40% and the decrease of those after ketamine–alcohol treatment
was an additional 30%. The decrease of the large-sized β islets would
likely result in a decrease in insulin production. This might be complicated further by the lack of glycogen in the liver, as together they would
lead to an increased level of blood sugar in the mouse.
Liver damage after ketamine treatment is to be expected as the drug
is detoxified and metabolized in this organ. In our experiment in mice, the
effects on the liver were evident even after just 3 months of ketamine treatment, with changes in transaminases, cellular damage, and cellular death
being apparent. The combination of ketamine and alcohol is, as expected,
an extra burden on the liver. However, the idea that ketamine plus alcohol
might double the liver damage was not always valid. In most cases, alcohol
added to the damage but the level of damage as reflected in the quantity of
transaminases in the ketamine–alcohol-treated mice was not double that
of the ketamine alone–treated animals (Wai et al. 2012, 2013).
Although some patients with chronic ketamine addiction complained
of an irritable abdomen, subsequent histopathological examination failed
to reveal any major findings in the stomach, with only occasional areas
of focal atrophy. In the intestine, however, the effects of the drug were
more profound, as proliferation of the lymphoid glands and retardation
of intestinal movement were noted (Wong et al. 2012). It appears that keta
mine might affect the lymphoid system as well as the autonomic balance
in the intestine.
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The ailments induced in all of these vital organs might potentially be
fatal and particular care must be taken to warn people against ketamine
addiction.
The pancreatic lesions resulting from alcohol are well documented in
the literature, but those resulting from abusive drugs are rarely reported.
Chronic pancreatitis resulting from abnormal pancreatic enzymatic
action (i.e., initially down-regulation but then up-regulation) and precipitation of protein plugs are features in this disease (Goebell and Singer
1978). This decrease and increase in enzyme action is, however, not ubiquitous. For example, trypsinogen was shown to increase 8 months after
alcohol intake but diminished 16 months later in the rat model (Gronroos
et al. 1988), which is somewhat contrary to the results reported by Goebell
and Singer (1978). It was suggested that many of the defective enzyme
action effects observed with alcohol might be caused by the inhibitory
effect of alcohol on the cholinergic system via the vagus nerve (Siegmund
and Singer 2005; Singer 1985). In our study, we recorded the cellular and
immunohistochemical changes in the pancreas after ketamine treatment
and confirmed the occurrence of chronic pancreatitis. Occasionally, we
also observed precipitation of particles similar to the protein precipitation
mentioned in other drug studies (Goebell and Singer 1978). Although we
did not study either enzymatic secretion or the cholinergic system after
ketamine treatment on the pancreas, the effect of ketamine on the urinary
system seemed to indicate modes of nerve involvement (Dargan et al.
2014). Pancreatic lesions were also often associated with liver cirrhosis,
as well as stomach and esophagus mucosal lesions (Hastier et al. 1999;
Siegmund and Singer 2005). Further detailed ketamine studies on these
organs are thus warranted.
While we document the effect of ketamine on the adrenal glands
here, the effect of alcohol and other drugs on these glands has been previously described. The effect of alcohol, for example, has been studied in
chronically fed rats, and it was shown that an increase of adrenomedullary TH, DBH, and phenylethanolamine N-methyltransferase mRNA was
observed, which was associated with increased plasma catecholamine
level (Patterson-Buckendahl et al. 2005). In addition, reserpine and tetrabenazine were shown to inhibit chromaffin cell catecholamine uptake,
which led to the depletion of catecholamine and to an increase of opioid
peptides produced by these cells (Wilson et al. 1981). On the other hand,
the sympatho-reaction caused by cocaine had a biphasic response with
an initial cardiovascular excitation and subsequent inhibition, probably
via the adrenal glands and the rest of the sympathetic system (Knuepfer
and Branch 1992). Cocaine also induces an increase of blood pressure
and an increase in the local cortical blood flow, which might increase the
probability of hemorrhagic stroke (Kelley et al. 1993; Muir and Ellis 1993).
Amphetamine had a similar effect, raising the ACTH level initially in rat
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followed by a decline 30 min later (Swerdlow et al. 1993). Long-term abusive drug addiction, however, had more profound effect on the adrenal
glands, and there was a report from a postmortem case of a heroin addict
where a depletion of adrenal medulla cells was described (Li et al. 2005).
Drug toxicity on the liver is, of course, not solely indicated by keta
mine toxicity. A wide spectrum of drugs can lead to the generation of
reactive metabolites via the mitochondrial cytochrome system, which
results in the overproduction of reactive oxygen species by the damaged
mitochondria, along with changes in fatty acid oxidation, lipid deposition,
and steatosis (Begriche et al. 2011). Compared with the above, there are
often alanine aminotransferase and aspartate aminotransferase changes,
glutathione depletion, and cellular degeneration (Kumar et al. 2011).
Ecstasy (3,4-methylenedioxymethamphetamine) is a drug that is highly
toxic to the liver, which can result in hyperthermia, hyperexcitation, hypertension, jaundice, cholestasis, and hepatomegaly, which are often associated with changes in the kidney similar to those that occur after ketamine
treatment (Ellis et al. 1996; Garbino et al. 2001). Cocaine hepatotoxicity is
often aggravated by being used in combination with barbital (Charles and
Powell 1992; Roth et al. 1992). Liver enzymes might increase by 15 times
in a mere 2 h after an acute overdose (Charles and Powell 1992), and perilobular hepatocytes degenerate at first and then migrate centrally (Roth
et al. 1992). In our chronic models with ketamine, fibrosis was a feature
after 3 months of treatment. The nodule of fibrosis also occurred peripherally and went hand in hand with a moderate increase in enzymes (Wai et
al. 2012). More interesting was the down-regulation of glycogen storage in
the liver (Wong et al. 2012). With regard to the latter, we have yet to evaluate whether these changes are attributed to altered glycogen synthesis or
glycogen degradation. The influence of ketamine on glucose metabolism
is therefore instrumental for an individual’s survival and will open a new
chapter in the control of, and changes in, this important metabolism.

Acknowledgment
This study was funded by a grant from the Beat Drugs Fund Association,
Hong Kong Government (Project Ref. No. BDF100052).

References
Begriche, K., Massart, J., Robin, M.A., Borgne-Sanchez, A., and Fromenty, B. 2011.
Drug-induced toxicity on mitochondria and lipid metabolism: Mechanistic
diversity and deleterious consequences for the liver. J. Hepatol. 54:773–794.
Bird, I.M., Lightly, E.R., Nicol, M., Williams, B.C., and Walker, S.W. 1998. Dopamin
ergic stimulation of cortisol secretion from bovine zfr cells occurs through nonspecific stimulation of adrenergic beta-receptors. Endocr. Res. 24:769–772.

Chapter eight:

Long-term ketamine use causes damage to pancreas

203

Bobrovskaya, L., Damanhuri, H.A., Ong, L.K., Schneider, J.J., Dickson, P.W.,
Dunkley, P.R., Goodchild, A.K. 2010. Signal transduction pathways and tyrosine hydroxylase regulation in the adrenal medulla following glucoprivation: An in vivo analysis. Neurochem. Int. 57(2):162–167.
Chan, W.M., Liang, Y., Wai, M.S., Hung, A.S., and Yew, D.T. 2011. Cardiotoxicity
induced in mice by long term ketamine and ketamine plus alcohol treatment.
Toxicol. Lett. 207:191–196.
Chan, W.M., Xu, J., Fan, M., Jiang, Y., Tsui, T.Y., Wai, M.S., Lam, W.P., and
Yew, D.T. 2012. Downregulation in the human and mice cerebella after
ketamine versus ketamine plus ethanol treatment. Microsc. Res. Tech. 75:
258–264.
Changmin, H., Jianguo, C., Dongming, L., Guohong, L., and Mingxing, D. 2010.
Effects of xylazole alone and in combination with ketamine on the metabolic and neurohumoral responses in healthy dogs. Vet. Anaesth. Analg.
37:322–328.
Charles, S.J., and Powell, C.J. 1992. Rapidly developing cocaine-induced peripheral portal liver damage. Toxicol. Lett. 64–65 Spec No:729–737.
Charlton, B.G., McGadey, J., Russell, D., and Neal, D.E. 1992. Noradrenergic innervation of the human adrenal cortex as revealed by dopamine-beta-hydroxylase
immunohistochemistry. J. Anat. 180:501–506.
Choi, W.S., Kim, M.O., and Ramirez, V.D. 1993. Immunocytochemical localization of dopamine-releasing protein in the rat adrenal. Neuroendocrinology 58:
440–447.
Dargan, P.L., Tang, H.C., Liang, W., Wood, D.M., and Yew, D.T. 2014. Three months
of methoxetamine administration is associated with significant bladder and
renal toxicity in mice. Clin Toxicol (Phila). 52(3):176–180.
Ellis, A.J., Wendon, J.A., Portmann, B., and Williams, R. 1996. Acute liver damage
and ecstasy ingestion. Gut 38:454–458.
Garbino, J., Henry, J.A., Mentha, G., and Romand, J.A. 2001. Ecstasy ingestion
and fulminant hepatic failure: Liver transplantation to be considered as a
last therapeutic option. Vet. Hum. Toxicol. 43:99–102.
Goebell, H., and Singer, M.V. 1978. Effect of alcohol on the human and animal
pancreas. Leber. Magen. Darm. 8:304–314.
Gronroos, J.M., Aho, H.J., Meklin, S.S., Hakala, J., and Nevalainen, T.J. 1988.
Pancreatic digestive enzymes and ultrastructure after chronic alcohol intake
in the rat. Exp. Pathol. 35:197–208.
Hastier, P., Buckley, M.J., Francois, E., Peten, E.P., Dumas, R., Caroli-Bosc, F.X.,
and Delmont, J.P. 1999. A prospective study of pancreatic disease in patients
with alcoholic cirrhosis: Comparative diagnostic value of ERCP and EUS and
long-term significance of isolated parenchymal abnormalities. Gastrointest.
Endosc. 49:705–709.
Kelley, P.A., Sharkey, J., Philip, R., and Ritchie, I.M. 1993. Acute cocaine alters cerebrovascular autoregulation in the rat neocortex. Brain Res. Bull. 31:581–585.
Knuepfer, M.M., and Branch, C.A. 1992. Cardiovascular responses to cocaine are
initially mediated by the central nervous system in rats. J. Pharmacol. Exp.
Ther. 263:734–741.
Kumar, K.J., Chu, F.H., Hsieh, H.W., Liao, J.W., Li, W.H., Lin, J.C., Shaw, J.F.,
and Wang, S.Y. 2011. Antroquinonol from ethanolic extract of mycelium of
Antrodia cinnamomea protects hepatic cells from ethanol-induced oxidative
stress through Nrf-2 activation. J. Ethnopharmacol. 136:168–177.

204

Wai Ping Lam et al.

Kvetnanský, R., Krizanova, O., Tillinger, A., Sabban, E.L., Thomas, S.A., and
Kubovcakova, L. 2008. Regulation of gene expression of catecholamine biosynthetic enzymes in dopamine-beta-hydroxylase- and CRH-knockout mice
exposed to stress. Ann. NY Acad. Sci. 1148:257–268.
Li, L., Lu, G., Yao, H., Zhao, Y., Feng, Z., and Yew, D.T. 2005. Postmortem changes
in the central nervous system and adrenal medulla of the heroin addicts. Int.
J. Neurosci. 115:1443–1449.
Mak, Y.T., Lam, W.P., Lu, L., Wong, Y.W., and Yew, D.T. 2010. The toxic effect of
ketamine on SH-SY5Y neuroblastoma cell line and human neuron. Microsc.
Res. Tech. 73:195–201.
Muir, J.K., and Ellis, E.F. 1993. Cocaine potentiates the blood pressure and cerebral
blood flow response to norepinephrine in rats. Eur. J. Pharmacol. 249:287–292.
Ostrovskiĭ, V.K., Makarov, S.V., Rodionov, P.N., and Kochetkov, L.N. 2011. Indices
of tissue necrosis markers in acute pyo-destructive diseases of organs of the
abdominal cavity. Vestn Khir Im I I Grek. 170(5):28–30.
Patterson-Buckendahl, P., Kubovcakova, L., Krizanova, O., Pohorecky, L.A., and
Kvetnansky, R. 2005. Ethanol consumption increases rat stress hormones and
adrenomedullary gene expression. Alcohol 37:157–166.
Reyes Toso, C.F., Linares, L.M., and Rodriguez, R.R. 1995. Blood sugar concentrations during ketamine or pentobarbitone anesthesia in rats with or without
alpha and beta adrenergic blockade. Medicina (B Aires) 55:311–316.
Roth, L., Harbison, R.D., James, R.C., Tobin, T., and Roberts, S.M. 1992. Cocaine
hepatotoxicity: Influence of hepatic enzyme inducing and inhibiting agents
on the site of necrosis. Hepatology 15:934–940.
Saha, J.K., Xia, J., Grondin, J.M., Engle, S.K., and Jakubowski, J.A. 2005. Acute hyperglycemia induced by ketamine/xylazine anesthesia in rats: Mechanisms and
implications for preclinical models. Exp. Biol. Med. (Maywood) 230:777–784.
Siegmund, S.V., and Singer, M.V. 2005. Effects of alcohol on the upper gastrointestinal tract and the pancreas—An up-to-date overview. Z. Gastroenterol.
43:723–736.
Singer, M.V. 1985. The pancreas and alcohol. Schweiz. Med. Wochenschr. 115:973–987.
Sun, L., Lam, W.P., Wong, Y.W., Lam, L.H., Tang, H.C., Wai, M.S., Mak, Y.T., Pan,
F., and Yew, D.T. 2011. Permanent deficits in brain functions caused by longterm ketamine treatment in mice. Hum. Exp. Toxicol. 30:1287–1296.
Swerdlow, N.R., Koob, G.F., Cador, M., Lorang, M., and Hauger, R.L. 1993.
Pituitary-adrenal axis responses to acute amphetamine in the rat. Pharmacol.
Biochem. Behav. 45:629–637.
Tan, S., Chan, W.M., Wai, M.S., Hui, L.K., Hui, V.W., James, A.E., Yeung, L.Y., and
Yew, D.T. 2011. Ketamine effects on the urogenital system—Changes in the
urinary bladder and sperm motility. Microsc. Res. Tech. 74:1192–1198.
Toth, I.E., Vizi, E.S., Hinson, J.P., and Vinson, G.P. 1997. Innervation of the adrenal
cortex, its physiological relevance, with primary focus on the noradrenergic
transmission. Microsc. Res. Tech. 36:534–545.
Wai, M.S., Chan, W.M., Zhang, A.Q., Wu, Y., and Yew, D.T. 2012. Long-term keta
mine and ketamine plus alcohol treatments produced damages in liver and
kidney. Hum. Exp. Toxicol. 31:877–886.
Wai, M.S., Luan, P., Jiang, Y., Chan, W.M., Tsui, T.Y., Tang, H.C., Lam, W.P., Fan, M.,
and Yew, D.T. 2013. Long term ketamine and ketamine plus alcohol toxicity—
What can we learn from animal models? Mini Rev. Med. Chem. 13:273–279.

Chapter eight:

Long-term ketamine use causes damage to pancreas

205

Wai, M.S., Shi, C., Kwong, W.H., Zhang, L., Lam, W.P., and Yew, D.T. 2008.
Development of the human insular cortex: Differentiation, proliferation, cell
death, and appearance of 5HT-2A receptors. Histochem. Cell Biol. 130:1199–1204.
Wilson, S.P., Chang, K.J., and Viveros, O.H. 1981. Opioid peptide synthesis in
bovine and human adrenal chromaffin cells. Peptides 2 Suppl 1:83–88.
Wong, Y.W., Lam, L.H., Tang, H.C., Liang, Y., Tan, S., and Yew, D.T. 2012. Intestinal
and liver changes after chronic ketamine and ketamine plus alcohol treatment. Microsc. Res. Tech. 75:1170–1175.
Yeung, L.Y., Wai, M.S., Fan, M., Mak, Y.T., Lam, W.P., Li, Z., Lu, G., and Yew, D.T.
2010. Hyperphosphorylated tau in the brains of mice and monkeys with
long-term administration of ketamine. Toxicol. Lett. 193:189–193.
Yu, H., Li, Q., Wang, D., Shi, L., Lu, G., Sun, L., Wang, L., Zhu, W., Mak, Y.T.,
Wong, N., Wang, Y., Pan, F., and Yew, D.T. 2012. Mapping the central effects
of chronic ketamine administration in an adolescent primate model by functional magnetic resonance imaging (fMRI). Neurotoxicology 33:70–77.

chapter nine

Ketamine uropathy
Hong Kong experience
Peggy Sau Kwan Chu, Chi Fai Ng, and Wai Kit Ma
Contents
9.1
9.2

Introduction............................................................................................ 207
Epidemiology of ketamine misuse and ketamine-associated
cystitis...................................................................................................... 208
9.3 Clinical symptomatology and urological damages.......................... 209
9.3.1 Pathophysiology of bladder damage....................................... 213
9.3.1.1 Urine cytology findings............................................. 213
9.3.1.2 Urinary bladder histology......................................... 213
9.3.1.3 Animal studies on effect of ketamine on bladder.......216
9.3.2 Ketamine damage on the kidney and related animal
studies...........................................................................................216
9.3.3 Ketamine damage on ureter..................................................... 217
9.3.4 Blood inflammatory biochemical markers............................ 217
9.4 Pathophysiology of street ketamine uropathy: Discussion............. 218
9.5 Management of street ketamine uropathy......................................... 220
References......................................................................................................... 222

9.1 Introduction
Ketamine is a nonbarbituate phencyclidine derivative that has been used
as a dissociative anesthetic in both human and veterinary medicine since
1971. Ketamine was first synthesized in the United States in 1962 (Domino
et al. 1965). Due to its relative hemodynamic stability, ketamine was generally accepted in the 1980s as a safe anesthetic without long-term adverse
effects (Reich and Silvay 1989; Shorn and Whitwam 1980). It was considered an ideal “battlefield anesthetic,” popularized during the Vietnam
War (Malchow and Black 2008) and is authorized as a medicine in at least
60 countries including the United States and the European Union (World
Health Organization 2012).
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Ketamine is both water and lipid soluble and allows administration by
many routes. Intramuscular, intravenous, subcutaneous, oral, nasal, and
rectal administration are prescribed therapeutically and are utilized for
both recreational and nonmedical ketamine misuse (Jansen 2000; Reich
and Silvay 1989; Sinner and Graf 2008). It is rapidly absorbed when administered through the intramuscular (1–5 min), nasal (5–10 min), and oral (15–
20 min) routes. Extensive first-pass metabolism in the liver and intestine
is largely accountable for the low bioavailability of ketamine when given
orally (17%) or rectally (25%). The bioavailability after nasal, intravenous,
and intramuscular administration is approximately 50%, 100%, and 93%,
respectively (Malinovsky et al. 1996). Upon administration, ketamine is
converted to norketamine via biotransformation in the liver, which is then
eliminated via the hepatic route into conjugated hydroxyl metabolites to be
excreted renally. Ketamine (5–11 days), norketamine (6–14 days), and dehydronorketamine (10 days) can be detected in the urine within a fortnight
after administration (Adamowicz and Kala 2005; Parkin et al. 2008).

9.2 Epidemiology of ketamine misuse
and ketamine-associated cystitis
Ketamine has been misused as a hallucinogen for almost 30 years owing
to it producing an effect similar to that of phencyclidine but with a much
shorter duration (Siegel 1978). Ketamine affects the perception of body,
time, surroundings, and reality, producing a “psychedelic” state of mind
that resembles schizophrenic psychosis. It can cause a dose-related high
and a biphasic effect on anxiety, but tolerance to the effects of ketamine
develops (World Health Organization 2012).
Ketamine has a more prominent place as an anesthetic in human
medicine in developing countries such as Ethiopia, Nigeria, Tanzania,
and Benin (World Health Organization 2012), where the facilities are much
poorer, leading to an increase in the prevalence of ketamine abuse. As this
problem may differ from region to region and can be underestimated,
ketamine has not been classified as a scheduled drug in the Conventions
of United Nations. On the basis of the 2008 World Health Organization
questionnaire for the preparation of the 35th Expert Committee on Drug
Dependence, 16 out of the 64 countries that responded to the questionnaire, with an emphasis on East and Southeast Asia and South America,
reported harmful ketamine use. In Australia, 1.1% of the general population have used ketamine at least once in their lifetime (World Health
Organization 2012). Recent data from Monitoring the Future Study (2011)
from the United States reported an annual prevalence of 0.8%, 1.2%, and
1.7% for school students in the 8th, 10th, and 12th grade, respectively
(Johnston et al. 2011).
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In Hong Kong, ketamine is the most common substance of abuse
among teenagers since 2001 (Narcotics Division, Security Bureau, the
Government of Hong Kong Special Administrative Region of the People’s
Republic of China 2014). The national survey data in Taiwan (2004–2006)
revealed ketamine as the second commonly used illegal drug among middle and high school students (Chen et al. 2009).
Cystitis, bladder dysfunction, and, in severe cases, secondary renal
damage have been reported in chronic ketamine abusers since 2007 (Chu
et al. 2007, 2008; Shahani et al. 2007).
In a large case study in Hong Kong involving 284 ketamine abusers, 188 of the subjects had been admitted acutely to the Accident and
Emergency Department (acute cases), while 96 presented chronically
to the outpatient clinics (chronic cases). While urinary symptoms were
only present in 60 of 188 acute cases (32%), 88 of the 96 chronic cases
(92%) displayed urinary symptoms such as dysuria, urgency, frequency,
urge incontinence, decreased bladder volume, and painful hematuria
(Chan 2012). Similar findings were also reported by a group of toxicologists in the United Kingdom (Kalsi et al. 2011).
According to a recent systemic review, 110 documented reports of irritative urinary tract symptoms from ketamine dependence exist. Urinary
symptoms have been collectively referred to as “ketamine-induced ulcerative
cystitis” or “ketamine-induced vesiculopathy” (Middela and Pearce 2011).

9.3 Clinical symptomatology and
urological damages
The detrimental effects of ketamine on the urinary tract are acknowledged
as a clinical syndrome being that of a small, painful bladder, incontinence,
and upper tract obstruction with or without papillary necrosis (Chu et al.
2007; Shahani et al. 2007; Wood et al. 2011). The first index case in the literature was a 28-year-old Canadian man who presented with a 6-month
history of painful hematuria, dysuria, urgency, and post-micturition pain
(Shahani et al. 2007). Since then, numerous case series have been published
worldwide on this new clinical entity, including Hong Kong (Chu et al. 2008;
Mak et al. 2011; Ng et al. 2010; Tam et al. 2014), Taiwan (Chiew and Yang
2009; Huang et al. 2008; Tsai et al. 2009), United Kingdom (Selby et al. 2008),
Belgium (Colebunders and Van Erps 2008), Malaysia (Ho et al. 2010), and
Spain (Garcia-Larrosa et al. 2012). Termed “ketamine-associated cystitis,”
“ketamine-induced ulcerative cystitis,” or “ketamine-induced vesiculopathy,” this syndrome is characterized primarily by symptoms of lower urinary tract irritation related to ketamine use among young adults. Further
studies of this entity confirmed the involvement of organs beyond the
bladder, where the symptoms are composed of a spectrum of urinary tract
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damage ranging from mild cystitis changes on endoscopy (Chu et al. 2008)
to obstructive uropathy and kidney injury (Selby et al. 2008). This condition
is considered to be a classical bladder pain and LUTS (lower urinary tract
symptoms) syndrome (frequency, urgency, nocturia, dysuria, or hematuria) with cystitis and a contracted bladder that is associated with ketamine
abuse, which ensues without other known causes such as bacterial infection, stone disease, or neurogenic problems. Painful frequent small-volume
voids is the classical chief complaint of the affected ketamine abusers.
A total of around 500 cases have been reported in the literature to
date, with the largest series reported from Hong Kong (Chu et al. 2008;
Ng et al. 2010; Tam et al. 2014). The true prevalence of ketamine-associated
vesiculopathy or uropathy, however, is underdetermined because of
underreporting and reluctance of ketamine abusers to seek medical consultation. In an online self-reporting cross-sectional survey carried out
in the United Kingdom, among the 1285 people reporting ketamine use
within the last 12 months, 340 (26.6%) participants reported experiencing
at least one urinary symptom (Winstock et al. 2012). In 2012/2013, it was
estimated that around 120,000 individuals had misused ketamine in the
United Kingdom (Advisory Council on the Misuse of Drugs 2013), indicating that the true number of ketamine abusers affected by various degrees
of urinary symptoms stretches beyond the reported series.
A comprehensive investigation pathway has been established in urology centers pioneering in the study of this syndrome (Chu et al. 2008).
This includes symptom documentation and quantification by questionnaires, blood tests (routine renal and liver function), urine tests (culture
and toxicology), urinary system ultrasonography, uroflowmetry study,
flexible cystoscopy, video urodynamic study, and computed tomography
for severe cases with possible upper tract involvement. Symptoms were
documented with standardized frequency/voiding charts and the pelvic
pain and urgency/frequency (PUF) symptom scale. This questionnaire
comprises seven questions concerning daytime and nighttime frequency,
pelvic or urological pain and its severity, and urgency and its degree of
severity, and has been validated and used in screening and diagnosing
patients with interstitial cystitis (Parsons et al. 2002). It includes a symptom
score and a bother score, totaling a maximum of 35 points. In view of the
clinical and histopathological resemblance between interstitial cystitis and
ketamine-associated cystitis (Ma et al. 2008), centers in Hong Kong adopted
the PUF symptom scale as an assessment tool for symptom quantification
in ketamine-associated cystitis patients. The Chinese version of the PUF
symptom scale has been validated, and correlations with the symptomatology and investigation results were evaluated (Ng et al. 2012). In a series of
50 patients with a mean age of 24 years and a mean duration of ketamine
abuse of 4.7 ± 2.8 years, the prevalence of urinary symptoms was as follows: urinary urgency, 92%; frequency, 84%; nocturia, 88%; dysuria, 86%;
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and hematuria, 68%. The same study suggested that higher mean PUF total
scores were noted in patients with positive cystoscopic, urodynamic, and
ultrasonographic investigation results, and a higher PUF score was associated with smaller bladder capacity. The cutoff value of 17 is suggestive of
more serious urological sequelae: endoscopically confirmed cystitis (83%
vs. 47%), detrusor instability (48% vs. 0%), vesicoureteric reflux (14% vs. 0%),
poor bladder compliance (48% vs. 0%), and hydronephrosis (37% vs. 0%). In
a more recent Hong Kong series involving 318 ketamine abusers with a
mean duration of 81 months of ketamine use, the mean voided volume was
111 mL and the mean bladder capacity was 152 mL, with a mean bladder
emptying efficiency of 73% (Tam et al. 2014). In more severe patients, the
typical voided volume can be less than 50 mL, and they are napkin dependent because of severe urge incontinence. In an earlier large series in which
videocystometrogram had been performed in 47 patients (Chu et al. 2008),
the mean cystometric bladder capacity was 154.5 mL (range, 14–600 mL),
with 51% (24) of the patients having a bladder capacity of ≤100 mL. Most of
the patients showed a decreased bladder compliance or detrusor overactivity of different magnitudes at a very low bladder infusion volume (as low
as 14 mL). Thirteen percent (6) of the patients showed vesicoureteral reflux
as a secondary event to the severely contracted bladder with high detrusor
pressure. This finding correlated well with the symptoms of these patients,
in that both the functional and cystometric bladder capacities were markedly decreased, causing them to have very frequent small voids.
Cystoscopy examination aims to reveal if there is any inflammation
and cystitis change endoscopically, and the cause of hematuria, if any
(Figure 9.1). However, because of the small, painful bladder, this procedure is not well tolerated by patients with severe symptoms if performed
under local anesthesia. To date, the largest series on cystoscopic findings
on ketamine abusers is from Hong Kong involving 42 patients, in which

(a)

(b)

Figure 9.1 Cystoscopic views showing severe cystitis with erythematous and
irregular inflamed bladder mucosa in a 26-year-old patient abusing ketamine for
7 years (a) compared to normal healthy mucosa (b).
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30 had cystoscopy under local anesthesia while the others had cystoscopy
and transurethral resection biopsy under regional or general anesthesia
(Chu et al. 2008). All patients showed various degrees of epithelial inflammation of the bladder and neovascularization. Severe cases showed petechial
hemorrhages, as classically described in patients with interstitial cystitis.
Histological evidence indicated mucosal ulceration, striking urothelial reactive atypia, lamina propria inflammation with predominant lymphocyte
infiltration, and a variable number of eosinophil cells. Ultrastructural examination by electron microscopy revealed the existence of querciphylloid muscle cells (vacuoles at the periphery of muscle cells). This feature has also been
found in interstitial cystitis. In another UK series involving 17 patients with
cystoscopy and bladder biopsies performed, a significant number with urothelial atypia mimicking carcinoma in situ were identified (Oxley et al. 2009).
Marked urothelial atypia was seen in the biopsy specimens of 12 patients
with nuclear enlargement and loss of polarity. Immunohistochemistry for
CK20, p53, and Ki67 was performed in 10 cases, in which high expression of
p53 was present in 9 cases and that of Ki67 in 6 cases. None of the biopsy specimens, however, showed CK20 expression in the atypical urothelium, which
would be against carcinoma in situ. In addition, squamous metaplasia, nephrogenic metaplasia, and calcification have been described. The histopathological findings have great implications to its underlying pathophysiology, as
the mechanism of chronic interstitial inflammation by ketamine metabolites
is the main area of ongoing research.
Imaging of the urinary tract in severe ketamine cystitis patients typ
ically reveals a small, contracted bladder with a thickened wall, with
or without secondary upper tract changes like ureteric narrowing and
hydroureteronephrosis. In a radiological review of 36 patients, 8% and
19% had unilateral and bilateral hydronephrosis, respectively (Yeung et
al. 2012). Bilateral ureteral narrowing was demonstrated in 14% of the
patients. A small number of patients had renal stones and bladder stones
detected; 11% of patients had episodic or continuously elevated serum creatinine levels. Eleven percent had a percutaneous nephrostomy for acute
renal failure or tight ureteric strictures. In the series by Chu and Ma, four
patients were found to have ultrasonographic evidence of papillary necrosis while two of them had acute papillary necrosis with para-aortic lym
phadenopathy and a thickened ureteric wall, suggestive of marked ongoing
transmural inflammatory changes. The radiological investigation protocol for such young patients should emphasize the need to minimize radiation doses. A stepwise approach may begin with an ultrasonography to
look for evidence of urinary tract obstruction, renal parenchymal disease,
and thickened bladder wall. Depending on features of significant obstruction and presence of renal impairment, further investigation may include
an intravenous urogram, as it involves a lower radiation dose by computed tomography (McTavish et al. 2002), as the holding up of contrast can
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provide information on presence of radio-opaque renal stones, hydronephrosis, papillary necrosis, ureteric stricture, and significant obstruction.
The dose–symptom relationship between ketamine use and symptomatology occurrence has been established. In a large United Kingdom
online questionnaire series, 1285 people reporting use of ketamine within
the last 12 months were studied. It was found that higher typical doses
(>1 g) were associated with significantly higher rates of experiencing
burning or stinging when passing urine (χ2 = 37.95, P < 0.001), frequency of
urination (χ2 = 78.29, P < 0.001), lower abdominal pain (χ2 = 39.0, P < 0.001),
blood in the urine (χ2 = 6.52, P = 0.038), and leakage of urine (χ2 = 7.44, P =
0.024) (Winstock et al. 2012).

9.3.1 Pathophysiology of bladder damage
The exact pathophysiology that leads to all the symptoms and clinical
findings in the urinary tract is hitherto unknown. However, existing evidence points to the following mechanism of pathogenesis—persistent
high concentration of ketamine metabolites in the urine causes chemical irritation to the urothelium, which then stimulates an inflammatory
response. The urinary bladder, being the storage organ for urine before it
is eliminated, has the longest contact time with the “contaminated” urine
and is consequently the first organ in the urinary system to be affected.
Thus, most of the patients present with lower urinary tract symptoms
suggestive of cystitis: frequency (95.2%), urgency (82.7%), dysuria (63.5%),
hematuria (53.8%), and nocturia (87.5%) (Chu et al. 2008). If the chemical
irritation is severe, denudation of the urothelium may occur, leading to
transmural inflammation, loss of muscle thickness, and fibrosis of the
detrusor muscle. This causes poor bladder compliance leading to vesicoureteric reflux or urinary stasis in the ureter and in turn results in chronic
ureteric inflammation and subsequently ureteric stricture.

9.3.1.1 Urine cytology findings
In a series of 104 otherwise healthy ketamine abusers in Hong Kong presenting with lower urinary tract symptoms, 51.9% and 70.2% of patients
had leucocytes and erythrocytes detected in their urine microscopy
examination, respectively (Figure 9.2) (Chu et al. 2008). However, only 12
(14.1%) out of 85 midstream urine cultures were found to be positive for
bacteria. This further reinforced the postulation that most patients were
having a form of nonbacterial cystitis with the inflammatory process elicited by ketamine or its metabolites in urine.

9.3.1.2 Urinary bladder histology
Shahani first reported on the presence of histological eosinophilic cystitis
in four of his ketamine abuse patients where he described an epithelial
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(b)

Figure 9.2 Urine cytology (pap stain, 400×) from a 26-year-old ketamine abuser,
showing the presence of numerous neutrophils (dark arrow) (a). Histiocytes (gray
arrow) are also observed (a and b).

denudation and inflammation with a mild eosinophilic infiltrate (Shahani
et al. 2007). In the bladder biopsies of 42 patients in our series, similar
histology features could be demonstrated, with mixed acute and chronic
inflammatory infiltrates observed in some chronic abusers (Figures 9.3
and 9.4). In severe cases, multiple ulcerations could be seen during cystoscopic examination (Chung et al. 2007). The severity of cystitis both cystoscopically and histologically is apparently dose related. Animal studies
also reported dose-related toxic effects of ketamine on cultures of marmoset bladder epithelial cells and whole rat bladders in vitro (Nemitz et
al. 2002). In rare cases, cystitis glandularis and intestinal metaplasia may
be found in daily ketamine abusers (Figure 9.5). Researchers in the United
Kingdom recently demonstrated histologically that severe bladder pain in

Figure 9.3 Bladder biopsy (hematoxylin and eosin stain, 100×) from a 26-yearold female ketamine abuser. The urothelium (arrow) is denudated with abundant
mixed inflammatory infiltrates in the lamina propria.
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Figure 9.4 Urinary bladder mucosa histology obtained from a 28-year-old man
abusing ketamine for 5 years. (a) Mixed acute and chronic inflammatory infiltrates are seen in the lamina propria (hematoxylin and eosin [H&E] stain, 200×).
Lymphoid follicle is present in the left lower corner. (b) High-power view shows
numerous neutrophils (arrows) in the lamina propria (H&E stain, 400×).

Figure 9.5 Squamous metaplasia (arrows) of the urothelial layer is demonstrated
in the bladder biopsy of a 29-year-old female ketamine abuser (hematoxylin and
eosin stain, 200×).

chronic ketamine abusers may be related to nerve hyperplasia resembling
that of Morton’s neuroma (Baker et al. 2013). When compared to the control
groups of patients with benign bladder conditions, including interstitial
cystitis, stress urinary incontinence, idiopathic neurogenic overactivity, or
prostatic cancer undergoing radical prostatectomy, the ketamine abuser’s
bladder biopsy specimen were found to have prominent peripheral nerve
fascicle hyperplasia with increased nerve growth factor expression.
Researchers from Taiwan demonstrated that the histology of bladder
biopsy specimen from chronic ketamine abuse patients had a markedly
decreased expression of E-cadherin and increased apoptosis when compared to patients with interstitial cystitis or painful bladder syndrome
(IC/PBS) (Lee et al. 2013). E-cadherin is a calcium-dependent glycoprotein,
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which plays a critical role in cell-to-cell adhesion, and previous studies
have demonstrated an association between reduced E-cadherin expression and an increase in visual analogue pain scores in patients with IC/
BPS. The author thus suggested that E-cadherin is associated with bladder
sensation and barrier function. Apoptosis is a stepwise process characterized by a series of stereotypical morphological changes that eventually
lead to cell death, and the authors observed that the apoptotic process was
highly activated in the urothelial cells of the ketamine cystitis specimens.
Moreover, the percentages of apoptotic endothelial cells in these patients
were negatively associated with maximum bladder capacity. The degree
of apoptosis was also related to the symptom severity of ketamine cystitis.

9.3.1.3 Animal studies on effect of ketamine on bladder
Ketamine is known to be absorbable through intraperitoneal injection
in laboratory animals (Flecknell 1998). The Chinese University of Hong
Kong had recently reported the adverse effect of ketamine injected intravenously into monkey and intraperitoneally into mouse (Yew 2010). In
the study, young adult (2-month-old) mice were injected intraperitoneally
with ketamine daily for 3 and 6 months. The controls received a normal
saline dose. Apoptosis in the bladder epithelium was observed initially
in the 3-month group of mice injected with ketamine, where the bladder
showed low mucosal infolding and thinning of muscle in all regions, and
these changes were more apparent in the 6-month group (Tan et al. 2011).
Extensive infiltration of connective tissue was seen in the whole bladder
from lamina propria to the muscle layer. Meng from Taiwan demonstrated
that mice treated daily with intraperitoneal injection of ketamine for 16
weeks demonstrated enhanced noncholinergic contractions and P2X1
receptor expression in the detrusor strip, indicating that the dysregulation of purinergic neurotransmission may underlie detrusor overactivity
in cases of ketamine-induced bladder dysfunction (Meng et al. 2011).

9.3.2 Ketamine damage on the kidney and related animal studies
Papillary necrosis of the kidney as evident by ultrasound and computerized tomogram was found in some ketamine abusers (Figure 9.6) (Chu et
al. 2008). The postulated pathophysiology is acute tubular injury caused by
the toxic concentration of ketamine. Chronic exposure of the kidney keta
mine of higher than therapeutic anesthetic dose leads to chronic tubulointerstitial damage in the inner medulla, causing tubular atrophy. This
may result in largely irreversible interstitial fibrosis (Braden et al. 2005). In
the study by Yeung et al. in 2009, young adult mice were subjected to daily
intraperitoneal ketamine injection for 1, 3, or 6 months, and the kidneys
were examined histologically. Foci of infiltration of mononuclear white
cells were observed in all the ketamine-injected mice near the glomeruli
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Figure 9.6 Ultrasonography showing papillary necrosis of a chronic ketamine
abuser.

or blood vessels (arteries or veins), forming perivascular cuffing (Yeung et
al. 2009). In addition, these mononuclear infiltrations were demonstrated
in the distal and collecting tubules inside the renal medulla in all addicted
cases. Severe degeneration in parts of the kidney was evident in more
than 15% of injected mice. On the contrary, none of the controls (1, 3, and
6 months) had significant infiltration of mononuclear white cells. These
findings also point to the theory of chronic inflammatory changes of the
renal tubules as the cause of subsequent scarring and renal damages.

9.3.3 Ketamine damage on ureter
Fifteen percent of patients in the Hong Kong series of 104 ketamine abusers had either unilateral or bilateral hydronephrosis on ultrasonography
of the kidneys (Chu et al. 2011). In some of the chronic ketamine abusers requiring percutaneous nephrostomy drainage for deranged renal
function, unilateral and bilateral ureteric strictures were found (Figure
9.7) (Chu et al. 2007, 2008), along with the occasional occurence of a thickened ureteric wall and para-aortic lymphadenopathy. Histology of the
resected ureteric stricture revealed transmural edema and inflammation
(Figure 9.8).

9.3.4 Blood inflammatory biochemical markers
In the Hong Kong series of 104 patients, 28% of the male ketamine abusers
had a raised erythrocyte sedimentation rate (ESR, defined as >15 mm/h)
while the ESR of 43.9% of their female counterparts was above normal
(>20 mm/h). The C-reactive protein was raised (>3.6 mg/L) in 39.6% of the
authors’ series (Chu et al. 2011). All these findings further concur with the
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Figure 9.7 Antegrade nephrostogram of a ketamine abuser patient showing a
segment of ureteric stricture at the L3/4 level.

(a)

(b)

Figure 9.8 Histology of left ureter from a 31-year-old man with ketamine abuse
resulting in ureteric stricture (a) with a diffuse denudation of the epithelium
(hematoxylin and eosin [H&E] stain, 40×). The lamina propria is edematous and
congested. (b) The muscularis propria layer shows mild fibrosis (H&E stain, 100×).

idea of intense inflammatory reaction triggered by the presence of keta
mine or its metabolites in contact with the urothelium.

9.4 Pathophysiology of street ketamine
uropathy: Discussion
Although the exact pathogenesis of urogenital system damage by keta
mine abuse is still unknown, contemporary clinical, biochemical, and histological evidence, together with findings from laboratory animal studies,
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all point to an initial acute inflammatory reaction of the urothelium to
toxic concentration of ketamine and its metabolites. In the initial series
of nine Canadian patients described by Shahani et al. (2007), bladder
biopsies obtained from four patients showed histologic features primarily characterized by marked changes in the epithelium and lamina propria with granulation tissue formation and fibrosis, which appeared to
be distinct from what has been described as classic eosinophilic cystitis
attributed to other causes. These features were echoed in the subsequent
series of 59 patients from Hong Kong in which 42 patients had bladder
biopsies showing various degrees of epithelial inflammation of the bladder and infiltrates that are composed predominantly of lymphocytes
and a variable number of eosinophil cells (Chu et al. 2011). Case reports
with similar histologic findings have been described in different countries since then. Another recent series of 17 ketamine abusers from the
United Kingdom had bladder biopsies done showing urothelial atypia
so marked as to mimic carcinoma in situ (Oxley et al. 2009). All these
histopathological features suggested that the primary event occurring in
ketamine-associated cystitis is the action of a metabolite of ketamine at
high doses on the urothelium, leading to inflammatory changes. Upon
chronic exposure, interstitial fibrosis sets in. The urinary bladder, being
the storage organ for urine, is usually the first to be damaged by ketamine.
This results in bladder contracture with poor compliance displaying all
the clinical symptoms of a diminished functional bladder capacity. Due
to the difficulty of obtaining a transmural thickened sample of the bladder for histological examination in human patients, animal studies are
the best way to prove the above postulation. From Yew’s study of mice
urinary bladder after intraperitoneal injection of ketamine for 6 months,
severe fibrosis and a comparatively small amount of detrusor muscle
fibers were reported (Yew 2010). The clinical finding of a thickened bladder wall but a shrunken bladder on computed tomography examination
of these patients is the result of the thinning of the detrusor muscle and its
replacement by a severely fibrotic suburothelial layer. Due to the presence
of a poor compliant bladder, urinary stasis occurs in the ureters, causing
transmural inflammatory changes that result in ureteric stricture. A case
report from the United Kingdom demonstrated the presence of ureteric
intestinal metaplasia in a patient with 12 years of daily ketamine abuse
presenting with bilateral ureteric stricture (Hopcroft et al. 2011). In addition to the obstructive uropathy caused by ureteric stricture, ketamine
affects the kidneys directly, causing acute or chronic tubulo-interstitial
damage to a different extent that results in nephron loss. Another earlier case report revealed reversible hydronephrosis owing to precipitation
of ketamine metabolites in the ureters and acute renal failure requiring dialysis (Selby et al. 2008). Ketamine does not usually precipitate in
the pelvicalyceal systems, and the presence of a higher cumulative dose
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may therefore be crucial. It is important to note that the hydronephrosis
resolved during the patient’s hospital stay when ketamine administration
was terminated.
Recently, a rare case of germ cell tumor of the urinary bladder in a
31-year-old female chronic ketamine abuser was reported (Mui et al. 2014).
However, the correlation between ketamine abuse and the formation
of a urinary bladder malignancy had not been previously documented
(Hopcroft et al. 2011).

9.5 Management of street ketamine uropathy
The presence of predominant irritative symptoms in young adults or
adolescents associated with chronic ketamine abuse, with or without
hematuria, formed the basis for the diagnosis of ketamine-associated
cystitis. Therefore, diagnosis of ketamine-associated cystitis is usually
quite straightforward and is mainly focused on assessing the severity of
symptom and the degree of urinary tract damage. An initial noninvasive
investigation approach may help improve the compliance of patients and
build up rapport between patients and the health care provider (Tam et
al. 2014). However, the management of the condition remains a great challenge to urologists. The difficulty in management is attributed not only to
the relatively unclear pathophysiology but also to complex psychosocial
factors in patients on a case-by-case basis. Therefore, the simple management of the condition as a pure physical disease will usually result in an
unsatisfactory outcome or relapse of the condition.
A full explanation about the condition, including the symptoma
tology, the association with ketamine usage, and potential serious irreversible consequences, will help patients understand their situation and
hence increase their motivation to cooperate and comply with condition
management. While the underlying pathophysiology is still under investigation, the clear linkage with ketamine usage made abstinence the cornerstone in the management. Many reports have shown that ketamine
abstinence led to symptom improvement (Chen et al. 2011; Shahani et al.
2007). Unfortunately, complicated psychosocial backgrounds and poor
personal coping skills have greatly affected the success of detoxification
in many patients. Therefore, a joint approach of management involving
family members, health care providers, social workers, and even government input will help improve the success of detoxification (Tam et al. 2014;
Wood et al. 2011).
As pathological findings from many series suggested the inflammatory basis of the condition (Chen et al. 2009; Shahani et al. 2007), antiinflammatory agents including both nonsteroidal anti-inflammation
drugs and COX-II inhibitors are frequently used in the initial management of these patients (Tam et al. 2014; Tsai et al. 2009). Depending on the
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degree of dysuria and pelvic pain, additional analgesics such as phenazopyridine, paracetamol, and narcotic analgesics may lead to better pain
control. As ketamine itself is a type of analgesic and sedative agent, some
patients will experience an increase in pain during initial detoxification,
driving them back to ketamine consumption. Therefore, a short period of
intense analgesia would help overcome the discomfort related to detoxification and increase the chance of success.
A majority of patients are reported to experience marked irritative
urinary symptoms. For patients with a positive urine culture, a course of
appropriate antibiotics may help control some of the symptoms. While
anti-inflammatory agents and analgesics may relieve some of the irritative symptoms secondary to cystitis, anticholinergic agents may also be
used to help symptom control. However, some of the patients were found
to have diminished bladder-emptying efficiencies as suggested by relatively large post-void residual volume (Tam et al. 2014), and the use of anticholinergics may lead to difficulty in passing urine and worsening of the
symptom. Therefore, we strongly recommend assessing post-void residual
urine before the commencement of anticholinergic treatment. Moreover,
as some patients try to decrease fluid intake in order to decrease urinary
frequency, advice on the possibility of constipation after treatment should
be given.
As the damage of the glycosaminoglycan layer was one of the proposed pathophysiology of ketamine-associated cystitis (Middela and
Pearce 2011), an attempt to repair this protective layer was proposed as
a treatment option, along with oral pentosan polysulfate (Elmiron) and
intravesical instillation of hyaluronic acid (Cystitstat). All reports suggested symptom improvement after usage of these agents (Chen et al.
2011; Shahani et al. 2007; Tsai et al. 2009).
For patients with hydronephrosis, invasive intervention may be
needed to preserve renal function. The causes of hydronephrosis include
ureteric reflux secondary to detrusor overactivity or a poor compliance
bladder, and ureteric stricture related to ketamine usage (Chu et al. 2007,
2008). Intravenous urogram and computerized tomogram would help
identify the level of ureteric obstruction. A urodynamic study would provide information about the function of the lower urinary tract and help
determine whether the hydronephrosis is secondary to urinary reflux or
high voiding pressure. For patients with hydronephrosis secondary to
reflux, urethral catheter placement may help alleviate the problem, though
this is not well tolerated in all patients. For patients with hydronephrosis
secondary to ureteric stricture, temporary bilateral nephrostomy insertion
would be needed to protect kidney function till definitive management,
but the presence of cystitis may cause difficulty in ureteric stenting as
well as low tolerance in patients. Though the definitive management plan
for ureteric stricture would follow the same approach for other ureteric
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strictures, the frequent association of small contracted bladder may limit
the choice of reconstruction.
While abstinence and medical therapy may help the majority of
patients improve their urinary symptom, some patients will still have
significant residual symptoms (Cheung et al. 2011). In severe cases, the
residual symptom is probably related to fibrotic changes in the bladder
secondary to prolonged inflammation. For these patients with a contracted
bladder, augmentation cystoplasty may be needed to counteract this irreversible damage. While the surgical principle would be the same as for the
augmentation of contracted bladders of other etiologies, one should bear
in mind potential problems related to ketamine usage during the counseling. Ng et al. (2013) report the outcome of four patients with augmentation
cystoplasty performed for contracted bladders secondary to ketamine
usage. While the patients abstained from ketamine usage before surgery,
all of them resumed usage at different stages after surgery. Three of them
developed serious complications, including renal failure, convulsion, and
ureteric strictures. One of the possible causes for the rapid development of
complications was the recirculation of ketamine and its metabolites in the
body in relation to the intestine used for augmentation. Therefore, careful
selection of patients and repeated emphasis on the maintenance of abstinence are important steps before surgery.
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10.1 Background and literature search
The harmful consequences of ketamine abuse in the lower urinary
tract were first reported in a 2007 case study of nine patients in Canada
(Shahani et al. 2007). At about the same time, similar observations were
made in the United Kingdom and Hong Kong (Chu et al. 2007; Selby et al.
2008). These case studies spurred a series of reports centering on lower
urinary tract changes in humans. As of May 2014, a search of the PubMed
databaseusing the keywords “ketamine” and “bladder” or “urinary tract”
yielded more than 300 publications. After screening, only those concerning bladder and lower urinary tract (patho)physiology were included in
the discussion here. In total, 36 relevant studies involving humans and 6
involving laboratory animals were identified.

10.2 Human studies
Table 10.1 lists the relevant reports involving human subjects or human tissue samples. Summarized in this table are diagnostic methodologies and
major pathophysiological findings among the different studies, together
with the number of subjects and the average duration of ketamine use.

10.2.1 General characteristics of research
methodology and clinical findings
Most of the studies documented the number of subjects, their age, and
gender information. The majority of ketamine abusers were in their early
20s to 30s, with men being more prevalent. Duration of ketamine usage
was the most common determinant of the severity of drug use, with only
two of the studies reporting daily dosage (Chang et al. 2012; Tsai et al.
2009). Interestingly, both of them (Chang et al. 2012; Tsai et al. 2009) make
up only a handful of studies listing data from individual subjects. (The
other examples being Huang et al. 2014, Mason et al. 2010, Misra et al.
2014, and Oxley et al. 2009.) Where appropriate, correlation analyses were
applied for these studies. (Refer to Section 10.2.3.)
In the urine of virtually all ketamine users tested, no bacterial culture was found. Another feature shared among a predominant number
of studies (and subjects) listed in Table 10.1 was the presence of lower urinary tract symptoms (LUTS), which was often the very reason the subjects
were recruited or admitted in the first place. Ketamine-associated LUTS
may include increased frequency, urgency, urge incontinence, dysuria,
bladder pain, and hematuria (Bokor and Anderson 2014; Skeldon and
Goldenberg 2014). In many of the studies concerned, whether the individual subjects possessed one or more of the LUTS was not considered in
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conjunction with the specific LUT pathophysiological finding. Such information would have enabled the examination of any correlation between
presenting LUTS and underlying pathophysiological mechanisms. A
large-scale retrospective study documented the percentage of patients
admitted to hospital accident and emergency departments with each of
the different LUTS, although no LUT pathological data were recorded
(Ng et al. 2010). Knowing how LUTS of individual subjects relate to LUT
pathology would add much value to our understanding of ketamineassociated toxicity.
All studies employed one or more diagnostic techniques in determining the pathophysiological characteristics of the LUT. Morphological
aberration of the bladder such as bladder trabeculation and diverticulum
was visible as well (Chen et al. 2012; Wei et al. 2012). The most popular
imaging method used was computed tomography (CT) (in 11 studies), followed by ultrasound (US) (in 9 studies), intravenous urography (IVU) (in
5 studies), and magnetic resonance imaging (MRI) (in 2 studies). The rationale behind the choice of imaging modality, or if imaging was performed
at all, was not explicitly mentioned by the investigators. Neither was it
explained why subsets of patients in the same study were subjected to different imaging methods, such examples as in Chang et al. (2012), Mason
et al. (2010), and Misra et al. (2014). On the other hand, it was not uncommon in single case reports where the patient was diagnosed with more
than one imaging method (e.g., in Chiew and Yang 2009, Jenyon and Sole
2013, and Shahzad et al. 2009). As revealed in the report of Mason et al.
(2010), the use of one imaging method might not be sufficient in identifying abnormality in the LUT. In addition, imaging was best combined with
other techniques in order to reach the correct diagnosis, as demonstrated
by Misra et al. (2014) where inflamed bladder could sometimes be missed
if only CT or US was performed without cystoscopy.
Cystoscopy was used in more occasions than imaging in identifying
LUT pathology as shown in Table 10.1. Bladder inflammation and ulceration were common among ketamine users. While imaging could reveal
a smaller than normal bladder size, urodynamics study provided a
more quantitative measurement of bladder capacity. Among studies that
reported, bladder capacity of ketamine users could be as low as 14 mL
as compared to the normal volume of approximately 500 mL. A number
of studies (Chiew and Yang 2009; Chu et al. 2008; Lee et al. 2013; Misra
et al. 2014; Shahani et al. 2007) explicitly described fibrosis of the bladder wall, decreased bladder compliance, or bladder rigidity, which could
contribute to small bladder capacity. Monitoring the urodynamics also
enabled bladder overactivity to be seen, as demonstrated in nearly all of
the studies concerned. The final LUT characteristic commonly observed
among ketamine users was bladder wall thickening, best demonstrated
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by staining of biopsy samples. This phenomenon could be a result of
bladder inflammation and proliferation, the latter being of notable interest since metaplasiaand atypia were reported by a few (Jalil and Gupta
2012; Mason et al. 2010; Misra et al. 2014; Oxley et al. 2009; Shahani et al.
2007).

10.2.2 Is bladder carcinoma a manifestation
of chronic ketamine use?
While squamous metaplasia in the bladder was observed in a small number of ketamine users (of unknown duration of usage) (Jalil and Gupta
2012; Shahani et al. 2007), which might be suggestive of malignant development, only one confirmed case of yolk sac tumor that metastasized to
the para-aortic lymph node was reported thus far (Mui et al. 2014). This
case involved a patient presented twice to a clinic; the first time 7 years
after she started taking ketamine, and the second time a further 5 years
later (Mui et al. 2014). On the first visit, urothelial metaplasia was revealed
by bladder biopsy, whereas a yolk sac tumor was identified on the second
visit (Mui et al. 2014). The only other published case of ketamine-related
bladder carcinoma was reported by Storr (2009), in which a lung cancer
patient was put on ketamine for its analgesic effect. Because of the existing medical condition of this latter patient, and since the carcinoma in this
case occurred only 7 months into ketamine treatment, it remained to be
determined if a causal link exists between prolonged ketamine use and
bladder carcinoma.
In other reports that recruited long-time ketamine users, that is, those
with 10 or more years of use as listed in Table 10.1, most did not describe
the appearance of carcinoma or carcinoma-like phenomenon. Urothelial
atypia was observed in some studies that recruited short- to long-time
ketamine users (Mason et al. 2010; Misra et al. 2014). It was not clear
whether these atypia cases came from the long-time users since individual
data were not revealed (Mason et al. 2010; Misra et al. 2014). Nevertheless,
the lack of cytokeratin 20 (CK20) was found to be distinct from what was
expected in true urothelial dysplasia and carcinoma (Mason et al. 2010;
Misra et al. 2014). In particular, elevated CK20 expression was considered
a signature marker of bladder (urothelial) carcinoma, although high levels of p53 and Ki67 were also suggestive of potential malignancy (LopezBeltran et al. 2014). Accordingly, carcinoma was ruled out for samples with
no CK20 expression (Mason et al. 2010; Misra et al. 2014; Oxley et al. 2009).
In a study where only cases of urothelial atypia (but with an unknown
ketamine usage duration) were examined, the lacked CK20 expression
was observed in all cases, while that of Ki67 and p53 was variable (Oxley
et al. 2009). Therefore, existing information fails to establish a relationship
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between ketamine use and carcinoma just yet. Possibly, closer monitoring
of the atypia cases over an extended period is necessary if any malignant
progression is to be spotted. Meanwhile, other markers may be employed
to better distinguish nonmalignant atypia from carcinoma, for example,
with CD44 staining, which, unlike CK20, was absent in carcinoma (LopezBeltran et al. 2014).

10.2.3 Correlation analyses concerning ketamineassociated pathological outcomes in humans
Based on available data of individual subjects in selected studies, analyses were performed in order to reveal any correlation that was present
between various pathological parameters.

10.2.3.1 Atypia markers, inflammatory infiltration,
and bladder ulceration
In several studies mentioned earlier, Ki67 and p53 expression was measured in assessing cases of urothelial atypia. In one report (Oxley et al.
2009), in addition to Ki67 and p53, inflammatory cell (eosinophil) infiltration and bladder ulceration were also documented for each subject.
Correlation analysis was performed and results are shown in Table 10.2. A
strong and significant positive correlation (r = 0.870; P < 0.0001) was present, as expected, between eosinophil presence and ulceration. Although
Ki67 and p53 were present in all subjects, no significant correlation was
found between the two, nor was any correlation identified between ulceration or eosinophil presence and the atypia markers. Studies with a larger
sample size and with normal subjects inclusive will aid in the determination of any correlational relationship between ulceration/inflammation
and atypia.

Table 10.2 Correlation Analysis of Data from 10 Ketamine Abusers:
Relationships among the Levels of Ki67 and p53 Expression and Presence of
Eosinophils and Bladder Ulceration
Ulceration
Ulceration
Eosinophil
Ki67

Eosinophil

Ki67

p53

0.870a (0.00001)

0.102 (0.779)
0.102 (0.779)

−0.167 (0.645)
−0.167 (0.645)
0.408 (0.242)

Note: Nominal values (1 = high, −1 = low to medium) were used to represent the expression
levels of Ki67 and p53 in the analysis. On the other hand, nominal values (1 = yes,
−1 = no) were used to indicate whether eosinophils and ulceration were present.
Values shown are Spearman correlation coefficients; P values are in parentheses.
a Significant correlation (i.e., P < 0.05).
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10.2.3.2 Gender, duration of ketamine usage,
and bladder pathology
As shown in Table 10.1, the three prominent aspects of bladder pathology, namely, inflammation, wall thickening, and small capacity, were
reported by many groups. The correlation between inflammation and
ulceration, potentially also with atypia markers, was shown after analyzing the data by Oxley et al. (2009). In another study (Huang et al. 2014),
where pathological data of the individual subjects were available, correlation analysis was performed among five parameters: gender, duration of ketamine usage, bladder inflammation, wall thickening, and
small capacity, and the results are summarized in Table 10.3. No gender–
durationof use correlationwas present. Appearance of bladder inflammation and bladder wall thickening was also not related to gender or
duration of ketamine use. While bladder inflammation did not necessarily yield a small bladder, incidence of the latter was positively correlated
with bladder wall thickening (r = 0.500; P = 0.008). That a larger volume
occupied by the thickened (and more rigid) bladder wall would render
the intravesical volume smaller than normal was intuitive. The interesting finding here was that bladder inflammation and wall thickening
did not correlate. It is possible that a more quantitative comparison, for
example, using inflammatory cell count and numerical measurement
of wall thickness, may give a better picture of the relationship between
these parameters.

Table 10.3 Correlation Analysis of Data from 27 Ketamine Abusers:
Relationships among Gender, Duration of Ketamine Usage, and Bladder
Pathology (Including Inflammation, Wall Thickening, and Small Capacity)
Gender
Gender
Duration
Inflammation
Wall thickening

Duration

Inflammation

−0.128
(0.524)

−0.135 (0.502)
0.102 (0.611)

Wall
thickening

Small
capacity

0.053
(0.792)
0.092
(0.646)
0.316
(0.108)

−0.213
(0.286)
0.185
(0.356)
0.158
(0.431)
0.500a
(0.008)

Note: Nominal values (1 = male, −1 = female) were used to represent the two genders.
Presence of the particular bladder pathology was represented by nominal values of
1 = yes and −1 = no. Values shown are Spearman correlation coefficients; P values are
in parentheses.
a Significant correlation (i.e., P < 0.05).
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10.2.3.3 Bladder and upper urinary tract pathology
In the same study (Huang et al. 2014), upper urinary tract (UUT) pathological parameters such as ureter wall thickening and hydronephrosis
were also examined. These abnormal UUT features may correlate with
the development of bladder pathology. In Table 10.4, results from correlation analysis among bladder wall thickening, ureter wall thickening,
and hydronephrosis are shown. There was no correlation at all (r = 0.000;
P = 1.000) between thickening of bladder and ureter wall, though not surprisingly, a strong correlation was found between ureter wall thickening
and hydronephrosis (r = 0.791; P < 0.0001), probably attributed to the proximity of these UUT structures. The authors of this study (Huang et al.
2014) did not specify whether different portions of the ureter wall were
distinguished when determining the presence of thickening. It will be
interesting to examine if there is correlation between the thickening of
bladder and distal ureter wall, and likewise between hydronephrosis and
proximal ureter wall thickening. If the onset of LUTS is taken into consideration besides duration of ketamine usage, a clearer understanding
on the progression of ketamine-associated urinary tract pathology will
be plausible.

10.2.3.4 Ketamine dosage, onset of LUTS, and hydronephrosis
Whereas most published reports documented ketamine usage in terms
of duration, two studies considered ketamine dosage instead (Chang et
al. 2012; Tsai et al. 2009). In both of these studies, the onset of LUTS and
Table 10.4 Correlation Analysis of Data from the Same 27 Ketamine Abusers
Referred to in Table 10.3: Relationship between Bladder and UUT Pathology

Gender Duration
Gender
Duration
Bladder
wall
thickening
Ureter wall
thickening

−0.128
(0.524)

Bladder
wall
thickening
0.053
(0.792)
0.092
(0.646)

Ureter wall
thickening
−0.107
(0.592)
−0.200
(0.316)
0.000
(1.000)

Hydronephrosis
0.017 (0.933)
−0.297 (0.132)
0.079 (0.695)

0.791a (0.000001)

Note: Bladder wall thickening was used to compare the presence (represented by nominal
values of 1 = yes and −1 = no) of UUT pathology, including ureter wall thickening and
hydronephrosis. Values shown are Spearman correlation coefficients; P values are in
parentheses.
a Significant correlation (i.e., P < 0.05).
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Table 10.5 Correlation Analysis of Data from 31 Ketamine Abusers in
Two Studies: Relationships among Gender, Ketamine Dosage, Onset of
LUTS, and Hydronephrosis
Gender
Gender
Dosage
LUTS
onset

Dosage

LUTS onset

Hydronephrosis

−0.00380
(0.984)

0.167 (0.368)

−0.367 (0.05)

0.081 (0.665)

0.117 (0.545)
0.345 (0.067)

Note: Nominal values (1 = male, −1 = female; and 1 = with hydronephrosis, −1 =
without hydronephrosis) were used to represent the nonnumerical parameters. Values shown are Spearman correlation coefficients; P values are in
parentheses.

hydronephrosis were reported, which might provide some insight into the
progression of ketamine-associated urinary tract pathology. Results of the
correlation analysis are shown in Table 10.5. Overall, no significant correlation was found among the different parameters, but two interesting
observations can be made. First, the data suggested a borderline correlation between females and hydronephrosis (r = −0.367; P = 0.05). However,
when data from another study (Huang et al. 2014) documenting hydronephrosis were pooled together, the correlation coefficient was closer to zero
(r = −0.172) with a P value of 0.204, indicative of no meaningful relationship between gender and hydronephrosis. The second observation was
regarding the onset of LUTS, which showed a tendency of negative correlation with hydronephrosis (r = −0.345; P = 0.067). If data from a larger
patient group yield a similar and statistically significant result, it may
suggest that kidney damage occurs before LUTS becomes observable.
Assuming LUTS are the outcomes of underlying bladder pathophysiological problems, it is possible that a negative correlation also exists between
bladder pathology (e.g., inflamed bladder, thickened bladder wall) and
onset of LUTS. A similar methodology employed by Chang et al. (2012)
and Tsai et al. (2009) extends to identifying bladder pathological features
that may reveal their relationships with the onset of LUTS.

10.3 Laboratory evidence complementary to
clinical findings with new implications
Ever since the observation of LUTS in humans, numerous laboratory
studieshave been conducted aiming to, first, establish a valid animal
model of ketamine abuse and, second, examine features and underlying mechanisms of ketamine-associated LUT toxicity. Both rats and mice
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having undergone chronic ketamine treatment have been used as tools
to mimic pathological changes observed in human bladders. A consensus on the dose and duration of ketamine treatment is yet to be reached,
with ranges (in human equivalent doses) between 1 and 8 mg/kg over a
treatment period from 0.5 to 6 months having been reported (Chuang et
al. 2013; Gu et al. 2013; Kekesi et al. 2011; Meng et al. 2011; Tan et al. 2011;
Tang et al. 2014). Nevertheless, notable findings concerning histological,
functional, and molecular characteristics of the animal bladders provide
vital information that may assist in clinical diagnosis and management.
In the bladders of human ketamine users, it is common to observe
thinning or shedding of the urothelium and inflammatory cell infiltration. These distinct features were also reproduced in both rat (Chuang
et al. 2013) and mouse (Tan et al. 2011) models. Interstitial fibrosis and a
hardened, rigid bladder have been reported explicitly in humans (Chiew
and Yang 2009; Misra et al. 2014; Shahani et al. 2007). Similar observations
were made in the animal studies as well, as evidenced by increased collagen deposits within the bladder wall (Tan et al. 2011). Apoptosis was
apparent in the ketamine-treated mouse bladder (Tan et al. 2011), a finding
echoed by Lee et al. (2013), which showed that urothelial apoptosis was
more prominent in the bladders of ketamine users than in those of other
cystitis patients. Furthermore, there was negative correlation between
apoptosis and bladder capacity (Lee et al. 2013), in line with the observation of small bladder volume also found in animals (Chuang et al. 2013;
Kekesi et al. 2011; Meng et al. 2011).
Functionally, the decrease in bladder capacity is likely attributable to
poor bladder compliance, as observed in humans and in animals. A trend
of decreasing bladder compliance was demonstrated as ketamine treatment prolonged in rats (Chuang et al. 2013) and in mice (Meng et al. 2011).
Nonvoiding contractions also became more frequently (Chuang et al.
2013), which corresponded with overactive bladder symptoms in humans
(Table 10.1). Characteristics of bladder contractions were examined further
in the mouse models (Meng et al. 2011; Tang et al. 2014). While the amplitudes of K+, carbachol, and electrically stimulated contractions did not differ between untreated and ketamine-treated bladders (Meng et al. 2011;
Tang et al. 2014), response times were slower in the latter tissues (Tang et
al. 2014). Recovery times after induction of electrically stimulated contractions were also slower in ketamine-treated bladders (Tang et al. 2014). In
a study of ketamine-treated rat bladders, the expression of phosphorylated transgelin was increased (Gu et al. 2013). Since transgelin is involved
in contraction development, increased levels of the phosphorylated form
may render less of the active protein to be involved in initiation of a contractile response, as demonstrated by the slower response times in mice
(Tang et al. 2014). Changes in the expression levels of other proteins were
also reported in ketamine-treated rat bladders although their implications
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are yet to be determined (Gu et al. 2013). Studying the proteomic characteristics in human ketamine users may reveal key information about the
underlying mechanisms of impaired bladder function.
Although bladder contraction occurs primarily under the influence
of cholinergic neurotransmission, the role of noncholinergic neurotransmitters, namely, ATP, may be increased in ketamine-associated bladder
dysfunction. Using ATP as a stimulus, contraction was more pronounced
in the ketamine-treated bladder (Meng et al. 2011), and a similar effect
was observed when the atropine-sensitive component of electrical stimulation was abolished (Meng et al. 2011). The change in contractility may
be explained by the increased expression of P2X1 receptor after ketamine
treatment (Meng et al. 2011). Expression of other purinoceptor subtypes,
for example, P2X3 (Cockayne et al. 2000), may also be increased, contributing to increased bladder pain experienced by human ketamine users.
In another study, ketamine-treated rat bladders showed higher expression of cyclo-oxygenase 2 and endothelial and inducible nitric oxide synthase, the activity of which results in the production of inflammatory
and pain mediators (Chuang et al. 2013). It is worth mentioning that in a
number of patients, bladder pain was so severe that cystoscopy could not
be performed (Chen et al. 2011; Tsai et al. 2009). It was also revealed in
humans that ketamine use resulted in decreased E-cadherin expression
in the bladder (Lee et al. 2013), suggesting disintegration of the urothelium–
urine barrier, increased exposure to urine by nerve endings, and, thus,
increased pain sensation. The findings of increased expression of pain- and
inflammation-related proteins in the bladders of ketamine-treated animals
are therefore worth validating in humans, which may provide a new direction in the development of better clinical management strategies.

10.4 Concluding remarks
Since 2007, many useful findings have been reported from both human and
animal studies concerning LUT damages induced by ketamine. However,
current intervention measures remain less than optimal, both in the alleviation of LUTS and in the preservation of bladder function. For example,
it is not uncommon to resort to cystectomy and enterocystoplasty as a last
treatment option for some patients (Chung et al. 2013). It is of great clinical interest to the concerned patients if further research can lead to better treatment or management strategies. Investigation into relationships
between onsets of LUTS, bladder pathology, and UUT pathology may
yield important findings concerning progression of ketamine-associated
urinary tract damage, noting that vesicoureteric reflux as reported in
some of the studies (e.g., Ho et al. 2010; Lee et al. 2013; Ng et al. 2012;
Selby et al. 2008) arises from small bladder capacity (Middela and Pearce
2011). Accumulation of ketamine metabolites may elicit their respective
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toxic effects (Middela and Pearce 2011), and this postulation needs to be
examined further in laboratory studies. Animal models of ketamine also
provide an ideal platform for monitoring duration- and dose-dependent
progression of tissue damages and for screening of potential drug candidates. It is envisaged that with more clinical and animal studies conducted, significant progress can be made with regard to management
strategies of LUTS and the associated tissue damages.
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11.1 Introduction to postmortem toxicology
Postmortem toxicology involves application of analytical toxicology measurements to postmortem tissues or fluids for purposes of identifying and
quantifying any drugs, drug metabolites, or toxins present and interpreting the extent to which those compounds may have been contributory to
the death of the individual. Postmortem toxicology is complex, involving
significant challenges that are both analytical and interpretive in nature.1
Analytically, the challenge is primarily associated with the accurate
determination of the drugs and metabolites that may be relevant to the
death investigation. Postmortem blood and tissues are often significantly
degraded, which leads to substantial matrix effects in chromatography and mass spectrometry. Accordingly, stringent sample preparation
approaches based on multistep solvent extraction or solid-phase extraction (SPE) are required.
Interpretation of analytical results requires consideration of a variety
of factors.1,2
1. The nature of the samples assayed is critical in terms of assessment
of toxicity (i.e., urine drug concentrations correlate poorly with toxicity, while blood drug concentrations are a much better indicator of
toxicity).
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2. The site of collection of specimens (e.g., blood or liver) can have significant consequences on the measured concentrations of drugs and
their metabolites, as a result of postmortem redistribution (PMR)
processes that result in temporal and site-dependent differences in
blood or liver drug concentration. For example, peripheral blood
samples (e.g., femoral blood) and samples of liver collected from the
deep segments of the right lobe are preferred in order to minimize
this effect.3
3. Pharmacological factors such as the potential for development of tolerance to drug effects and specific toxic symptoms associated with
particular physiological systems (e.g., central nervous system or cardiovascular system) must be considered.
4. The potential influence of drug interactions on the overall toxicity
observed must also be considered.
5. The stability of drugs and drug metabolites in the postmortem environment must be considered, where the impact of postmortem interval (prior to autopsy) and sample storage and handling, are relevant
parameters.

11.2 Analysis of ketamine and metabolites
in biological samples
Identification of ketamine and its metabolites in biological tissues has
been established.4–10 Ketamine (pKa ~ 7.5) and its metabolites norketamine
and dehydronorketamine are weakly basic and therefore may be isolated
in a standard basic drug screen, which isolates such compounds for analysis by LC/MS/MS or GC/MS. Extraction of ketamine and metabolites
has been achieved using liquid–liquid extraction4,8–10 and SPE.7 A variety of tissues have been used in these applications, including blood,4,8–10
urine,5 liver,4,8,9 kidney,4,8,9 hair,6 bone marrow, and bone.7 One study has
examined the stability of ketamine and metabolites in blood and serum.11
The authors showed that ketamine and its metabolites were generally
stable to decomposition at −80°C, −20°C, 4°C, and ambient temperatures,
but dehydronorketamine may display a tendency to diffuse into blood
cells.

11.3 Relevance of ketamine to
postmortem toxicology
In addition to its various therapeutic applications, which include anesthesia,12 and its more recent candidacy as a potential drug of interest in
treating depression,13 ketamine has established itself clearly as a drug of
abuse. From the perspective of the recreational user, the effects of interest
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include dissociation, depersonalization, and hallucinations described as
feelings of lightness and out-of-body experiences (also referred to as the
so-called K-hole14). Tolerance, dependence, and indicia of withdrawal,
including flashbacks, may occur with long-term users.9 Distortions of
perceptions and schizotypal symptoms and perceptual distortions
may persist after cessation of ketamine use.15 Ketamine overdose can
result in a variety of toxic sequelae, including both excessive cardiovascular stimulation (elevated heart rate and blood pressure) and dosedependent respiratory depression.4 This latter property becomes critical
in postmortem investigations involving drugs of abuse, since it is not
uncommon to observe polypharmacy in those instances. Accordingly,
central nervous system depressants, including ethanol, opioids, and
benzodiazepines may contribute in an additive or synergistic fashion
to enhance respiratory depression and cause death where individual
drug concentrations are lower than those associated with fatality when
observed alone.
In postmortem toxicological analyses, drugs of abuse are commonly
detected and found to be contributory to death, although ketamine has
not been widely associated with fatal intoxications. Reports of postmortem toxicological analysis where ketamine was detected are not common, and those found in the peer-reviewed literature are summarized in
Table 11.1.4 From these studies, it appears that deaths caused exclusively
by ketamine overdose are quite rare. Lalonde and Wallage10 reported
two postmortem cases where ketamine was detected in both central
(heart) and peripheral (femoral) blood. In one of those cases, death was
attributed to ketamine intoxication and ketamine concentrations in
heart blood and femoral blood were 6.9 and 1.8 mg/L, respectively. In
this case, as has been reported elsewhere,16 it is clear that differences
in measured blood ketamine concentrations may be observed depending on the anatomic site of selection, suggestive of PMR. The propensity
of the ketamine metabolites (norketamine and dehydronorketamine)
toward PMR is not clear at this time. Accordingly, as is the practice in
many forensic toxicology laboratories, sampling of peripheral blood for
analysis is advised.
Another important factor in the assessment of the role of ketamine
in postmortem toxicology is the potential for incurring injury or physical harm while under the influence of ketamine. The reduction in
awareness and perceptual distortions that accompany the dissociative
effects of ketamine have been suggested to put users at risk of dangerous falls, impaired driving, or drowning.17 The impairing effects may
be significantly enhanced when ketamine is coadministered with other
psychoactive drugs, including, but not limited to, ethanol, THC (cannabis), cocaine, or amphetamine-related drugs (e.g., methamphetamine,
MDMA).
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Table 11.1 Summary of Ketamine-Related Fatalities

Report
Moore et al.4

Licata et al.8

Peyton et al.9

Lalonde and
Wallage10

Ketamine concentration
1.8 mg/L (B)
2.0 mg/L (U)
4.3 mg/kg (Br)
6.1 mg/kg (Spl)
4.9 mg/L (L)
3.6 mg/kg (K)
27.4 mg/L (B)
8.5 mg/L (U)
15.2 mg/kg (Bile)
3.2 mg/kg (Br)
6.6 mg/kg (L)
3.4 mg/kg (K)
Case 1:
7 mg/L (B)
6.3 mg/kg (L)
3.2 mg/kg (K)
1.6 mg/L (Lung)
2.4 mg/L (H)
Case 2:
3.0 mg/L (B)
0.8 mg/L (L)
0.6 mg/L (K)
0.8 mg/kg (Spl)
4.0 mg/kg (Br)
2.2 mg/kg (Lung)
3.5 mg/kg (H)
Case 1:
1.8 mg/L (FB)
6.9 mg/L (HB)
Case 2:
0.6mg/L (FB)
1.6 mg/L (HB)

Notes
Mixed-drug fatality
EtOH—170 mg/dL

Single fatality
Norketamine detected in all
specimens but not quantified

Case 1: Fatal intravenous
ketamine overdose
Case 2: Ketamine was
administered as an anesthetic
in treatment of a gunshot
wound

Case 1: Ketamine-related
fatality
Case 2: Ketamine was
incidental to death

Note: B, blood; Br, brain; FB, femoral blood; H, heart; HB, heart blood; K, kidney; L, liver;
Spl, spleen; U, urine.

11.4 Conclusions and summary
Cases of fatal ketamine toxicity are relatively rare. Nonetheless, fatal keta
mine overdoses have been reported in the literature, with blood ketamine
concentrations of 1.8 mg/L or greater being associated with fatal toxicity.
It is important to note that ketamine may be susceptible to PMR, implying
that peripheral postmortem blood samples are the preferred matrix for
analysis where possible. Additionally, ketamine toxicity may be subject
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to tolerance, leading to some overlap between blood ketamine concentrations associated with fatalities and those observed where ketamine
use was incidental to the death. Finally, since ketamine causes respiratory depression at high doses, coadministration of other central nervous
system depressants (e.g., ethanol, opiates, or benzodiazepines) as is often
observed in cases involving drugs of abuse, may lead to enhanced respiratory depression and death at lower blood ketamine concentrations than
may be observed in cases where ketamine alone was administered.
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12.1 Introduction
Depression is a worldwide and heterogeneous disorder with severe health
and socioeconomic consequences (Kessler et al. 2003). Despite years of
research and efforts to develop effective treatments, available antidepressant medications have serious limitations, including a low rate of treatment response (i.e., just one in three respond to the first medication, and
only up to two in three respond to multiple medications) (Trivedi et al.
2006). Moreover, there is an average time lag of 3–4 weeks before a therapeutic effect is observed, which is a serious problem given the high rate of
suicide in patients with depression. Thus, there is a critical and still unmet
need to identify and test novel drug targets for mood disorders in order to
develop more effective medications.
Ketamine is a voltage-dependent, high-affinity, noncompetitive N-
methyl-d-aspartate (NMDA) receptor antagonist that inhibits the flux of
cations (such as Ca2+ and Na+) in the presence of the coagonists glutamate and glycine. The racemic mixture (i.e., equal amounts of the S(+)and R(−) isomers) of ketamine has been approved for the induction and
maintenance of anesthesia via intramuscular or intravenous administration and has been marketed worldwide since the 1970s. The World Health
Organization has listed ketamine as a core medicine (i.e., a minimum
medical requirement for a basic health care system) for both adults and
children. As ketamine has a short systemic half-life of just 180 min and
is extensively metabolized in the liver, which results in a high first-pass
effect, this drug is not suitable for oral delivery.
The package insert for ketamine describes the drug as an approved
anesthetic for diagnostic and surgical procedures and that an intravenous
bolus injection of 1–2 mg/kg within 1 min can rapidly induce anesthesia
that lasts for 5–10 min. This prescribed application has been linked to several dissociative reactions, which can occur on emerging from anesthesia.
However, ketamine still remains a desirable anesthetic because of its short
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half-life and the lack of associated respiratory depression (Clemens et al.
1982). Over the past 40 years, ketamine has been administered as an anesthetic worldwide to several million people and has a good safety profile
(Lahti et al. 2001; White et al. 1982).

12.2 Ketamine exerts a rapid and robust
antidepressant effect in depressed patients
Converging lines of evidence suggest that major depression is associated
with abnormalities in glutamatergic synaptic transmission (Sanacora et al.
2008) resulting in a loss of synaptic plasticity in the mood and emotion
circuits (Kavalali and Monteggia 2012; Lee et al. 2012). As a glutamatergic
NMDA receptor (NMDAR) antagonist, ketamine has been widely studied,
showing rapid and robust antidepressant responses, which occur within
hours and that are possibly mediated by changes in glutamate transmission (Berman et al. 2000; Maeng et al. 2008; Zarate et al. 2006b). Moreover,
the antidepressant properties of ketamine have been observed in patients
who are resistant to two or more of the other typical antidepressants (i.e.,
they are considered to have treatment-resistant depression [TRD]). The
identification of a rapid-acting, efficacious antidepressant with a completely different mechanism of action is a significant development for the
treatment of depression. This therefore represents an exciting prospect
for improving the outcome of depressed patients and thus leads to a completely new approach with regard to the way that mental health services
are delivered.

12.3 Efficacy of ketamine in TRD
and bipolar depression
Many small clinical studies and case reports have found that slow subanesthetic infusions of ketamine (at 0.5 mg/kg over a period of 40 min) provide
effective antidepressant properties, even in patients who have previously
responded poorly to conventional antidepressant drugs (Diazgranados et
al. 2010a; Ibrahim et al. 2011; Zarate et al. 2006a). In selected patients, the
antidepressant effects of ketamine have been shown to last for 4–7 days
after a single dose infusion, and they can be maintained for several weeks
with repeated infusions (Murrough et al. 2013b). Interestingly, the antidepressant effects of a single dose persist significantly longer (i.e., for
approximately 5 days) than the half-life of ketamine (i.e., approximately
3 h). Ketamine has a rapid onset of efficacy of within a few hours and
its effect is both robust and clinically meaningful in patients with TRD
or bipolar depression. Nearly two-thirds of all patients respond and onethird achieve remission within just 1 day.
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The adverse effects of ketamine, including dissociation and hallucinations, were exposed in early trials that include unblinding of both the test
subjects and the clinicians involved. However, in a recent study, a single
dose of ketamine was compared with the short-acting benzodiazepine,
midazolam, which was used as an active placebo. The ketamine treatment group exhibited a greater improvement in the Montgomery–Asberg
Depression Rating Scale (MADRS) score than the midazolam group
within 24 h after treatment (Murrough et al. 2013a).
An open-label study was also used to test whether a repeated dose of
ketamine could sustain the single-dose response. The study started with
just 10 subjects (aan het Rot et al. 2010) and then added 14 more (Murrough
et al. 2013b), to give a total of 24 subjects with TRD. Subjects initially went
through a washout period when they took no antidepressant medication; they were then administered with up to six intravenous infusions of
ketamine at 0.5 mg/kg over 40 min, and three times a week over a 12-day
period. At the end of the study, the overall response rate was 71%. Among
responders, the median time to relapse after the last ketamine infusion was
18 days. Patients responding to the first ketamine administration (n = 17)
all responded to the consecutive treatments, whereas those who did not
respond to the first administration and who completed the six intravenous
infusions study (n = 4) consistently failed to respond. This multiple-dose
study suggested that the initial antidepressant response can be maintained with multiple doses. However, there was significant variability in
the duration of response, confirming previous evidence observed in the
single-dose studies (Ibrahim et al. 2012; Mathew et al. 2010; Zarate et al.
2006a). The data suggested that there seems to be a subset of subjects who
are able to sustain the response for several weeks to months after the last
dose of ketamine, which might indicate that individualized ketamine
treatment frequencies might be required to maintain the clinical benefit
over longer periods. On the whole, studies whereby ketamine was administered open-label showed the highest interindividual variability in the
duration of response (Ibrahim et al. 2012; Mathew et al. 2010; Murrough
et al. 2013b). In this situation, longer-term placebo-controlled studies are
needed to investigate this approach further.
In studies on bipolar disorder, patients were initially treated with lithium or valproate for 4 weeks before dosing with ketamine (Diazgranados
et al. 2010a). The relapse rates were similar in subjects on either lithium
or valproate and were also comparable to those reported during the TRD
study with ketamine monotherapy.

12.4 Effects of ketamine on suicidal ideation
Interest regarding the effect of ketamine on suicidal ideation has also been
generated. Although such patients were excluded from initial randomized
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controlled trials (RCTs), ketamine was reported to quickly reduce suicidal
ideation scores on the depression rating scales (Berman et al. 2000; Zarate
et al. 2006a). This has been replicated in two open-label trials of patients
with major depressive disorder (MDD) and in one RCT of bipolar patients
(Diazgranados et al. 2010a; Price et al. 2009; Zarate et al. 2012), demonstrating the robust and rapid antisuicidal effect of ketamine. Diazgranados et
al. (2010b) gave 33 TRD subjects a single infusion of ketamine (at 0.5 mg/
kg). Patients were rated at baseline, and then at 40, 80, 120, and 230 min
postinfusion using the scale for suicide ideation (Beck et al. 1979). Scores
significantly decreased within 40 min of ketamine infusion and remained
low for up to 4 h postinfusion. In another study, early antisuicidal effects
(i.e., within 1 day) were found with ketamine, and these effects remained
significant for several weeks (aan het Rot et al. 2010). Repeated ketamine
infusions also reduced the suicidality ratings but only as long as the duration of the 12-day repeated infusion trial (Price et al. 2009). In addition,
a study investigating the efficacy of intravenous ketamine in the emergency room showed beneficial results, but this study was not without
its flaws, most notably the lack of a control group (Larkin and Beautrais
2011). However, these original studies have led the way for further work to
explore the effect of ketamine on suicidal ideation in more detail.
More recent studies have provided us with clinical evidence to suggest that ketamine exerts a rapid antidepressant effect in affective disorders and it appears to reduce suicidal ideation. The studies to date have
shown that the effect of ketamine peaks at 24 h postinfusion and in general lasts for 1–2 weeks. Clearly, maintaining the transient antidepressant
response of ketamine is required. Additionally, the psychotomimetic side
effects of ketamine and the concerns regarding abuse potential of this
drug make the long-term clinical use of ketamine unfeasible. Mechanistic
insights are thus urgently required in order to produce a similarly acting
agent without the associated safety issues.

12.5 Ketamine’s safety profile
Ketamine has been used as an anesthetic since 1963, and it is considered to
have a very good medical safety profile (Morgan et al. 2012; Strayer and Nelson
2008). However, limited data regarding its chronic or long-term use are available. Ketamine has a wide therapeutic range and patients have recovered
fully after receiving even 10 times the normal dose (Perry et al. 2007).
Ketamine appears to have a similar safety profile in patients with mood
disorders as it does in healthy volunteers: the most common adverse events
reported from depression studies include perceptual disturbances, drowsiness, dizziness, confusion, and elevations in blood pressure and pulse; however, these are usually resolved shortly after the end of the infusion period
(Diazgranados et al. 2010a; Ibrahim et al. 2011; Murrough et al. 2013a).
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12.5.1 Adverse events associated with short-term
use of ketamine at subanesthetic doses
In a series of studies in 469 healthy volunteers, ketamine was reported to
be associated with short-lasting, dose-dependent psychosis/dissociative
effects after a single administration of a subanesthetic dose. These side
effects were shown to be reversible upon the cessation of drug administration (Perry et al. 2007). However, the adverse effects of ketamine sedation/
dissociation require careful monitoring and observation of subjects during the period of drug administration and up to 1 h after the completion of
exposure. No evidence of ketamine abuse or psychiatric problems related
to single-dose ketamine exposure has been found in follow-up (i.e., up to
6 months) data collected.

12.5.2 Adverse events associated with chronic use of ketamine
Much of the literature regarding chronic ketamine use is derived from
ketamine abusers rather than from clinically treated patients. Frequent
ketamine users (i.e., those who take the drug more than 5 times per week)
exhibit both short- and long-term memory impairments. This might be
attributed to the dosages used by street users being at a much higher
level than those prescribed for TRD treatment (Morgan and Curran 2006).
Fortunately, the memory impairments seem to be reversible, as they were
not found in 30 ex-ketamine users who were abstinent for at least a year.
The infrequent or recreational use of ketamine does not appear to be associated with long-term cognitive impairments.

12.5.3 Ketamine combined with electroconvulsive therapy
Electroconvulsive therapy (ECT) is generally considered to have a more
rapid onset of action than standard antidepressant agents, and it is a
highly effective treatment of unipolar and bipolar depression (Weiner
2001). The data regarding the onset time of ECT antidepressant action suggest that a range of five to seven treatments within approximately 3 weeks
are required to significantly ameliorate the severity of symptoms (Nobler
et al. 1997). This is considerably longer than the onset of the antidepressant
effect of ketamine. One of the most promising aspects of ketamine is that
even patients resistant to ECT may benefit from ketamine administration
(Ibrahim et al. 2011; Zarate et al. 2006a).
Considering that ketamine is a licensed anesthetic agent, it is reasonable to question whether ketamine coadministration can expedite the
antidepressant action of ECT. Interestingly, ketamine anesthesia has been
used with ECT for more than 40 years (Brewer et al. 1972; Green 1973),
and more recent preliminary evidence suggests that ketamine anesthesia
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may improve seizure duration relative to other common anesthetic agents
used in ECT (Krystal et al. 2003; McDaniel et al. 2006). However, the direct
antidepressant effects of ketamine have not been considered as a potential
benefit to the use of ketamine in these studies.
Two uncontrolled studies have shown that depression scores decrease
faster during ECT in patients given ketamine than those given propofol or
thiopentone (Kranaster et al. 2011; Okamoto et al. 2010). However, an RCT
with either thiopental alone or thiopental plus ketamine (at 0.5 mg/kg) for
anesthesia did not appear to either enhance or expedite the antidepressant effect of ECT (Abdallah et al. 2012).

12.5.4 Antidepressant-like behavioral effects
of ketamine in rodents
Since 2002, the antidepressant effect of ketamine has been widely inves
tigated in a number of preclinical studies with animal models. For
example, it was shown that acute administration of a single dose of keta
mine produced antidepressant-like behavior in rodents. The protracted
period used for these experiments, which lasted from a few days to several weeks, was considered to resemble the time course required for the
clinical effects of ketamine to take place (Maeng et al. 2008; Yilmaz et
al. 2002).

12.5.5 Forced swimming test
The forced swimming test (FST) is the most frequently used behavioral test
for assessing depressive-like behaviors in rodents. Mice and rats placed in
cylinders containing water rapidly become immobile, as demonstrated by
either floating passively or making only the few movements necessary to
remain afloat. On the basis of an immobility response induced by inescapable exposure to stress, the FST has strong predictive validity because
short-term administration of antidepressant compounds such as tricyclic
compounds, monoamine oxidase inhibitors, selective serotonin reuptake
inhibitors (SSRIs), and atypical antidepressants has been shown to reduce
the immobility response time during the FST (Cryan et al. 2005b).
A single administration of ketamine may produce an acute reduction in immobility during the FST, which occurs shortly after injection.
Although the majority of these studies used a 10-mg/kg dose of ketamine,
subanesthetic doses of 10–50 mg/kg ketamine have also been reported to
exert antidepressant-like effects in the FST (Garcia et al. 2008b; Iijima et al.
2012; Li et al. 2011). A few studies, on the other hand, failed to detect any
acute antidepressant-like effects after administration of ketamine in mice
or rats when using the FST (Bechtholt-Gompf et al. 2011; Popik et al. 2008).
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One feature of the pharmacology of ketamine that is distinct from
other, commonly used antidepressants is that it produces protracted
antidepressant-like behavioral actions, which persist for at least several
days after administration. These protracted effects have been reported to
persist for various lengths of time ranging between 8 days and 2 weeks
(Garcia et al. 2008a; Ma et al. 2013; Maeng et al. 2008; Yilmaz et al. 2002).
Interestingly, the antidepressant-like effects of ketamine can still be observed
in the FST, 2 months after the cessation of a 15-day ketamine treatment in
adolescent rats (Parise et al. 2013). Consistent with this result, other studies have used a 10- or 12-day dosing regimen to establish longer-lasting
antidepressant-like effects of chronic ketamine in the FST (Akinfiresoye
and Tizabi 2013; Tizabi et al. 2012). Only one study evaluating these protracted effects of ketamine failed to observe this effect (Lindholm et al. 2012).
Chronic stress has been shown to facilitate detection of the
antidepressant-like effects of ketamine in the FST (Koike et al. 2013). There
are also some differences in the strain of rats used, with regard to their
sensitivity to ketamine. For example, Wistar rats are insensitive to the
antidepressant-like properties of ketamine at low doses (i.e., 2.5 to 5 mg/kg)
after chronic treatment. In contrast, Wistar–Kyoto (WKY) rats have been
shown to be extremely sensitive to the ketamine-induced reduction in FST
immobility (Tizabi et al. 2012). WKY rats have a high baseline immobility
level in the FST, allowing for a greater sensitivity to compounds. Moreover,
these rats are a genetic model of pathological depression and anxiety
(Solberg et al. 2004; Will et al. 2003), which might provide them with an
enhanced sensitivity to the antidepressant-like effects of ketamine. Finally,
WKY rats are insensitive to SSRIs (López-Rubalcava and Lucki 2000; Will
et al. 2003), indicating that ketamine is active under conditions where conventional antidepressants are ineffective. This feature makes the WKY rat
a useful strain to assess novel compounds resembling ketamine.

12.5.6 Tail suspension test
The tail suspension test (TST) is a less stressful test of behavioral despair
than the FST and involves mice that are suspended from their tail (Cryan
et al. 2005a; Steru et al. 1985). Using the TST, ketamine was shown to
reduce behavioral despair in mice acutely, with studies reporting a reduction in immobility time of as little as 30 min (Cruz et al. 2009; Koike et al.
2011a; Mantovani et al. 2003; Rosa et al. 2003) and up to 24 h (Koike et al.
2011b) after a single administration.
The most effective dose of ketamine in the TST is approximately
30 mg/kg. ICR mice were shown to be sensitive to ketamine as they continued to exhibit reduced immobility at 72 h after treatment (Koike et
al. 2011b). Furthermore, a lower dose of ketamine (10 mg/kg) was also
shown to be effective in reducing TST immobility, which was increased
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by chronic mild stress (CMS) 48 h after ketamine administration (Ma et
al. 2013). In contrast, two other studies have indicated that the acute reduction in immobility by higher doses of ketamine (i.e., 50 and 160 mg/kg) is
not maintained 1 week later in mice (Bechtholt-Gompf et al. 2011; Popik et
al. 2008). These data suggest that the TST is most valuable in measuring
the more immediate antidepressant actions of ketamine. However, exposure to stress might increase the sensitivity to ketamine in the TST.

12.5.7 Sucrose preference test
Sucrose consumption is widely used to assess anhedonia in rodents and
it is sensitive to chronic stress and antidepressant treatment. Repeated
administration of ketamine for 7 days was shown to reverse the decrease
in sucrose consumption in CMS rats. However, it should be noted that
this dosing regimen also increased sweet food consumption in both
stressed and nonstressed rats (Garcia et al. 2009). Moreover, administration of 0.5 mg/kg for 10 days significantly increased sucrose consumption in WKY rats (Akinfiresoye and Tizabi 2013). A dose of 10 mg/kg
ketamine also significantly increased sucrose consumption at 1, 3, 5, and
7 days after administration in rats (Li et al. 2011) and at 4, 6, and 8 days
after administration in the CMS mouse model (Ma et al. 2013), suggesting
the possibility of protracted effects of ketamine on this behavior. These
data support the use of the sucrose preference test (SPT) as a sensitive
screening test for rapid-acting antidepressant-like drugs including keta
mine. However, in another study, the consumption of sugar pellets in rats
exposed to CMS was not altered by ketamine treatment (Rezin et al. 2009).

12.5.8 Novelty-suppressed feeding
Exposure to a novel environment produces an anxiety-like phenotype
in rodents known as hyponeophagia. In the novelty-suppressed feeding (NSF) and novelty-induced hypophagia tests, the latency to feed is
increased and the amount of food consumed is reduced in a novel environment. NSF requires acute food deprivation for 24 h before testing,
whereas novelty-induced hypophagia utilizes an 8- to 10-day training
period without deprivation. Hyponeophagia is an anxiety-related test that
is reliably attenuated after chronic, but not acute, administration of antidepressant agents (Dulawa and Hen 2005).
Ketamine was shown to reduce the latency to eat within hours after
administration. The effective dose of ketamine in this task varied across
studies, with 30 min and 24 h reported after 5–10 mg/kg (Carrier and
Kabbaj 2013; Li et al. 2010) and 30 mg/kg (Iijima et al. 2012), respectively,
but all tests led to a reduced latency to feed in the novel environment.
Moreover, 10 mg/kg ketamine successfully reduced the latency to eat in
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the novelty-induced hypophagia just 1 h after administration (Burgdorf
et al. 2013). More protracted effects of ketamine (3 mg/kg) were observed
48 h after administration in mice exposed to CMS, although it did not
reduce feeding latency in nonstressed mice (Autry et al. 2011).
Together, these data suggest that hyponeophagia is highly sensitive to a
single dose of ketamine. The fact that ketamine also rapidly produces anxiolytic effects whereas conventional antidepressants require chronic treatment
for weeks agrees with a more rapid onset of clinical effects. As patients with
TRD exhibit more comorbid anxiety than those with treatment-responsive
MDD, the usefulness of measuring ketamine in anxiety tests should be
noted.

12.5.9 Locomotor activity
The antidepressant-like effects of ketamine are frequently measured in conjunction with spontaneous activity, as increased locomotor activity may
produce false-positive effects in the aforementioned behavioral tests.
Ketamine (at 5–15 mg/kg) has been reported to produce hyperactivity within 10 min after intraperitoneal injection (da Silva et al. 2010). In
addition, repeated ketamine (50 mg/kg) administration has been suggested to sensitize rats to its hyperactive effects (Popik et al. 2008). In
contrast, the majority of studies did not find hyperactivity after ketamine
administration. A reduction of open-field behavior was observed in rats
within 30 min after administration of 50 mg/kg ketamine (Engin et al.
2009) and within 1 h after 10 and 25 mg/kg ketamine treatment (Gigliucci
et al. 2013). In addition, a single dose of ketamine did not alter locomotor activity beyond 30 min postinjection in either rats (Akinfiresoye and
Tizabi 2013; Réus et al. 2011; Tizabi et al. 2012; Yang et al. 2012) or mice
(Lindholm et al. 2012). Moreover, chronic use of low-dose ketamine did
not alter the locomotor activity in adult rats (Garcia et al. 2008b; Ma et al.
2013). However, hyperactivity was displayed in adolescent but not adult
rats after chronic ketamine use (Parise et al. 2013).
Overall, these data suggest that it is important to assess changes in locomotor activity to identify and eliminate the involvement of any potential
locomotor effect in the behavioral responses to ketamine administration.

12.5.10 Chronic mild stress
Exposure to CMS (i.e., a series of stressors in an unpredictable sequence
over a prolonged period) induces depressive behavior in rodents. The
CMS model satisfies most of the criteria of validity for an animal model
of depression and it produces a number of behavioral changes in rodents
thought to resemble features of depressed patients (Willner 1997, 2005).
The behavioral and molecular alterations induced by CMS are reversed
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by conventional antidepressants after treatment for several weeks. In
contrast, acute administration of ketamine has been shown to reverse
the behavioral and physiological changes induced by CMS in rats within
hours, and this was maintained after chronic ketamine administration
(Garcia et al. 2009; Parise et al. 2013). For example, the reversal of CMSinduced depressive-like phenotypes (evaluated by the FST, NSF, and SPT)
has been reported by use of ketamine in stress-naïve mice (Autry et al.
2011). Consistent with these findings, two similar studies have indicated
an increased sensitivity of CMS-exposed mice to ketamine (Li et al. 2011;
Ma et al. 2013). Taken together, the CMS model is the most consistent and
possibly the most valid method of examining the antidepressant-like
effects of ketamine in preclinical studies.

12.5.11 Learned helplessness
The learned helplessness (LH) model of depression produces escape
deficits in rodents exposed to unpredictable and uncontrollable stress
(Seligman et al. 1980). This is a popular model of depression as it possesses
good validity and induces a number of endophenotypes that can be
assessed in other behavioral tests, including the FST and NSF. Repeated
routine treatment with antidepressants was reported to reverse the coping behavior deficits in rats and mice (Caldarone et al. 2000; Shanks and
Anisman 1988). In contrast, an acute single dose of ketamine (10 mg/kg)
was reported to reverse the coping behavior deficits within 30–60 min
(Beurel et al. 2011; Koike et al. 2011b) and 24 h after treatment (Li et al. 2010;
Maeng et al. 2008). Furthermore, ketamine at a lower dose (i.e., 3 mg/kg)
was reported to exert antidepressant-like effects in the LH model, in mice
exposed to CMS (Autry et al. 2011).

12.6 Preclinical and clinical trials to sustain
the antidepressant effects of ketamine
Strategies to sustain the rapid antidepressant effects of ketamine primarily
focus on repeated infusions, usually administered on alternate days over an
extended period. The ketamine repeated infusion protocol was evaluated
preclinically by Parise et al. (2013) in adolescent male rats (postnatal day
35) receiving two ketamine injections (at doses of 0, 5, 10, or 20 mg/kg), 4 h
apart, 1 day after the FST. Separate groups exposed to CMS were assessed
to confirm the findings from the FST. After these experiments, adolescent
naive rats were exposed either to just 1 day or to 15 consecutive days of
20 mg/kg ketamine twice daily. The effects of ketamine on the behavioral
responses to rewarding (sucrose preference) and aversive (elevated plusmaze) circumstances were determined 2 months later. Ketamine was shown

260

Nan Wang and Jian-Jun Yang

to reverse the CMS-induced depression-like behavior normally associated
with the FST. In addition, repeated ketamine use led to anxiolytic- and
antidepressant-like responses regardless of the age of rats on exposure. On
the other hand, none of the ketamine doses elicited drug-seeking behaviors, measured by place preference conditioning (Parise et al. 2013). These
preliminary findings indicate that repeated ketamine exposure serves as a
potentially useful antidepressant for use in adolescents.
The clinical efficacy of repeated ketamine infusions has a less positive
result. The reactivity of repeated ketamine infusions in 10 patients with
TRD was investigated and the MADRS score was shown to be altered
from the baseline (aan het Rot et al. 2010). Nine of the patients presented
a more than 50% reduction in their MADRS score on day 2 and then they
received five additional infusions on days 3, 5, 8, 10, and 12. Among these
patients, eight of the nine relapsed within 19 days after the sixth infusion
of ketamine. Murrough et al. (2013b) showed a similar result in 24 patients
with TRD where the antidepressant effects lasted on average for 18 days
after the last infusion. Segmiller et al. (2013) also infused S-ketamine into
six participants with TRD six times over a 4-week period and observed an
improvement in the 21-item Hamilton depression rating scale scores both
before and 120 min after the sixth infusion.
Riluzole is a glutamate-modulating agent with neuroprotective and
synaptic plasticity-enhancing effects, which is used in the treatment of
amyotrophic lateral sclerosis (Du et al. 2007; Mizuta et al. 2001). Clinical
studies have attempted to sustain the antidepressant actions of ketamine
with riluzole. Thus, in one study, riluzole was administered orally for
4 weeks to lasting ketamine responders (Mathew et al. 2010), whereas in
another study, all participants were treated with the drug within 4–6 h
after ketamine infusion (Ibrahim et al. 2012). Both of these studies failed
to show any benefit over the placebo in maintaining the response to keta
mine infusion.
Memantine is a low-to-moderate affinity and noncompetitive NMDA
antagonist. One case study from Kollmar et al. (2008) found positive
results after oral administration of memantine. Unfortunately, however,
a placebo-controlled study could not show any antidepressant effects of
memantine (Zarate et al. 2006c). To date, efforts to maintain the antidepressant effect of ketamine are disappointing.

12.7 Mechanism of the antidepressant effects
of ketamine: Preclinical studies
12.7.1 Subanesthetic ketamine acutely increases glutamate release
The clinical observations that indicate that ketamine has a very different
mechanism of action from other antidepressants have fueled tremendous
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effort in understanding the mechanism in preclinical models. Recent
studies have generally tried to link intracellular phenomena observed to
behavioral alterations that reflect antidepressant efficacy. Acute subanesthetic doses of ketamine trigger a complex intracellular cascade that ultimately induces synaptogenesis and dendritic spine formation, which both
seem to be essential for the antidepressant effects to happen (Duman and
Aghajanian 2012).
In one of the first reports investigating the effects of subanesthetic
doses of ketamine on the glutamatergic system, Moghaddam et al. (1997)
demonstrated an increased release of extracellular glutamate in the
prefrontal cortex of conscious animals; which was observed with low
doses of ketamine (i.e., 10, 20, and 30 mg/kg) but not with intermediate
(50 mg/kg) or anesthetic doses (200 mg/kg). Interestingly, the ketamineinduced increase in glutamate and dopamine release and impairment
in working memory were blocked by an α-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid (AMPA) receptor antagonist, suggesting that
ketamine-induced increases in glutamate levels reflect heightened glutamatergic neurotransmission and not simple metabolic status changes
(Moghaddam et al. 1997). The effects of subanesthetic doses of ketamine
were also recently investigated in vivo via the use of 1H-magnetic resonance spectroscopy (MRS). Kim et al. (2011) reported an increase in the
prefrontal glutamate level with a corresponding decrease in glutamine/
glutamate ratio, after subchronic (i.e., 7-day) administration of 30 mg/kg
ketamine in anesthetized rats. In some ways, however, it is hard to interpret the findings of this report because the ketamine dose used in the
experiments was higher than the one used to induce antidepressant
effects (i.e., 10 mg/kg); also, no measurement was performed after a single
dose of ketamine (Kim et al. 2011). These issues, as well as the difficulty
of understanding how there is an increase in total glutamate without an
equivalent increase in glutamine, make the relevance of these findings
for depression rather uncertain. Interestingly, a ketamine-triggered acute
increase in glutamatergic transmission seems to be a relatively transient
phenomenon, only lasting up to 2 h, which is well below the average 4- to
7-day duration of antidepressant action in humans after a single dose of
ketamine (Zarate et al. 2010).
Recently, Chowdhury et al. (2011) used 1H-MRS to study the effects of
subanesthetic (30 mg/kg) and anesthetic (80 mg/kg) doses of ketamine
on glutamate release in the prefrontal cortex in rats waking from anesthesia. An acute increase in glutamate, glutamine, and γ-aminobutyric
acid (GABA) labeling was observed in the medial prefrontal cortex of
rats treated with subanesthetic but not anesthetic doses of ketamine, suggesting that the drug increases the glutamate/glutamine cycle as well as
the glutamine/GABA cycle. In addition, the effects observed seemed to
be specific to the medial prefrontal cortex, as the hippocampus was not
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affected. A subanesthetic dose of ketamine was not associated with any
changes in the total concentration of glutamate, glutamine, or GABA, consistent with some negative findings reported in humans using 1H-MRS.
These findings replicate and extend the original findings demonstrating
ketamine-induced glutamate release (Moghaddam et al. 2012).
The biological determinants of increased glutamate release are not
entirely clear, but one of the most plausible hypotheses is that ketamine
inhibits the NMDARs on tonic GABAergic interneurons, which then disinhibits glutamatergic pyramidal cells in the prefrontal cortex (Homayoun
and Moghaddam 2007). From the published literature, it appears that there
is a clear distinction between the effect of subanesthetic and anesthetic
doses of ketamine on cortical disinhibition, with only subanesthetic doses
producing an acute increase in glutamate release. Among the subanesthetic doses, there is uncertainty whether the ketamine-induced increase
in glutamate release only provokes the psychotic-like symptoms or if it
also plays a role in the antidepressant effects. Future studies are needed
to investigate the effect of the lower subanesthetic doses of ketamine
(i.e., 10 mg/kg or lower) on the glutamate/glutamine cycle to determine
whether an increase in glutamate release is relevant to the antidepressant
effects of ketamine.

12.7.2 AMPA receptor activation is necessary for
the antidepressant effects of ketamine
Recent studies have shown that AMPA receptor (AMPAR) activation
is essential for the antidepressant effects of ketamine and that these
effects might be abolished by pretreatment with the AMPAR antagonist,
NBQX (Maeng et al. 2008). This represents one of the possible underlying
mechanisms of the antidepressant effects mediated by ketamine (Autry et
al. 2011; Koike et al. 2011b; Li et al. 2010). AMPAR blockade can also inhibit
the ketamine-induced activation of the mammalian target of rapamycin
(mTOR) pathway, as well as increased synaptogenesis and synaptic protein increases that are believed to be essential for its antidepressant actions
(Li et al. 2010).

12.7.3 Ketamine promotes synaptic plasticity
Subanesthetic doses of ketamine (i.e., 3 mg/kg) also promote a rapid
induction in the translation of brain-derived neurotrophic factor (BDNF)
through the desensitization of eukaryotic elongation factor 2 kinase, as well
as the dephosphorylation of eukaryotic elongation factor 2, both of which
are induced via NMDAR inhibition. Increased levels of BDNF protein
were shown in the hippocampus within 30 min after the administration
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of ketamine but not after 24 h, while no change was apparent in the levels of BDNF mRNA at either time point (Autry et al. 2011). In addition,
the ketamine-induced antidepressant effects and induction of BDNF were
both abolished by administration of the protein synthesis inhibitor anisomycin during the FST, providing further evidence that increased protein
synthesis is necessary for the effects of ketamine on behavior (Autry et al.
2011). It is also possible that anisomycin pretreatment decreases the basal
levels of BDNF protein synthesis in dendrites and spines, which might
reduce the activity-dependent release of BDNF. The inhibition of protein
translation during neural activity did not abolish the behavioral effects of
ketamine, which suggests that the antidepressant effects are triggered by
NMDA blockade specifically during resting spontaneous glutamatergic
signaling (Autry et al. 2011). Increased levels of BDNF protein were found
in the hippocampus but not in the nucleus accumbens, which might indicate a region-specific effect (Autry et al. 2011). In addition, behavioral antidepressant effects and increased synaptogenesis induced by ketamine
were abolished in mice with the BDNF Val66Met Met/Met genotype,
which had previously been shown to be associated with lower BDNF
release (Liu et al. 2011). This provides further evidence that BDNF might
be a key player in the mechanism of action responsible for the antidepressant properties of ketamine.
Autry and colleagues tested the hypothesis that stimulation of the
mTOR pathway is necessary for the antidepressant effects of ketamine.
However, they did not observe increased mTOR pathway activation after
ketamine administration (Autry et al. 2011). This finding is in contrast to
what had been reported previously (Li et al. 2010), which demonstrated
activation of the mTOR complex and key components of the initiation of
translation (i.e., p70 ribosomal S6 kinase and eukaryotic initiation factor
4E binding), after administration of 10 mg/kg ketamine. Activation of the
mTOR pathway was both rapid (being evident just 30 and 60 min after
administration) and transient, with the mTOR phosphoproteins returning to the baseline (nonstimulated) levels within 2 h. Further studies
demonstrated an inverted U-dose response for ketamine, with low doses
(i.e., 5 and 10 mg/kg) stimulating mTOR signaling and higher, anesthetic
doses (such as 80 mg/kg) having no effect.
Ketamine was also shown to induce an mTOR-dependent increase
in synaptic proteins such as PSD95, GluR1, and the presynaptic protein
synapsin I. In addition, the elevation of synaptic proteins was delayed
after mTOR activation, starting 2 h after ketamine administration and
(somewhat surprisingly) persisting up to 72 h after ketamine treatment.
In addition to the elevation of synaptic proteins, ketamine also promoted
the formation of spines on the apical dendrites of layer V pyramidal neurons, which resulted in an increase in neurotransmitter-induced excitatory postsynaptic currents. This effect was investigated at only 24 h after
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ketamine treatment and so it is not known what happens at earlier time
points or indeed how long the effect persists after a single dose of subanesthetic ketamine.
Additionally, the preclinical data suggest similarities in the mechanisms of action of lithium and ketamine via glycogen synthase kinase-3β
(GSK-3β) inhibition (Beurel et al. 2011). Ketamine was reported to increase
phosphorylation of GSK-3, and the antidepressant effects of the drug were
shown to be absent in GSK-3 knock-in mice, suggesting that inhibition
of this pathway might be a key downstream effect of NMDAR blockade,
which underlies the antidepressant properties of ketamine (Beurel et al.
2011). However, the fact that administration of lithium, a potent GSK-3
inhibitor, does not induce a rapid antidepressant response might also
indicate that ketamine-induced GSK-3 inhibition is a simple epiphenomenon and not particularly relevant for the antidepressant action of keta
mine. Further studies are needed to clarify the role of GSK-3 inhibition in
the antidepressant effects of ketamine and the underlying mechanisms
involved.
From the existing evidence, it is apparent that ketamine triggers a
complex series of intracellular and extracellular biological processes that
ultimately result in an increase in synaptic plasticity. In the future, it will
be extremely important for us to better understand the temporal dynamics of the individual cellular and molecular events that are triggered by
ketamine and to investigate their regional specificity, as well as to provide
a more thorough characterization of the dose-dependent effects and their
link to behavioral changes.

12.8 Mechanism of action of
ketamine: Clinical studies
On account of its unique rapid and efficacious antidepressant effects even
in the more refractory patient populations, ketamine represents an extra
ordinary “tool” to investigate the biology of the antidepressant response
as well as the underlying mechanism. This knowledge is key for the
development of novel antidepressant compounds, which might act more
quickly than the existing ones and thus provide clinical improvements for
targeting TRD. Given the very complex temporal dynamics of the downstream effects of ketamine, it is clear that serial measurements of its pharmacodynamic effects are essential to better understand the mechanism of
action as well as gain a more accurate interpretation of the findings.
Although ketamine has been studied as a challenge agent to model
psychotic-like symptoms in healthy volunteers for more than two decades
(Moghaddam and Krystal 2012), it is unclear whether the findings in
healthy volunteers provide meaningful information for its antidepressant
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properties rather than simply reflect its dissociative and psychotic-like
effects. Typically, ketamine is used as a challenge agent for psychosis as
a bolus infusion (i.e., normally 0.23–0.26 mg/kg, given over 1–2 min), followed by a lower maintenance dose with constant infusion (usually 0.4–
0.6 mg/kg provided over 1 h) (Krystal et al. 2005). This infusion schema is
different from the way that ketamine has been administered in depressed
patients, typically with a constant infusion rate of 0.5 mg/kg over 40 min.
In the absence of a direct comparison of the pharmacokinetic and pharmacodynamic effects of these two infusion protocols, it is unclear whether
the challenge protocol is at all informative for depression. Nevertheless, as
psychotic-like effects usually dissipate within 1 h from the beginning of
ketamine administration, next-day findings in healthy volunteers might
still hold some value and shed some light on the antidepressant properties
of ketamine.
By reason of these important caveats, understanding the biology of
the antidepressant action of ketamine needs to rely on studies performed
in depressed patients, where an assessment of the clinical response can
also be performed.

12.8.1 Studies in depressed patients
A few studies investigated whether ketamine increased the level of periph
eral BDNF in depressed patients and whether changed levels in BDNF
correlated with the antidepressant improvement of ketamine. Previous
preclinical experiments have implicated an increase in BDNF as an early
effect triggered by subanesthetic doses of ketamine, while studies in
ketamine abusers also show an increase in BDNF over normative values,
which is associated with repeated ketamine use (Ricci et al. 2011). On
the other hand, an early report in 23 patients with TRD, whereby several
time points up to 230 min postinfusion of ketamine were investigated,
failed to show an increase in BDNF (Machado-Vieira et al. 2009). A subsequent study, representing an extension of the previous study, showed a
modest increase in the level of BDNF at 230 min after ketamine infusion
although no correlation between BDNF changes and a clinical response
was observed (Duncan et al. 2013). However, none of these studies factored Val66Met single nucleotide polymorphism (SNP) into the analysis;
hence, it is not known whether there was any interaction between genotype and response status on BDNF levels. Future studies are warranted to
investigate the effects of repeated ketamine dosing, as well as measuring
time points beyond 230 min.
To our knowledge, there is only a single study that investigated
changes in amino acid neurotransmitter levels after ketamine administration in patients with depression (Valentine et al. 2011). Unfortunately,
this study did not detect any changes in glutamate, glutamine, or GABA
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in the occipital cortex at 3 and 48 h postinfusion of 0.5 mg/kg ketamine.
However, the interpretation of these negative results is somewhat challenging as other brain regions, which might be more relevant for depression pathophysiology and for the mechanism of action of ketamine,
were not investigated in this study. Changes in glutamine or glutamate/
glutamine might be very sensitive measures for detecting the effect of
acute drug action, but their accurate quantification remains highly challenging with MRS at medium field strengths. Future studies at ultrahigh
field strengths or using [13C]-MRS, which allows more accurate quantification of the glutamate/glutamine cycle, will be very informative.
A recent study used a highly innovative method for investigating brain
plasticity in depressed patients who received subanesthetic doses of keta
mine (Cornwell et al. 2012). Previous studies showed that both motor and
somatosensory evoked potentials are amenable to changes after interventions that promote or decrease brain plasticity, such as repetitive transcranial magnetic stimulation or arm immobilization, respectively (Esser et al.
2006; Huber et al. 2006). As ketamine is thought to exert its antidepressant
effects via increasing brain plasticity, Cornwell et al. (2012) tested the
hypothesis that the neuroplastic changes induced by ketamine could also
be detectable using evoked potentials. They measured somatosensory
evoked fields (SEFs) using magnetoencephalography (MEG) recordings
and showed that ketamine responders displayed increased SEFs at 6–7 h
after ketamine administration, while this effect was not detected in nonresponders. However, SEF measurements were not acquired at later time
points in a sizable group of patients; thus, it remains unknown whether
maintenance of the response is dependent on sustaining the cortical plasticity enhancement (Cornwell et al. 2012).
These findings are consistent with an early study showing that keta
mine potentiated motor evoked potentials and decreased the resting
motor threshold in healthy volunteers (Di Lazzaro et al. 2003). It was subsequently suggested that these phenomena reflected AMPA transmission
potentiation, one of the strongest candidates to explain the mechanism of
action of ketamine in depression (Murrough et al. 2013b).
Future studies will also be needed to investigate the effects of keta
mine on activity/metabolism in the anterior cingulate cortex (ACC),
amygdala, and other regions of the brain that are part of the visceromotor
network and involved in mood regulation (Price and Drevets 2012), as well
as to establish a time course of effects induced by ketamine in depressed
patients. Preliminary results have recently been presented at international
conferences but are not yet published. Finally, the resting-state functional
connectivity, which is measured via magnetic resonance imaging (MRI),
is also a technique of great interest for detecting the pharmacodynamic
effects of ketamine that are related to its antidepressant activity. Recently,
studies showed abnormal functional connectivity of the dorsomedial
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prefrontal cortex in depressed patients (Sheline et al. 2010), which might
be reversed by traditional antidepressants (Di Simplicio et al. 2012).

12.8.2 Studies in healthy subjects
The glutamatergic metabolite changes detected with 1H-MRS in healthy
subjects after ketamine administration is conflicting; however, there is
also significant methodological heterogeneity across studies. Studies in
healthy subjects showed a very transient effect of ketamine on amino acid
neurotransmitters, which appeared to return to baseline levels within 1 h
after drug administration (Rowland et al. 2005; Stone et al. 2012). Rowland
et al. (2005) used a loading dose and low-dose maintenance protocol and
showed ACC glutamine elevation during the loading phase but not at the
beginning of the maintenance period. These results are consistent with a
more recent study showing an increase in ACC glutamate within 35 min
after the start of ketamine infusion in 13 healthy subjects (Stone et al. 2012);
however, glutamine yielded acceptable quality results only in a minority
of subjects (i.e., n = 3 and n = 4 before and after ketamine infusion, respectively). This study used a slightly different infusion protocol (i.e., the
Clements 250 model), which is supposed to yield more stable ketamine
levels during the maintenance infusion (Absalom et al. 2007). The temporal dynamic observed is consistent with evidence from preclinical studies,
which shows that the glutamate surge is rapid and returns to baseline
within 2 h (Moghaddam et al. 1997). However, questions remain whether
1H-MRS at 3T or 4T is an appropriate method to investigate the acute
changes induced by ketamine. This is because the glutamate MRS signal reflects neurotransmission only minimally, while the vast majority of
the signal is represented by the intracellular neuronal glutamate content,
which also supports basal metabolic activity. In the only study in healthy
subjects that investigated an infusion protocol consistent with how keta
mine is administered in depressed patients (i.e., 0.5 mg/kg over 40 min),
no changes in glutamine, glutamic acid, or glutamate were detected either
during or after ketamine infusion in the ACC (Taylor et al. 2012).
A recent study used resting-state functional connectivity to investigate the effect of ketamine on large-scale networks at 24 h after a single
intravenous ketamine administration (Scheidegger et al. 2012). This time
point was chosen because previous clinical studies had demonstrated a
maximal antidepressant response after 1 day (Zarate et al. 2006a). Ketamine
was shown to decrease functional connectivity between the posterior cingulate cortex and the “dorsal nexus” (Sheline et al. 2010), as well as the
pregenual ACC (pgACC) and the medial prefrontal cortex, which are all
areas previously implicated in the pathophysiology of depression (Price
and Drevets 2012). As the default mode network is associated with selfreferential processes and ruminations (Raichle 2010) and shows increased
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functional connectivity in patients with depression, a decrease in functional connectivity after ketamine treatment might reflect the restoration
of a normative pattern, which might be associated with an antidepressant
response.

12.9 Prediction of response to ketamine use
After the replication study conducted at the National Institute of Mental
Health to determine the antidepressant action of ketamine (Zarate et al.
2006a), several studies investigated whether the pretreatment baseline
measures (i.e., genetic polymorphisms, brain activity and metabolites,
and sleep electroencephalography measures) in depressed patients might
help identify those who would respond favorably to a single intravenous
ketamine infusion.
Several preliminary studies have started to investigate the genetic
predictors of the antidepressant response to ketamine. The Val66Met SNP
has been linked to psychiatric disorders and impaired trafficking/regulation
of BDNF. An obvious candidate tested by Laje et al. (2012) is the BDNF
Val66Met SNP rs6265, which had previously been shown to influence
some downstream effects of ketamine, as well as its antidepressant-like
activity (Liu et al. 2011). Patients with MDD carrying the Met allele showed
a lower percentage of improvement (24%) after ketamine treatment when
compared with Val/Val homozygous subjects (41%).
In addition to studying genetics, MEG recordings were obtained
in 11 unmedicated patients with TRD while they viewed emotionally
charged faces, to investigate whether baseline ACC activity might predict a response to ketamine (Salvadore et al. 2009), similar to that demonstrated for other conventional antidepressants (Mayberg 2009). Patients
with depression showed an abnormal habituation pattern when compared with healthy controls. Activity in the pgACC in response to viewing
fearful faces was positively correlated with the magnitude of the anti
depressant response 230 min after ketamine treatment, while an inverse
correlation was found for activity in the right amygdala (Salvadore et al.
2009). Overall, responders to ketamine showed an activity pattern that
more closely resembled normative responses in healthy subjects, when
compared with nonresponders. In a subsequent study, whether pgACC
activity predicted a response to ketamine during a nonemotional task
such as the spatial working memory n-back task was also investigated
(Salvadore et al. 2010). Previous studies had demonstrated that the pgACC
displayed either increased or decreased activity in relation to the emotional demands of the tasks (Drevets and Raichle 1998) and that patients
with MDD exhibited pgACC hyperactivity during working memory
tasks, when compared with control subjects (Rose et al. 2006). In addition,
patients who are more likely to respond to ketamine displayed decreased
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pgACC activity and lower pgACC connectivity when compared with nonresponders. Thus, these findings might indicate that ketamine responders
show functional integrity of mood-regulating circuitry, while nonresponders show abnormal activation of the mood-regulating circuitry even
in the absence of emotionally arousing stimuli.
It was recently suggested that 1H-MRS might also be a valuable technique to investigate promising predictors of the response to ketamine.
Patients who showed the greatest clinical improvement 230 min after
ketamine administration displayed a low Glx (glutamine and glutamate)/
glutamate ratio in the dorsoanterolateral and dorsomedial areas of the
prefrontal cortex, when compared with patients who did not show clinical
improvement (Salvadore et al. 2012). As the Glx peak is largely constituted
by glutamate and glutamine, the Glx/glutamate ratio was used as a proxy
for glutamine in the study, given the low spectral resolution of glutamine
with 3T MRI fields. Findings in the ventromedial prefrontal cortex did not
reach statistical significance but showed a similar direction. Pretreatment
levels of GABA did not correlate with the magnitude of antidepressant
improvement in either region. An important caveat that needs to be considered is that for technical feasibility, amino acid neurotransmitters
were measured in relatively large voxels, thus yielding suboptimal spatial resolution, which did not allow for making any inference with regard
to the role of specific anatomical regions in predicting an antidepressant
response to ketamine.
A prominent feature of depression is a decreased slow wave sleep.
Recent evidence indicates that pretreatment sleep electroencephalography might be able to differentiate between ketamine responders and
nonresponders. The baseline delta sleep ratio in particular was inversely
correlated with the magnitude of clinical improvement at just 1 day after
ketamine administration. This evidence suggests that subjects with a more
disrupted pattern of slow wave activity are the ones who display better
clinical improvement after ketamine treatment. According to the synaptic
homeostasis hypothesis, slow wave activity might reflect brain plasticity
(Tononi and Cirelli 2006). This suggests that responders to ketamine are
characterized by lower brain plasticity, which might then be increased by
ketamine (Cornwell et al. 2012).

12.10 Future directions for research on the
use of ketamine as an antidepressant
12.10.1 Stereoisomers of ketamine
Ketamine is a chiral compound and its R- and S-stereoisomers have different binding affinities. S-Ketamine has a greater affinity for the phencyclidine site of the NMDAR than R-ketamine (Kohrs and Durieux 1998). It
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has been reported that R-ketamine, when given in similar analgesic doses
as S-ketamine, has a higher incidence of psychedelic side effects (Raeder
and Stenseth 2000). A case study of four patients who were administered
oral S-ketamine (at 1.25 mg/kg) for 14 days alongside traditional anti
depressants in an effort to shorten the time to the onset of action showed
that there was a rapid and sustained improvement in mood within the first
week of treatment in two patients (50%). However, the limited number of
patients who took part in the study did not allow any conclusions to be
made about efficacy of the treatment (Paslakis et al. 2010). Oral S-ketamine
has been reported to be well tolerated. Paul et al. (2009) described the effect
of racemic ketamine and S-ketamine infusion therapy in two patients with
TRD. Both patients experienced psychotomimetic side effects during keta
mine infusion that were absent during treatment with S-ketamine. They
concluded that S-ketamine might exert similar antidepressant effects as
ketamine in patients with TRD but that it might be better tolerated by the
patients. Further studies of S-ketamine are required.

12.10.2 Route of administration of ketamine
There are a limited number of reports describing the effect of orally
administered ketamine in depression as this would be the preferable route
of administration for patients. However, it is known that oral ketamine is
used off-label in palliative care and treatment of therapy-resistant pain.
A small case study with just two patients in a hospice setting who were
given a single dose of oral ketamine (at 0.5 mg/kg) for depression demonstrated a rapid and modestly sustained relief of depression and anxiety
(Irwin and Iglewicz 2010). This was followed up more recently by a larger,
open-label study (Irwin et al. 2013) where 14 subjects with depression or
depression mixed with anxiety that warranted psychopharmacological
intervention received daily oral ketamine hydrochloride (0.5 mg/kg) over
a 28-day period. The investigators found that over the 28-day trial, there
was significant improvement in both the depressive and anxious symptoms for the eight subjects who completed the trial. There were few side
effects, with the most common being diarrhea, trouble sleeping, and trouble sitting still. The response rate for depression in this study was similar to that after intravenously administered ketamine; however, the time
to response was more protracted. The findings of the potential efficacy
of oral ketamine for depression and the response of anxiety symptoms
are novel. Further research, with randomized, controlled clinical trials,
is necessary to establish the efficacy and safety of oral ketamine for the
treatment of depression and anxiety in patients receiving hospice care or
other subject populations.
Another recent study where ketamine was administered sublingually in 26 patients with refractory unipolar and bipolar depression
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demonstrated clear and sustained antidepressant effects of the drug on
mood, sleep, and cognition in 20 patients (77%), with only mild and transient lightheadedness as a common side effect (i.e., no psychotic, euphoria, or dissociative symptoms were observed) (Lara et al. 2013). There are
other studies now ongoing to assess the optimal oral route of administration. Intranasally administered ketamine is also being evaluated as it
has previously been shown to benefit analgesic–refractory chronic pain
patients at a dose comparable to that used in most intravenous ketamine
studies (Carr et al. 2004).

12.10.3 Caution when using ketamine in cancer patients
Concerns have been raised with regard to the up-regulation of mTOR by
ketamine (Yang et al. 2011) in patients with cancer. Studies have shown
that up-regulated mTOR may cause the acceleration of tumor growth
(Shor et al. 2009). Thus, additional more specific studies that address
patient prognosis are required to investigate whether ketamine is suitable
for the treatment of refractory depression in patients with cancer.

12.10.4 Biomarkers of ketamine’s antidepressant effects
The general consensus of opinion is that ketamine may never reach mainstream use as a treatment for TRD or bipolar depression. However, it is
generally believed that the research conducted on ketamine is a means for
learning more about the pathophysiology of depression. This will hopefully lead to the development of novel therapeutic agents that act in a similar fashion to ketamine, but that have a longer duration of action and fewer
side effects, or that act on the effectors of ketamine known to be involved
in its mechanism of action. Translational research is currently exploring
the identification of biomarkers that might be involved in the prevention,
diagnosis, treatment responses, and severity as well as the prognosis of
depression. Zarate et al. (2013) have identified a range of potential biomarkers from genetic, functional neuroimaging, sleep, and clinical studies
that are implicated in the antidepressant actions of ketamine. While these
biomarker studies have limited practical implications at present, they offer
hope that we will eventually be able to successfully apply these techniques
to clinical populations. Focusing research in this direction offers opportunities that might ultimately facilitate the development of personalized
treatment and thus increase the probability of success.
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13.1 Introduction
The rapid rise in the use of cannabis and cough medicine among young
people in Hong Kong in the mid-1990s caught the attention of the public
and the government to the emerging youth drug abuse problem in Hong
Kong (Cheung and Ch’ien 1996). Chris Patten, then Governor of Hong
Kong, held two governor summits on illicit drugs in 1995 and 1996 to
tackle the growing seriousness of young people’s drug use (Cheung 1998).
This was the beginning of the “New Drug Era” (Cheung and Zhong 2014),
characterized by the soaring popularity of psychoactive drugs among
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young people. The high tide of psychoactive drug abuse arrived in 2000,
when ecstasy and ketamine made their initial appearance on the Hong
Kong drug scene, and these immediately became the drugs of choice
among young drug abusers. Since the early 2000s, among the various psychoactive drugs available, ketamine has become the dominant drug for
young drug users. As the prevalence of use of ketamine and other psychoactive drugs by young people increased, an interdepartmental Task Force
on Youth Drug Abuse, led by the Secretary for Justice, was established in
2007 to tackle the youth problem of psychotropic drug abuse (Task Force
on Youth Drug Abuse 2008). A trial scheme on drug testing in schools was
implemented in secondary schools in the Tai Po District between 2009
and 2010, and then it was extended from 2010 to 2011 (Narcotics Division
2010, 2011). In the past decade, an extensive number of resources have been
devoted to drug prevention, treatment, and research via the Beat Drugs
Fund (BDF), which was established by the government in 1996.
When ketamine first landed on the Hong Kong drug scene in the
early 2000s, little was known about its characteristics and physical effects.
Since the mid-2000s, there have been a flurry of studies performed with
this drug, but most of them are clinical studies to investigate the physical harm or cognitive impairment (Liang et al. 2013, 2014; Poon et al. 2010;
Tang et al. 2013; Wang et al. 2013; Wei et al. 2013; Wong et al. 2014). Very
few studies have systematically examined and compared the influence of
social, demographic, and psychological factors on young people’s keta
mine abuse. To bridge this research gap, a study entitled “A Longitudinal
Survey of Psychoactive Drug Abusers in Hong Kong,” funded by the BDF,
was conducted by this author (Cheung 2012). This 3-year study, which was
carried out between early 2009 and the end of 2011, was the first longitudinal survey of psychoactive drug use and its social and psychological
correlates in Hong Kong. The objective of this chapter is to present some
of the major findings of the survey pertaining to the sociodemographic
and psychosocial factors affecting ketamine and other psychoactive drug
use among a sample of identified drug abusers.

13.2 Study and methods
The longitudinal survey of psychoactive drug abusers in Hong Kong
recruited a sample of psychoactive drug abusers from outreach youth
agencies as well as various treatment and rehabilitation programs and
followed up on them for a total of six interviews, spaced out at 6-month
intervals. As many as 36 youth outreach agencies and drug treatment and
rehabilitation programs participated in the survey. Subjects were selected
if they “had ever used a psychoactive drug.” The definition of “a psychoactive drug” used in the survey was adopted from the classification of
drugs used by the Narcotics Division, Security Bureau. Substances of
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abuse are broadly divided into two types, namely, “narcotic analgesics”
and “psychotropic substances.” The former type includes heroin, opium,
morphine, and physeptone/methadone, whereas the latter includes hallucinogens, depressants, stimulants, tranquilizers, and other substances
such as ketamine, cough medicine, and organic solvents (Narcotics
Division 2012). The term psychoactive drug in this chapter is the same as
the term psychotropic drug that is used by the Narcotics Division.
The sample size of the baseline survey at time point 1 (T1) was 754,
whereas those of the subsequent time points were as follows: T2 = 600,
T3 = 434, T4 = 376, T5 = 347, and T6 = 288. The retention rate between two
time points was 79.6% from T1 to T2, 72.3% from T2 to T3, 86.6% from T3
to T4, 92.3% from T4 to T5, and 86.0% from T5 to T6. The overall retention
rate from T1 to T6 was 38.2%. Given that this sample was not a stable
one (e.g., during the 3-year study, some subjects left the agency because of
program completion or premature departure), these retention rates were
quite satisfactory.
Data collection began in April 2009, and finished in December 2011,
after six series of interviews were completed. The social worker staff of
most of the participating agencies served as interviewers. They had a
good rapport with their clients and so had the advantage of gaining the
subjects’ trust in the interviews, thereby yielding more reliable responses
to the questionnaire. In rare cases where the social worker staff were not
available for conducting interviews, subjects were interviewed by the staff
of a professional research organization. Each subject was given HK$100 as
remuneration for every successful interview.

13.2.1 Independent variables
13.2.1.1 Sociodemographic variables
A number of commonly used sociodemographic variables were used
in the study. These included sex, age, number of siblings, marital status
(never married, married), student status (whether still a student or not
and whether regularly attending school), employment (for nonstudents
and those 16 years or older), religion (yes or no), and housing type (rented
or owned private housing; public housing, or other).

13.2.1.2 Psychosocial variables
13.2.1.2.1  Permissiveness to use drugs. This variable refers to the
extent to which drug use is acceptable to the individual. It was formed by
asking four questions: “Abusing drugs is not a proper behavior (reverse
scoring),” “Using drugs occasionally is acceptable,” “Abusing drugs frequently is acceptable,” and “Abusing drugs when having fun with friends
on recreational occasions is okay.” Each question was measured by a fourpoint scoring system (1 = strongly disagree, 2 = disagree, 3 = agree, 4 =
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strongly agree). The scale had a score range of 4–16. The α value of the
scale was 0.704 at the baseline survey, indicating a high degree of reliability. The higher the degree of permissiveness, the more positive the
attitude toward drug use.
13.2.1.2.2  Educational strain. This is a socially induced strain
experienced by the individual because of the discrepancy between
aspired educational level and perceived educational level that will be
achieved. This concept was constructed in the sociological tradition of
strain theory, which posits that the discrepancy between the aspired goal
of success in society and the availability of legitimate means to achieve
the goal is a source of strain in the individual (Agnew 1992; Merton
1957). If the strain is not handled properly, then anger and other negative
emotions might develop, resulting in various kinds of deviant behavior,
including drug abuse. Two questions were asked in the questionnaire,
one on the aspired education level and the other on how greatly the subject would be disappointed if he or she could not achieve the desired
education level in future. The latter question, with a four-point scoring
system from 1 (no big deal) to 4 (very disappointed), was used to measure
this variable.
13.2.1.2.3  Discrimination by others. Public discrimination experienced by active drug addicts may pose obstacles in their recovery process.
Discrimination can produce a “labeling” effect on drug abusers, confining
them to continuous drug use, or for addicts who have gone through treatment, driving them to relapse (Becker 1963; Cheung and Cheung 2003). In
this study, the subject was asked whether or not he or she had ever experienced any discrimination from other people (1 = never, 2 = some, 3 = a lot).
13.2.1.2.4  Concerning views of life. Several variables were asked
about whether the subjects agreed with the questions about a few aspects
of life, including “already found goal in life,” “satisfied with life,” “sense of
uncertainty about future,” “doing extreme things such as drug use shows
vitality of young people,” “wish to have own family, job, and normal life,”
“think that their parents don’t know how to teach their children,” and
“think that their schools don’t know how to teach their students.” Each
of these items used a five-point scoring system (1 = strongly disagree, 2 =
disagree, 3 = no opinion, 4 = agree, and 5 = strongly agree).
13.2.1.2.5  Self-esteem. The Rosenberg’s self-esteem scale (Rosenberg
1965) was used to measure the self-esteem of subjects. The scale consists
of 10 questions that the subject is asked to evaluate himself or herself with
respect to self-image and self-confidence. A five-point scoring system was
used for each of the 10 questionnaire items, and the scores of the scale

Chapter thirteen: Social correlates of ketamine abuse in HK

285

ranged from 5 to 50. The scale had an α value of 0.826 in the baseline survey, showing a very high degree of reliability for this sample.
13.2.1.2.6  Hopelessness. Shek (2005) developed and validated a
Chinese version of the Hopelessness Scale in Hong Kong, which was originally designed by Beck et al. (1974). A simplified version using 4 of the 16
questions in Shek’s Chinese scale was used. These questions assessed how
pessimistic the subject was about things he or she wished to obtain now or in
the future. A five-point scoring system was used for each questionnaire item.
Scores of the scale ranged from 4 to 20. The α value of this scale in the baseline
survey was 0.704, representing a high degree of reliability for this sample.
13.2.1.2.7  Subjective weathering. This is the feeling of being more
“weathered” by a tough life when compared with other people in the same
age group. Subjects were asked to report whether (i) they feel that they are
more mature; (ii) they had begun to take up household and other duties at
a younger age; and (iii) they feel older at heart, compared with people in
their similar age cohorts. Each of these three questions had a score range
of “1” (more weathered than people in their same age group) to “5” (much
less weathered). The α value of this scale in the baseline survey was 0.563,
which is of acceptable reliability.
13.2.1.2.8  Depression. A simplified version of the Beck Depression
Scale (Beck et al. 1961) was used to measure the depression level of subjects
in our study. The simplified version asked the subject if he or she feels sad,
feels discouraged about the future, has a hard time enjoying things, feels
guilty, is disappointed in himself or herself, blames himself or herself for
his or her faults and weaknesses, thinks about killing himself or herself,
has no interest in people, puts off making decisions, worries about his or
her looks, has to push himself or herself to do things, feels tired, and has
no appetite. The Chinese version of the simplified scale was previously
validated in a study of secondary school students in Hong Kong (Mok
et al. 2008). The α value of the Depression Scale was 0.850 in the baseline
survey sample, indicating a high level of reliability.
13.2.1.2.9   Stricken by traumatic events. The subjects were asked if
they had been stricken by any distressing or traumatic events in the past
6 months, such as the divorce of parents or the loss of a family member.
This is one of Agnew’s (1992) types of strain, generated by “exposure to
negative stimuli.”

13.2.1.3 Drug use history variable
The number of years of drug use by a subject was also included as an
independent variable because it shows the history of drug use.
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13.2.2 Dependent variable
The dependent variable was “drug use in the last 30 days.” Subjects were
asked to indicate whether or not they had used illicit drugs in the period
of 30 days before the day of the interview. The answers were “yes” or
“no.” In the questionnaire, the frequency of drug use was also asked, but
not the amount. Thus, it was not possible to construct a drug use variable,
which would better establish the level of use. In view of this, and noting
that any use is not desirable, the “yes” and “no” dichotomy would serve
the purpose in the present analysis.

13.2.3 Selection of subjects
Samples were recruited from outreach and residential treatment and
rehabilitation agencies. For subjects in a residential treatment program, if
they had been in the program for more than 30 days, then they would not
have used drugs in the last 30 days in the residential treatment setting.
Thus, not having used drugs in the last 30 days could not reflect the true
ability to remain drug free, as they were kept away from drugs in the residential program. Thus, these subjects were not included in the analysis.
On the other hand, if a subject was in a residential program during the
interview but reported drug use in the last 30 days, then he or she was
eligible to enter the program, as his or her drug use might have occurred
before entering the program. These subjects were therefore included in
the analysis. In summary, subjects selected for the present analysis were
those who either were not in a residential treatment and rehabilitation
program or were in a residential program during the interviewing period
but had reported drug use in the last 30 days.

13.2.4 Method of data analysis
Data analysis was divided into two parts. First, for each of the sociodemographic, psychosocial, and drug use history variables, the bivariate association with the dependent variable (i.e., drug use in the last 30 days) was
determined for each time point (T1–T6). If a variable was clearly shown to
be related to drug use in the last 30 days for four or more of the six time
points, then this variable was selected for the second part of data analysis.
The criterion of “4” time points is used because this shows that the independent variable concerned was significantly related to drug use for more
than half of the number of time points.
The second part of the data analysis involves the logistic regression of
drug use in the last 30 days (dichotomy) for all of the sociodemographic,
psychosocial, and drug use history variables for not less than four time
points. As the attrition rate increased substantially with the time points
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(e.g., the T6 sample size was only 38.2% that of T1), data collected from T2
to T6 were “stacked” to provide a larger number of subjects for the regression analysis. At some time points, the influence of independent variables from the previous time point might be present in the regressions.
However, as the T1 data did not have any previous time point to compare
it with, data from this time point were not included in the stacked pool
of data.

13.3 Results
13.3.1 Characteristics of the sample
In the full baseline sample at T1 (N = 757), 65.8% of the subjects were male,
and almost 72.7% were below the age of 21 (i.e., mean age = 20.6 years).
The majority of the subjects (88.8%) were not married; 63.2% had received
only Secondary Form 3 or a lower level of education; 31.1% were students,
and among those who were not students and who were 16 years or older,
53.8% had a job. More than 68.0% of the subjects did not have a religion
and only 34.7% of the subjects lived in private housing, while the others
mostly lived in public housing or rooms/quarters (Cheung 2012).
At T1, 51.7% of the subjects had used drugs in the last 30 days. Among
these subjects, 80% had used ketamine, 19.9% had used ecstasy, 10.0% had
used ice (amphetamine), 11.3% had used cocaine, 7.9% had used cannabis,
and 1.3% had used heroin.
In summary, our drug user cohort was largely composed of young
unmarried men, with lower to upper secondary school education, who
were living in public housing. They mostly used psychoactive drugs, of
which ketamine was the most popular, and on the whole, they were not
interested in taking heroin. This is consistent with the social image of
young psychoactive drug users in Hong Kong today.

13.3.2 Bivariate associations
We first examined the bivariate relationship of each of the sociodemographic, psychosocial, and drug use history variables with drug use in the
last 30 days. The results are summarized in Table 13.1.
For the sake of space, Table 13.1 reports only those sociodemographic
variables that were significantly related to drug use in the last 30 days at
each time point (based on χ2 tests). The variable that was significant at
four time points (T1 to T4) was “whether the subject was still a student.”
Gender was significant at one time point (i.e., T2); age was also significant
at one time point (i.e., T4); and employment (for nonstudents) was significant at two time points (i.e., T1 and T2). Marital status, religion, and housing type were not significant at any time point. Overall, sociodemographic
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Table 13.1 T1–T6 Bivariate Relationships between Drug Use in the Last 30 Days (“Yes”
and “No”) and Sociodemographic Variables (Only Significant Ones Are Reported)
Used drugs in the
last 30 days
Sociodemographic variables

%

T1
Whether still a student (p < 0.001)
Yes, always attending school
Yes, but not always attending school
No
Employment (nonstudent and ≥16 years) (p < 0.05)
No
Yes
T2
Gender (p < 0.05)
Male
Female
Whether still a student (p < 0.001)
Yes, always attending school
Yes, but not always attending
No
Employment (nonstudent and ≥16 years) (p < 0.01)
No
Yes

n

48.2
76.5
74.0

81
39
271

78.8
68.2

130
105

N
585
168
51
366
319
165
154

45.0
54.4

136
106

36.4
73.7
50.6

47
28
167

60.1
42.8

92
65

497
302
195
497
129
38
330
305
153
152

24.2
47.4
43.5

22
18
108

377
91
38
248

41.7
30.8
44.3

25
64
39

23.4
47.1
38.4

15
8
106

T3
Whether still a student (p < 0.01)
Yes, always attending school
Yes, but not always attending
No
T4
Age (p < 0.05)
14–16
17–20
21+
Whether still a student (p < 0.05)
Yes, always attending school
Yes, but not always attending
No

356
60
208
88
357
64
17
276
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Table 13.1 (Continued) T1–T6 Bivariate Relationships between Drug Use in the
Last 30 Days (“Yes” and “No”) and Sociodemographic Variables
(Only Significant Ones Are Reported)
Used drugs in the
last 30 days
Sociodemographic variables

%

n

N

T5
No significant variables
T6
No significant variables
Note: Significance levels are based on χ2 tests.

variables were not good predictors of drug use. Unlike sociodemographic
variables, a much larger number of psychosocial variables were significantly related to drug use in the last 30 days (see Table 13.2).
Altogether, 6 of the 16 psychosocial and drug use history variables
were significant at all six time points. They were “permissiveness to the
use of drugs,” “found goal in life,” “satisfied with life,” “thought that
doing extreme things shows vitality of young people,” “self-esteem,” and
“depression.” The “sense of uncertain future” variable was significant
at five time points, whereas “stricken by traumatic events in the last 6
months” was significant at four time points and “hopelessness” was significant at four time points. The “number of years of drug use,” “how disappointed if aspired education level not achieved,” and “thought parents
did not know how to teach children” variables were significant at one
time point each. On the other hand, the “wished to have own family, job,
and normal life,” “thought school did not know how to teach students,”
and “subjective weathering compared with same age group” variables
were not significant at any of the six time points.

13.3.3 Logistic regression analysis
The next step was to perform a regression analysis on the independent
and dependent variables, in order to test for spuriousness of each of the
above significant bivariate relationships and compare the strengths of
the effects of independent variables on the dependent variable. In selecting sociodemographic, psychosocial, and drug use history variables for
the analysis, we included those that are more significant. As mentioned
above, if a variable was found to be significantly related to drug use at
four or more of the six time points, then it was selected. From the bivariate
relationships presented above, the following 10 variables were selected:

b

a

p < 0.01.
p < 0.05.

No. of years of drug use
Permissiveness to use drugs
Level of disappointment if aspired education level is not
achieved
Ever been discriminated by other people
Found goal in life
Satisfied with life
Sense of uncertainty about future
Think that doing extreme things shows the vitality of young
people
Wish to have own family, job, and normal life in future
Think that parents don’t know how to teach children
Think that school doesn’t know how to teach students
Self-esteem
Hopelessness
Subjective weathering compared with same age group
Depression
Stricken by traumatic events in the last 6 months

Psychosocial variables

−0.049
−0.247a
−0.281a
0.146a
0.100b
−0.023
−0.040
0.014
−0.121a
0.136a
0.002
0.162a
0.070

−0.033
−0.140a
−0.179a
0.035
0.106b
−0.072
−0.024
0.053
−0.135a
0.070
0.003
0.115a
0.062

T2
0.062
0.359a
−0.050

T1
0.149a
0.306a
−0.095b

T3

−0.049
−0.119b
0.027
−0.194a
0.068
0.020
0.200a
0.126b

0.060
−0.251a
−0.288a
0.061
0.176a

0.073
0.416a
0.047

r

0.010
0.098
0.029
−0.288a
0.106b
0.019
0.370a
0.170b

0.059
−0.283a
−0.375a
0.203a
0.220a

0.056
0.279a
0.037

T4

−0.100
0.102
0.153a
−0.269a
0.223a
−0.094
0.358a
0.247a

0.039
−0.291a
−0.378a
0.094b
0.241a

0.020
0.322a
0.007

T5

Table 13.2 T1–T6 Bivariate Correlations between Drug Use in the Last 30 Days (“Yes” and “No”) and
Psychosocial and Drug Use History Variables
T6

−0.073
0.096
0.040
−0.244a
0.211a
−0.045
0.360a
0.162a

0.156a
−0.179a
−0.268a
0.141b
0.127b

0.092
0.285a
0.017
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1. Student status (i.e., whether still a student, whether the student is
regularly attending school)
2. Permissiveness to the use of drugs
3. Found goal in life
4. Satisfied with life
5. Uncertain about future
6. Thought that doing extreme things shows vitality of young people
7. Self-esteem
8. Hopelessness
9. Depression
10. Stricken by traumatic events in the last 6 months
The results of the logistic regressions are shown in Table 13.3.
There were four types of independent variables in the regression
models. The first type was each of the time points from T3 to T6, which
were classified as independent variables because we wanted to determine
if there is any effect attributed to time. The second type was the selected
sociodemographic and psychosocial variables; the drug use history variable of number of years of drug use was not included as its bivariate relationship with drug use was significant at only one time point. The third
type was the same set of variables at the previous time point (−1), while the
fourth type of independent variables pertains to those at two time points
before (−2). Thus, for the T2 to T6 data, the time point variables were T3, T4,
T5, and T6, and there were no (−2)’s, whereas for the T3 to T6 data, the time
points were T4, T5, and T6, and there were both (−1)’s and (−2)’s.
Let us first examine the regressions pertaining to the data pooled from
T2 to T6. None of the time points (T3, T4, T5, or T6) was a significant marker
for drug use, suggesting that the relationships between the independent
variables and drug use did not significantly differ across the time points.
Second, the sociodemographic variable of student status remained significant when all other variables were controlled for. Those subjects who were
students but not regularly attending school were more likely to be involved
in drug use than active students (β = 0.615, p < 0.05, OR = 1.850).
Not all the psychosocial variables remained significant in the
regressions. Permissiveness to the use of drugs, satisfaction with life,
depression, and stricken by traumatic events in the last 6 months were significantly related to drug use, whereas being uncertain about the future,
thoughts that doing extremely things shows vitality of young people, selfesteem, and hopelessness did not have a significant effect on drug use.
Among the former, stricken by traumatic events and permissiveness to
use drugs had stronger effects on drug use (β = 0.337, p < 0.05, OR = 1.401
for drastic events, and β = 0.303, p < 0.001, OR = 1.354 for permissiveness)
than the other two (i.e., β = −0.046, p < 0.001, OR = 0.955 for satisfied with
life, and β = 0.038, p < 0.05, OR = 1.039 for depression).

T3
T4
T5
T6
Student status: not active
Student status: nonstudent
Permissiveness to use drugs
Found goal in life
Satisfied with life
Uncertain about future
Doing extreme things shows vitality of young people
Self-esteem
Hopelessness
Depression
Stricken by traumatic events in the last 6 months
Drug use in the last 30 days (−1)
Permissiveness to use drugs (−1)
Found goal in life (−1)

Independent variables
−0.059
0.098
−0.230
−0.163
0.615a
0.323
0.303b
−0.069
−0.046b
−0.100
−0.220
−0.020
0.033
0.038a
0.337a
1.963b
−0.095a
−0.216c

β
0.182
0.196
0.207
0.222
0.284
0.170
0.042
0.082
0.086
0.086
0.080
0.019
0.031
0.016
0.152
0.144
0.041
0.077

S.E.
0.943
1.103
0.795
0.850
1.850
1.381
1.354
0.933
0.955
0.905
0.978
0.980
1.034
1.039
1.401
7.121
0.909
0.806

OR

Data pooled from T2 to T6

0.358
0.083
0.060
0.372
0.507a
0.378b
−0.047
−0.573b
−0.238
0.043
−0.030
0.011
0.050a
0.431a
2.090b
−0.183c
−0.252a

β

0.230
0.254
0.271
0.394
0.246
0.062
0.115
0.120
0.124
0.114
0.028
0.044
0.022
0.214
0.204
0.063
0.113

S.E.

1.430
1.087
1.062
1.451
1.660
1.459
0.954
0.564
0.788
1.044
0.970
1.011
1.051
1.539
8.085
0.833
0.777

OR

Data pooled from T3 to T6

Table 13.3 Logistic Regressions of Drug Use in the Last 30 Days (“Yes and No”) on
Selected Sociodemographic and Psychosocial Variables
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0.119
0.022
0.099
0.033
−0.097c
0.015
0.120

0.356
679.636b

0.082
0.086
0.077
0.018
0.030
0.015
0.147

1.126
1.022
1.104
1.034
0.908
1.015
1.127

0.206
0.029
0.012
−0.001
−0.092a
0.011
0.139
1.015b
−0.032
0.178
−0.145
−0.025
0.186
0.040
−0.012
0.022
−0.143

0.120
0.121
0.115
0.027
0.044
0.023
0.209
0.202
0.056
0.109
0.114
0.116
0.103
0.025
0.042
0.021
0.200
0.466
565.726b

Note: All βs are unstandardized logit coefficients. OR is odds ratio, which is the exponential value of the logit coefficient.
a p < 0.05.
b p < 0.001.
c p < 0.01.

Satisfied with life (−1)
Uncertain about future (−1)
Doing extreme things shows vitality of young people (−1)
Self-esteem (−1)
Hopelessness (−1)
Depression (−1)
Stricken by traumatic events in the last 6 months (−1)
Drug use in the last 30 days (−2)
Permissiveness to use drugs (−2)
Found goal in life (−2)
Satisfied with life (−2)
Uncertain about future (−2)
Doing extreme things shows vitality of young people (−2)
Self-esteem (−2)
Hopelessness (−2)
Depression (−2)
Stricken by traumatic events in the last 6 months (−2)
Pseudo R2
Model χ2

1.229
1.029
1.012
0.999
0.912
1.011
1.149
2.759
0.969
1.195
0.865
0.975
1.204
1.041
0.988
1.022
0.867
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As drug use at a particular time point might also be influenced by
variables at the previous time point, we examined the effects of independent variables with (−1)’s in Table 13.3. This group of independent variables included drug use at the previous time point. The results showed
that the variables at the previous time point that also cast significant influence on drug use at the time point for comparison were as follows: drug
use in the last 30 days (−1), permissiveness to the use of drugs (−1), found
goal in life (−1), and hopelessness (−1). The greatest effect came from drug
use in the last 3 days (−1) (i.e., β = 1.963, p < 0.001, OR = 7.121). Found goal
in life (−) also had a moderate effect (i.e., β = −0.216, p < 0.01, OR = 0.806),
and hopelessness (−1) and permissiveness to use drugs (−1) had only weak
effects (β = −0.097, p < 0.01, OR = 0.908 for hopelessness, and β = −0.095, p <
0.05, OR = 0.909 for permissiveness).
Turning to the data pooled from T3 to T6, time points T4, T5, and T6
did not significantly affect drug use. For the variable student status (−2),
subjects who were not students were more likely to use drugs (i.e., β =
0.507, p < 0.05, OR = 1.660). Regarding the psychosocial variables, those
that were significant in the regression for the T2–T6 pooled data were
also significant in this regression. They were permissiveness to the use of
drugs (β = −0.378, p < 0.001, OR = 1.459), satisfied with life (β = −0.573, p <
0.001, OR = 0.564), depression (β = 0.050, p < 0.05, OR = 1.051), and stricken
by traumatic events (β = 0.431, p < 0.05, OR = 1.539).
Psychosocial variables and the variable drug use in the last 30 days
at the previous time point (−1) that were significant in the regression for
the T2 to T6 data were also significant in the regressions for the T3 to T6
data. They were as follows: drug use (−1) (β = 2.090, p < 0.001, OR = 8.085),
permissiveness to the use of drugs (−1) (β = −0.183, p < 0.01, OR = 0.833),
found goal in life (−1) (β = −0.252, p < 0.05, OR = 0.777), and hopelessness
(−1) (β = −0.092, p < 0.05, OR = 0.912).
For the T3 to T6 data, we also tested psychosocial variables (−2) as well
as the variable drug use in the last 30 days (−2). These variables were two
time points earlier than the comparison time point. Only drug use in the
last 30 days (−2) was significant (β = 1.015, p < 0.001, OR = 2.759). All the
psychosocial (−2) variables were not significant, suggesting that the influence of psychosocial variables on drug use did not extend to two time
points.
In summary, our regression analysis shows that the sociodemographic
variable student status and the psychosocial variables permissiveness to
use drugs, satisfied with life, depression, and stricken by drastic events in
the last 6 months were the most significant variables affecting drug use
in the last 30 days. Moreover, the variables that were found to affect drug
use at the next time point were drug use (−1), permissiveness to the use
of drugs (−1), found goal in life (−1), and hopelessness (−1). Regarding the
variables that might continue to affect drug use after the next time point,
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the only variable that yielded such extended significant effect was drug
use (−2).

13.4 Discussion and summary
On the basis of data collected from the 3-year longitudinal survey of
psychoactive drug abusers in Hong Kong, which was conducted by the
author between 2009 and 2012, this chapter examines the influence of
sociodemographic, psychosocial, and drug use history variables on drug
use in a sample of psychoactive drug users recruited from youth outreach
agencies and treatment programs. Altogether, six series of interviews
were conducted, spaced out at 6-month intervals. The baseline sample
size at T1 was 754, and this decreased to 288 in the last series of interviews at T6, mainly because of attrition in the form of natural case closure
or premature departure. A long list of sociodemographic, psychosocial,
and drug use history variables were tested for their bivariate relationships
with the dependent variable “drug use in the last 30 days.” Altogether, one
sociodemographic variable and nine psychosocial variables were found to
have significant bivariate relationships with drug use at four or more time
points. They were thus selected for a series of regression analyses. The
results showed that student status, permissiveness to the use of drugs,
satisfied with life, depression, and stricken by traumatic events in the last
6 months significantly affected drug use. Those variables that also exerted
influence on drug use at the next time point included the following: drug
use in the last 30 days (−1), permissiveness to the use of drugs (−1), found
goal in life (−1), and hopelessness (−1). The effect of the variable drug use
in the last 30 days (−2) even extended to the time point after next. How
should these results be interpreted? What theoretical and practical implications do these results have?
First, nonstudents, and students who were always absent from school,
were more likely to use drugs than students who regularly attended school.
This finding suggests that schools have a protective effect against drug
use among students who are already drug users. This does not sound like
a new finding, as traditionally schools are places of discipline and good
conduct. However, a series of incidents that occurred in the mid-2000s,
involving secondary school students being caught carrying or using keta
mine in public parks, and students being overdosed with ketamine, were
a wake-up call indicating that the use of psychoactive drugs by secondary
school students was much more serious than the public thought. All of a
sudden, the school was perceived to have fallen victim to the drug attack
and to have become a venue for the easy distribution and consumption of
ketamine among students. In view of the alarming increase of ketamine
abuse in young people, Mr. Donald Tsang, then Chief Executive, in his
2007 Policy Address, announced the formation of an interdepartmental
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task force headed by Mr. Wong Yan-lung, then Secretary for Justice, to
study the youth’s drug problem and recommend solutions, including better equipping schools and teachers with knowledge and skills for drug
prevention and intervention (Task Force on Youth Drug Abuse 2008). The
Trial Scheme on School Drug Testing in all secondary schools in the Tai Po
District was launched in 2009 to 2011, with the primary objective of creating an antidrug atmosphere in schools not just in Tai Po but all over Hong
Kong (Narcotics Division 2010, 2011). These efforts greatly empowered
schools in the prevention of drug abuse by students. Keeping drug-using
students in school rather than letting them spend time on the street with
gangs is an essential strategy. The question for the teachers is “How?”
Drug-using students tend to be low achievers who are not interested in
school work. How can they be motivated to come to school more often?
Second, permissiveness to the use of drugs significantly affected drug
use and had a causal effect on drug use at the next time point as well.
Previous studies have ascertained the influence of prodrug attitude on
drug use behavior. For example, a study of 504 marginal youths and 503
regular secondary students in Hong Kong in 2002–2004 found that the
level of permissiveness to the use of drugs of the marginal youths (80%
of them had taken drugs at some point) was six times higher than that
of regular students (Cheung and Cheung 2006). In the present sample of
drug users, a higher level of permissive attitude toward drug use was
associated with a greater likelihood to continue drug use.
Our findings also showed that half of the subjects had a higher level
of permissiveness (T1 data; median = 10, with lowest = 4 and highest = 16).
As many as 79.5% disagreed that drug use was an inappropriate behavior,
and 71.1% thought that the recreational use of drugs was acceptable. Why
was the recreational use of ketamine so appealing to young drug users?
One of the reasons given was their perception of the risk of ketamine visà-vis heroin, which, for many decades (until the late 1990s), had been the
dominant drug used in Hong Kong. Most of young drug users today think
that ketamine is not as harmful as heroin, because they perceive it to be
less addictive and so easier to stop using it. According to information we
collected from several focus group sessions, ketamine users believe that
as long as they do not try heroin, then they are safe. Such a misconception
reinforces their false assessment of the harm of using ketamine, thereby
facilitating them using this drug as part of their everyday lives. Many of
them do not consider using ketamine to be drug addiction. Rather, they
view it to be a bad habit, one of many (such as drinking, smoking, gambling, excessively playing computer games, swearing, gang fighting, theft,
and vandalism) that a lot of young people consider to be part of being
young. This reduction in the conception of “drug abuse” as a “bad habit,”
or what I call “bad habitization of drug use” (Cheung and Zhong 2014),
lowers the level of awareness in young drug users to the actual dangers
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involved in psychoactive drug abuse, which encourages their denial of
drug abuse, and hinders their motivation to seek help. Efforts should be
made to address the bad habitization tendency as well as the larger drug
subculture of young drug users in developing effective intervention and
preventive strategies targeting ketamine and other psychoactive drugs.
Another significant psychosocial variable was satisfaction with life. I
showed that subjects with higher levels of life satisfaction are less likely
to use drugs. This finding is consistent with many previous studies that
have found a negative relationship between life satisfaction and high-risk
behavior among young people (Thatcher et al. 2002; Valois et al. 2004).
Incidentally, in a previous 3-year longitudinal study of chronic drug abusers (mainly heroin abusers with a mean age of 36.3 years) in Hong Kong
that I conducted between 2000 and 2002, life satisfaction was also found to
exert significant direct and indirect effects on drug use (Cheung 2009). The
level of life satisfaction in the present sample of young psychoactive drug
users was medium only, with mean life satisfaction scores ranging from
3.01 to 3.40 (1 = lowest, 5 = highest) at the six time points. Unlike chronic
heroin abusers, who perceived that their drug addiction had resulted in
wasted opportunities for building a successful career and raising a normal family, young psychoactive drug abusers were more concerned with
their immediate lives than their future. Participants of our focus group
sessions expressed that schooling was so boring that they had no motivation to study hard. They became low achievers in school, at risk of developing a deviant subculture that deemphasizes mainstream school values
and promotes the involvement in risk behavior as a mechanism to cope
with their dissatisfaction with school life. Moreover, most drug-using students were not happy with their families. Conflict with parents and the
lack of care and support from parents did not make their families a source
of security and gratification. How to increase the life satisfaction of student drug users in their school and family spheres so as to reduce their
likelihood to continue to use drugs is a tough question for teachers, parents, youth professionals, policy makers, and other related parties.
Depression was also positively related to drug use. The mean score of
this sample of drug users at T1 was 9.6, which, in the simplified version of
Beck’s Depression Scale (score range, 0–39) used in this study, represented
a moderately serious degree of depression (Mok et al. 2008). This finding
suggests that counseling or psychiatric services provided to young psychoactive drug users might help decrease their likelihood to continue to
use drugs.
Subjects struck by traumatic events that occurred in the last 6 months
were more likely to use drugs than those who had not. This is an example of strain produced by “exposure to negative stimuli” as discussed in
Agnew’s strain theory (Agnew 1992). While the occurrence of distressing
events is out of the drug user’s control, access to counseling and social
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support could be very helpful in reducing the traumatic impact of these
events on the drug user, thus resulting in decreasing the likelihood of
continuous drug use.
Some variables exhibited causal effects on drug use at the next time
point. Permissiveness to the use of drugs affected not only drug use at the
same time point but also drug use at the next time point. Finding a goal in
life reduced the likelihood of drug use at the next time point but did not
affect drug use at the same time point. Hopelessness also affected drug
use at the next time point rather than drug use at the same time point.
Finally, the variable that was able to exhibit strong effects on drug use
at the next two time points was drug use itself. This finding is hardly surprising, as drug use at one time point indicates the presence of physical
and psychological dependence at that time point. Unless the dependence is
effectively removed before the next time point, through the subject’s own
will or via a treatment program, then drug use will continue. On the other
hand, successfully becoming drug free at one time point increases the likelihood of maintaining the drug-free status for the next two time points.
Before we end this chapter, several limitations of the study should be
mentioned. First, the overall attrition rate of the sample was high (i.e., 38.2%
from T1 to T6). This type of sample is always quite unstable, because during the 3-year study period, some subjects leave their agencies because of
program completion or because of premature departure. The fact that the
participating agencies tried their best to maintain contact with their clients
actually guaranteed the best retention rate possible. Also, for the present
analysis, only those subjects who were not in a residential treatment program
at the time of interview, or had been admitted into a treatment program not
more than 30 days at the time of interview, were selected. Thus, this selection
process further reduced the number of subjects eligible for analysis.
Second, the target population of the study were people who had at
some time used any type of psychoactive drug. This refers to a very broad
category of drug users who had a diverse pattern of drug use and abuse.
There is no way to determine the size of this population and obtain a
sampling frame for drawing a random sample of subjects. Despite the
disadvantage of using a nonprobability sample, efforts were made in the
data collection process to improve the representativeness of the sample by
soliciting the participation of as many agencies as possible and recruiting
as many subjects as possible for the baseline T1 sample.
Third, the dependent variable “drug use in the last 30 days” was measured with a “yes” and “no” dichotomy. This measurement was not able to
differentiate different levels of use. Unfortunately, the quantity of drugs
taken during each drug use episode was not determined in the questionnaire. If information regarding these variables had been acquired in the
questionnaire, then they could have been combined to form a variable
that collects more in-depth information regarding drug use.
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This chapter reports the findings of a pioneer longitudinal survey of
ketamine users as well as other psychoactive drug users in Hong Kong,
addressing the influence of sociodemographic factors, psychosocial factors, and drug use history among young drug users. These findings indicate the need to address the issues of school attendance, psychosocial
conditions, and drug subculture of young drug users, in order for us to
better understand the social aspects of ketamine use and improve prevention and intervention strategies.
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14.1 Introduction
The recreational use of ketamine has increased over recent years in
many parts of the world, and physical harm and addiction have been
reported in heavy users (Morgan and Curran 2012; Schifano et al. 2006).
Initially confined to certain subcultures, ketamine is now the fourth
most popular drug among UK clubbers after cannabis, ecstasy, and
cocaine, which suggests a high potential of abuse (Morgan and Curran
2012). This abuse potential can be related to its complex psychoactive
profile, observed even at low doses, which include analgesic, psychotropic, and antidepressant effects. Recent research has shown that keta
mine can induce long-lasting effects after just a single low-dose acute
administration. For example, clinical studies have shown that one infusion of ketamine induced a rapid antidepressant response in subjects
with major depressive disorder that lasted for up to 7 days (Berman et
al. 2000; Zarate et al. 2006). Remarkably, ketamine acutely induces effects
similar to those observed after chronic administration of currently used
antidepressants. These effects might be related to the capacity of keta
mine to trigger molecular mechanisms of neuroplasticity, resulting in
a different arrangement of neuronal circuits involved in behavioral control. Interestingly, when ketamine is taken by subjects with no symptoms
of depression, it induces elation and the dazed behavior observed with
other similar addictive drugs. The neurobiological and molecular events
associated with ketamine exposure have been extensively investigated
in areas of the brain related to depression and mood changes (Duman
et al. 2012). However, similar mechanisms are known to be involved in
areas of the brain that respond to reward and are involved in motivation.
This therefore supports a possible role for neuroplasticity in the development of ketamine dependence and abuse (Dietz et al. 2009; Russo et al.
2010; Tedesco et al. 2013). This rapid induction of neuroplasticity could
determine the establishment of a liability for ketamine dependence since
the very first exposure, that is, a fast-onset acquisition of ketaminetaking behavior, its maintenance, and resistance to extinction and vulnerability to ketamine-seeking relapse.
In this chapter, we describe the effects of ketamine on the molecular and neurochemical mechanisms known to be involved in the drugrelated neuroadaptation of the brain as determined in preclinical models.
Ketamine-induced changes in neurotransmitters, their receptors, neurotrophic factors, and neuronal morphology both in vitro and in vivo will be
discussed as correlates of behavioral phenomena associated with addiction, such as locomotor sensitization, and drug self-administration. This
overview will be discussed in the context of ketamine abuse as well as the
implications for basic research on psychiatric disorders.
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14.2 Receptor profile of ketamine
14.2.1 Glutamate ionotropic receptors
Ketamine neuropharmacology is complex. Ketamine acts on glutamate
binding sites of the ionotropic N-methyl-d-aspartate receptor (NMDAr)
and on non-NMDArs (Kohrs and Durieux 1998). It is a glutamate noncompetitive antagonist at the NMDAr. Like other NMDAr noncompetitive
antagonists (e.g., phencyclidine, MK-801, dextromethorphan, and memantine), it is fastened to an intrachannel site called the phencyclidine site
(Lipton 2004). Ketamine intrachannel binding decreases the channel opening time and amplifies the response to repeated stimulation. Enhanced
effects were observed when the NMDAr channel was previously opened
after glutamate fixation (Arendt-Nielsen et al. 1995; Guirimand et al. 2000).
In addition to acting on glutamate binding sites, ketamine also binds
to a site that is located in the hydrophobic domain of the NMDAr, where it
reduces the frequency of channel opening (Schmid et al. 1999). Furthermore,
it acts as an allosteric antagonist at the NR2B subunit of NMDAr. The NR2B
subtype of the NMDAr is abundant not only in the limbic system and in
the cingulate cortex but also in the hippocampus and amygdala, which are
areas of the brain involved in emotion and memory (Mion and Villevieille
2013). The NMDAr is central to learning and memory because of its role
in synaptic plasticity; thus, inhibition of the NMDAr is the mechanism
responsible for the specific ketamine effects on synaptic plasticity.
Non-NMDA glutamate ionotropic receptors such as the α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAr) and the
kainate receptor interact with, and are inhibited by, ketamine (Gonzales
et al. 1995). Activation of AMPAr, similar to NMDAr activation, stimulates
nitric oxide (NO) synthesis, which in turn increases the production of
intracellular cyclic guanosine monophosphate (cGMP) (Garthwaite 1991;
Marin et al. 1993; Wood et al. 1990). Therefore, the effects of ketamine are
mediated via the glutamate/NO/cGMP system, a mechanism suggested
to underlie the neuroprotective and neurotrophic properties of ketamine
(Gordh et al. 1995). However, recent data suggest that the involvement of
the ketamine/AMPAr interaction in neuroplasticity may be attributed to
an increase in the ketamine-induced glutamate levels observed in some
brain regions and consequently to the release of AMPAr-mediated neurotrophins (Duman et al. 2012) rather than via a direct effect on the NO/
cGMP mechanism.

14.2.2 Dopamine and serotonin receptors
Dopamine receptors are a class of G protein–coupled receptors categorized into two subfamilies, the D1-like dopamine receptors (D1r and D5r)
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and the D2-like dopamine receptors (D2r, D3r, and D4r) (Beaulieu and
Gainetdinov 2011; Tiberi et al. 1991; Vallone et al. 2000). Serotonin receptors, also known as 5-hydroxytryptamine receptors (5-HTr), are a group
of G protein–coupled receptors (5HT1r, 5HT2r, 5HT4r, 5HT5r, 5HT6r, and
5HT7r) and ligand-gated ion channels (5HT3r). Some reports suggest that
ketamine can bind to dopamine D2r and serotonin 5-HT2r, in particular
to the high-affinity states of these receptors, suggesting an agonist-like
profile. Indirect evidence of 5HT2r binding was obtained with the keta
mine analog PCP (Kapur and Seeman 2002), but its relevance in vivo and
in humans in particular is still under scrutiny.

14.2.3 Dopamine and serotonin transporters
Ketamine has been shown to enhance the endogenous levels of dopamine in rodents when measured in vivo with microdialysis (Lorrain et al.
2003). Ketamine has also been shown to enhance serotonin transmission
in monkeys (Yamamoto et al. 2013), and this effect on both dopamine and
serotonin is probably mediated via a direct action on monoamine reuptake transporters (Nishimura et al. 1998). Indeed, it is well documented
that ketamine has an affinity for the dopamine transporter and this
effect shows stereo-selectivity with S-ketamine being more potent than
R-ketamine (Nishimura and Sato 1999). Furthermore, ketamine shows relevant affinity for the serotonin transporter (Martin et al. 1988, 1990).

14.3 Neurochemical effects
14.3.1 Effects of ketamine on glutamate levels
The mechanism by which ketamine produces its effects has been partially
attributed to the blockade of NMDAr located on inhibitory GABAergic
neurons in the limbic and subcortical brain regions (Moghaddam et al.
1997; Nakao et al. 2003). As a result of this disinhibitory action, glutamate release and dopamine release in the prefrontal cortex and limbic
striatal regions increase dramatically owing to augmented neural activity
(Duncan et al. 1998; Gass et al. 1993; Lorrain et al. 2003). The glutamate
content increases particularly in the cortex region after acute and chronic
ketamine administration, which leads to an increased glutamatergic input
on AMPAr relative to NMDAr. It is also possible that ketamine has direct
effects also on the pyramidal neurons, enhancing synaptogenesis and maturation of the spines (Li et al. 2010a). On the other hand, there seems to be
a different effect of ketamine in the hippocampus. Acute (but not chronic)
ketamine administration reduces glutamate levels in the hippocampus
(Chatterjee et al. 2012). Furthermore, ketamine at subanesthetic doses
induces desensitization of AMPAr in the hippocampus (Wang et al. 2011),
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an effect that is observed in the cortex and striatum only after an anesthetic dose (Snyder et al. 2007).

14.3.2 Effects of ketamine on dopamine levels
Dopamine plays a critical role in modulating synaptic plasticity (Bai et
al. 2009; Jay 2003). Most of the dopamine in the central nervous system is
derived from projections of dopaminergic neurons located in the ventral
tegmental area/substantia nigra and raphe nucleus (Ikemoto 2007). In vivo,
dopaminergic neurons in the midbrain are regulated by cortical glutamatergic projections through a facilitatory pathway that is mediated via the
NMDAr and AMPAr and an inhibitory pathway controlled by the NMDAr
via GABA interneurons (Kegeles et al. 2000). As an NMDAr antagonist on
GABA interneurons, ketamine disinhibits glutamate neurotransmission
at the AMPAr and also reduces the inhibitory pathway activity leading
to an increased excitatory input and rapid dopamine efflux in the cortex
(Moghaddam et al. 1997). In addition, the uptake of dopamine is inhibited
by ketamine interaction with the dopamine transporter, which contributes
to the increased central dopaminergic activity (Nishimura and Sato 1999;
Nishimura et al. 1998). The prefrontal dopaminergic system, which is critically involved in working memory and executive function, is particularly
vulnerable to the chronic effects of ketamine (Narendran et al. 2005). While
an acute subanesthetic dose of ketamine rapidly increases dopamine release
in the prefrontal cortex, chronic ketamine application results in a further
increase in the dopamine content that persists for at least 10 days after drug
withdrawal (Chatterjee et al. 2012; Lindefors et al. 1997; Moghaddam et al.
1997), which suggests that there might be a longer duration effect of chronic
ketamine use on the increase of dopamine levels in the cortex. In the striatum, a significant increase in the dopamine level is observed with both
acute and chronic ketamine treatment, but, unlike the cortex, the dopamine
level decreases during the drug withdrawal phase in this region. In contrast, the concentration of dopamine in the hippocampus did not change
significantly after either acute or chronic ketamine treatments, whereas
an increase was observed after drug withdrawal (Chatterjee et al. 2012).
Interestingly, in the hippocampus, the mechanism of ketamine-induced
AMPAr desensitization could be mediated by dopamine. In addition, it
has recently been shown that ketamine induces AMPAr endocytosisdependent synaptic depression via D1/D5 receptors at Schaffer collateralCA1 synapses in this region of the brain (Duan et al. 2013).

14.3.3 Effects of ketamine on serotonin levels
The uptake of serotonin is also inhibited by ketamine (Martin et al. 1988,
1990). In the cortex, the level of serotonin does not change after acute
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ketamine administration, but it does increase after chronic ketamine
administration, and this effect is further exacerbated upon withdrawal
of the drug. Similarly, in the striatal region, chronic ketamine application
results in an increase in the level of serotonin level; however, unlike in
the cortex region, the serotonin levels return to normal after drug withdrawal. In the hippocampus, as for dopamine, there are no significant
changes in the level of serotonin after either acute or chronic ketamine
treatment (Chatterjee et al. 2012).
The data acquired regarding ketamine modulation of dopamine and
serotonin in the cortex and striatal regions suggest that the ketamine
effect on dopamine release is more rapid, and this might be responsible
for early cellular events, which subsequently leads to the modulation of
the serotonin levels at a later stage.

14.3.4 Effects of ketamine on noradrenaline content
The pattern of noradrenaline release after acute or chronic ketamine treatment or ketamine withdrawal is similar to that observed for dopamine
across the different brain regions. An increase in noradrenaline levels is
observed after acute and chronic ketamine treatment in the cortex and
striatal regions, with a higher increase occurring during drug withdrawal
in the cortex and hippocampus (Chatterjee et al. 2012). Ketamine, in particular R-ketamine, also inhibits the neuronal uptake of noradrenaline,
which induces a prolonged synaptic response (Kress 1994). With the stimulation of noradrenergic neurons and an inhibition of uptake of catecholamines, ketamine provokes a hyperadrenergic state (i.e., with the release
of noradrenaline, dopamine, and serotonin).

14.3.5 Effects of ketamine on the acetylcholine level
Cortical acetylcholine (ACh) regulates the detection, selection, and processing of stimuli, and it is known to be involved in cognitive functions
(Hasselmo 2006). Administration of ketamine in acute or chronic doses
leads to an increase in the level of ACh in the cortex, with a higher increase
occurring after chronic treatment. On the other hand, no change in the
level of ACh level has been found in striatal or hippocampal regions.
Ketamine also increases acetylcholinesterase (AChE) activity in the cortex, with a higher level of activity occurring after acute administration
than after chronic administration (Chatterjee et al. 2012). These findings
are consistent with the fact that acute ketamine treatment might result
in the dramatic activation of AChE, which likely leads to low ACh content. On the other hand, chronic ketamine treatment results in a lower
level of AChE activation, which leads to an increase in ACh levels. As
expected, ketamine inhibits NMDAr-mediated ACh release (Kohrs and
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Durieux 1998). Other findings indicate that, at clinical concentrations, keta
mine acts as an antagonist of nicotinic and muscarinic ACh receptors
(Kress 1994).

14.3.6 Imaging studies
Ketamine action in the cortex and limbic brain regions has also been extensively investigated by preclinical and clinical imaging studies. Functional
magnetic resonance imaging studies conducted in rats, primates, and
humans have shown that both acute and chronic subanesthetic doses of
ketamine change metabolic activity in various regions of the brain. Acute
ketamine use increases metabolic activity particularly in the limbic cortical regions (including the medial prefrontal, ventrolateral orbital, cingulate, and retrosplenial cortices), in the hippocampal formation (i.e., in the
dentate gyrus, CA3 stratum radiatum, stratum lacunosum moleculare,
and presubiculum), and in the basolateral amygdala (BLA) (Duncan et al.
1998, 1999). On the other hand, chronic ketamine use increases metabolic
activity in the right lentiform nucleus, fusiform gyrus, and entorhinal cortex, whereas it reduces activity in the substantia nigra, ventral tegmental
area, posterior cingulated cortex, visual cortex, and somatosensory cortex
(Yu et al. 2012). White matter changes in the cortex of mice and humans
after chronic ketamine use have also been confirmed by recent imaging
analyses that highlight bilateral frontal and left temporoparietal reductions in fractional anisotropy in patients with ketamine dependence (Li et
al. 2010b; Liao et al. 2010). Together, these findings suggest that ketamine,
whether acutely or chronically administered, leads to widespread functional anomalies in the brain circuits that are relevant to drug addiction.

14.4 Signal transduction
From a molecular perspective, the acute ketamine antidepressant effect
seems to be mediated by the activation of the mammalian target of rapamycin (mTOR), a protein kinase involved in translation control and longlasting synaptic plasticity, via brain-derived neurotrophic factor (BDNF),
a key neurotrophin modulated by chronic antidepressant administration
(Duman and Monteggia 2006; Krishnan and Nestler 2008), and involved
in the neuronal remodeling that occurs after chronic drug administration
(Russo et al. 2010).
The increased extracellular glutamate induced by ketamine in the
prefrontal cortex of rats shows a time course similar to the rapid induction
of mTOR (Moghaddam et al. 1997). One of the two multiprotein complexes
of mTOR (i.e., mTOR complex 1 or mTORC1) is involved in neuroplasticity via activation of p70 ribosomal S6 kinase (p70S6K) and repression of
eukaryotic initiation factor 4E binding proteins (4E-BPs); which in turn

308

Vincenzo Tedesco, Ginetta Collo, and Cristiano Chiamulera

lead to increased phosphorylation of ribosomal protein S6 (rpS6P) and
release of the activated forms of 4E-BP1, respectively (Klann and Dever
2004). An increased level of mTOR, 4E-BP1, and p70S6K found in a preparation enriched in synaptoneurosomes (Li et al. 2010a) after acute subanesthetic ketamine administration confirms that ketamine rapidly activates
the mTOR signaling pathway in the prefrontal cortex of rats. Furthermore,
rpS6P expression increases in the prelimbic and infralimbic cortices,
nucleus accumbens core, and BLA of rats after a single subanesthetic dose
of ketamine, suggesting that acute ketamine administration also induces
neuroplasticity in drug addiction–related brain areas (Tedesco et al. 2013).
Since neuroplasticity is the key mechanism of addiction development, this
effect of acute ketamine administration might underlie an early development of addictive behavior.
Stimulation of mTOR signaling and synaptic protein synthesis is
dependent on glutamate activation of the AMPAr (Hoeffer and Klann
2010). Glutamate binding leads to activation of the AMPAr, which in turn
modulates the opening of L-type voltage-dependent calcium channels,
leading to an influx of intracellular calcium and the subsequent activitydependent release of BDNF, which results in the activation of protein
kinase B, and extracellular signal–related kinase (ERK), as well as stimulation of mTOR and synaptic protein synthesis (Hoeffer and Klann 2010;
Jourdi et al. 2009; Slipczuk et al. 2009; Takei et al. 2004).
Increased phosphorylation of glycogen synthase kinase-3 (GSK-3), a
target of mood-stabilizing agents (Li and Jope 2010), has been proposed
as another possible molecular mechanism that is engaged after acute
ketamine administration. Since mice containing a knock-in mutation that
blocks the phosphorylation of GSK-3 do not respond to ketamine in a
behavioral model of depression (Beurel et al. 2011), GSK-3 is a new candidate for molecular investigations of the effects of acute ketamine use. The
mechanisms underlying the induction of GSK-3 phosphorylation by keta
mine are not yet well understood, but it is speculated that Akt, a major
regulator of GSK-3, and a key molecule in the synaptic protein expression
triggered by ketamine, may be involved (Li et al. 2010a).

14.5 Structural plasticity induced by ketamine
Ketamine is known mostly for its neurodegenerative effects both in vivo
and in vitro (Vutskits et al. 2006; Yu et al. 2012), and yet it is particularly
important when exposure takes place during neurodevelopment (Ibla et
al. 2009). Surprisingly, at lower doses, ketamine appears to have an opposite effect, busting structural plasticity (Li et al. 2010a). Structural plasticity can be defined as the ensemble of morphological changes that occur
in neurons of specific regulatory neural systems when engaged in learning, in adaptive responses to external stressors, or during recovery after
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damage. It is tempting to suggest a role of structural plasticity in ketamine
treatment.
A single subanesthetic dose of ketamine is associated with an increase
in synapse formation and maturation in the medial prefrontal cortex of
adult rodents. Ketamine increases spine densities and size (i.e., mushroomlike functional spines) in the distal and proximal dendrite segments of
glutamatergic pyramidal neurons of the cortical layer V (Li et al. 2010a);
these effects were observed 24 h after administration, suggesting a rapid
action of ketamine.
Currently, there is no evidence to suggest that structural plasticity
occurs in other brain regions of adult animals after ketamine application.
The fact that cocaine, amphetamine, and nicotine all increase synaptic
spine density and dendrite length in pyramidal neurons of the prefrontal
cortex, in medium spiny neurons of the nucleus accumbens (Janson et
al. 1988; Robinson and Kolb 2004), and in dopaminergic neurons of the
mesencephalon (Collo et al. 2012, 2013; Mueller et al. 2006; Sarti et al. 2007),
suggests that ketamine might also affect structural plasticity in other neuronal systems relevant for addictive behavior.
Recent in vitro data indicate neuroplasticity effects of ketamine on
dendrite length and branching of mesencephalic dopaminergic neurons
isolated from mouse embryos (Cavalleri et al. 2013). Interestingly, the neuroplasticity effects of ketamine were also observed during neural development in vivo. Ketamine exposure for 5 h was shown to increase the
number of functional dendritic spines in the somatosensory cortex and
hippocampus of 15-day-old mice (De Roo et al. 2009). While these effects
could be seen as transient and related to the developmental stages, their
relevance as potential mechanisms in addiction is an intriguing possibility that deserves some attention.
Recent molecular findings indicate that ketamine activates intracellular pathways associated with cell growth, such as Raf–MEK–ERK, Akt–
PI3K–mTORC1 or GSK3, and IP3–Ca2+–CaMK, which are all relevant for
the generation of synaptic spines and dendrite elongation (Duman et al.
2012; Tedesco et al. 2013). Interestingly, these pathways are primarily activated by neurotrophins such as BDNF or NT4, which bind to the TrkB
receptor and trigger structural changes in most neurons (Duman and
Bhavya 2012; Li et al. 2008). A reasonable and commonly accepted view
indicates that ketamine effects are mediated by BDNF since ketamine
increases the levels of BDNF in the hippocampus, cerebral cortex, and
midbrain (Duman et al. 2012; Garcia et al. 2008; Ibla et al. 2009; Li et al.
2010; Tan et al. 2012). BDNF is known to increase the expression of several
synaptic proteins, including the spine scaffold PSD95 and the density of
AMPArs, leading to synaptic maturation (Chen et al. 2009; Duman et al.
2012). This effect appears to be mediated by mTORC1 since rapamycin
blocks dendritic arborization or functional spine formation induced by
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either ketamine (Li et al. 2010a) or BDNF (Kumar et al. 2005). Interestingly,
some findings indicate that ketamine also increases the AMPAr in the
prefrontal cortex of Sprague–Dawley rats (Li et al. 2010a) and in the hippocampus of Wistar–Kyoto rats (Tizabi et al. 2012). Moreover, Jourdi et
al. (2009) showed that positive modulation of the AMPAr leads to dendritic growth via BDNF secretion and TrkB activation. Mechanistically,
the enhanced AMPAr signaling associated with TrkB intracellular pathway activation might result in a feed-forward system that is necessary
to maintain the cellular growth machinery needed to produce structural
changes. However, to be functional, this model requires an increase in
glutamate release in the synaptic cleft. It was proposed that ketamine
is specifically active in blocking NMDAr located in the GABA-releasing
interneurons of the cortex, leading to a disinhibition of the presynaptic
glutamatergic neurons and an increase in glutamate release (Duman et
al. 2012; Moghaddam et al. 1997). Therefore, according to this hypothesis,
in the presence of ketamine, glutamate (which is increased) will be acting
primarily on the AMPAr and metabotropic glutamate receptors since the
NMDArs are blocked. In one experiment, Li et al. (2010a) showed that the
AMPAr antagonist NBQX blocks the activation of ERK, Akt, and mTOR
pathways in the prefrontal cortex of adult rats administered with keta
mine (but the structural plasticity effects of ketamine were not shown).
Conversely, when NBQX was administered to a nonstimulated hippocampal organotypic preparation from young rats, an increase in both the
size and number of dendritic spines was observed, a phenomenon also
observed after NMDA blockade with MK801, and GABA enhancement
with midazolam (De Roo et al. 2009). While these data on the glutamate
system are promising, they do not rule out the possibility that some of
the structural plasticity effects of ketamine might be mediated via the
increased release of other neurotransmitters affecting the excitatory/
inhibitory balance, such as dopamine and serotonin. In conclusion, there
is evidence that ketamine produces structural plasticity, but the functional
relevance of these changes is still a matter of exploration.

14.6 Behavioral correlates of neuroadaptation
14.6.1 Drug addiction as a form of behavioral adaptation
Several phases characterize the addictive experience (Kalivas and O’Brien
2008). The “social use” of drugs is compatible with a normal lifestyle, and
it does not permeate all aspects of life. On the other hand, the “regulated
relapse” use is more severe; nevertheless, it still involves some behavioral
control. The most severe phase of drug use is termed “compulsive relapse.”
The shift from declarative to automatic behaviors—owing to chronic
exposure to the drug—is an expression of neuroadaptation in areas of the
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prefrontal cortex (Goldstein and Volkow 2002) toward a general reduction of activity, that is, a reduced inhibitory control over the striatal brain
areas. Over time and with continued chronic exposure to the drug, there
is a shift from ventral to dorsal striatum control on behavior, that is, from
goal-directed action to stimulus–response. That means that the flexible,
reversible motor behavior to get the drug becomes a habit (Belin et al.
2009). The shift from social use to compulsive relapse does not necessarily indicate that there is an increase in the frequency of taking the drug.
Some types of drug addiction (ketamine included) develop on a circadian
or even on a weekly basis. Therefore, additional nonpharmacological
factors may also play a role in the onset of addictive behavior—drug
taking—or on drug-seeking relapse. In fact, drug effect–associated stimuli
and context changes are stored in brain areas such as the amygdala (for
the incentive value of stimuli) and in the prefrontal cortical regions where
the executive control of behavior allows adaptation to the modified environment. Behavior becomes less conscious, more automatic, and is characterized by action schemata and motor pattern generators (Everitt and
Robbins 2005).
The current paradigm of drug addiction as a form of learning and
memory, that is, of neuroadaptation, is supported by several pieces of evidence at the molecular, cellular, and behavioral level. Historically, drug
addiction research has developed experimental procedures to study the
behavioral effects of drug of abuse and to measure variables that may
define the validity of the addictive disorder in humans. More recently,
neurobiological investigations on drug addiction as a form of neuroadaptation showed correlations between mechanisms and behaviors as
assessed in laboratory animal models. Table 14.1 shows the main experimental procedures that have been used to study the behavioral effects of
drugs of abuse, including ketamine. The data presented in the following describe the effects of ketamine in these models and are discussed in
terms of ketamine-induced neuroadaptation as it emerges at the behavioral level. First of all, a brief overview of the acute effects of ketamine in
laboratory animals is given.

14.6.2 Behavioral effects of ketamine in rodents
Ketamine has a biphasic effect on motor behavior in rodents. At low
doses (i.e., 1–10 mg/kg intraperitoneal delivery), ketamine induces a doserelated increase in exploration, rearing, and ambulation. These effects are
more evident at moderate doses (i.e., 20–30 mg/kg intraperitoneal delivery), when they are associated with the onset of stereotypic movements.
At higher doses (i.e., close to anesthetic doses of ~100 mg/kg), motor coordination and muscle tone decrease. Ataxia and loss of posture are typical
signs. Locomotion is still activated at these doses, but the total distance
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Table 14.1 Experimental Procedures and Definitions of the Behavioral
Paradigms for the Investigation of Chronic Effects of Drugs of Abuse

Procedure
Drug-induced
sensitization

Self-administration

Conditioned place
preference

Reinstatement

Definition
An assay whereby a response is amplified by repeated
drug administration. Drug-induced motor sensitization is
a nonassociative learning process that is observed with
repeated administration of drugs of abuse such as
amphetamine and cocaine.
An operant assay in which a response (i.e., lever press or
nose poke) is followed by a reinforcer (e.g., drug).
Self-administration is thought to measure the reinforcing
effects of drugs. A drug is self-administered when the
probability of a response increases over time. Drugs
can be self-administered by different routes
(i.e., intravenously, intranasally, or orally).
An assay in which administration of a drug is paired with
a specific context, whereas administration of vehicle is
paired with a different one. Drug-pairing sessions are
alternated with vehicle-pairing sessions. After a sufficient
number of sessions, the animals are tested in a drug-free
state in which both contexts are presented. If animals
spend significantly more time in the context previously
paired with the drug, then the drug may have rewarding
effects.
An assay whereby a previously extinguished response
(i.e., lever press, nose poke, conditioned place preference)
is reestablished by administering the drug, which was
used previously for conditioning (i.e., drug-induced
reinstatement).

covered is lower because of incoordination, loss of equilibrium, and
“crawling-like” deambulation. Interestingly, Castagné et al. (2012) showed
that ketamine at a low to moderate range of doses also stimulates eating
and drinking behaviors. This stimulant effect is also seen at high doses,
but only after a longer period. In fact, this temporal profile of behavioral
effects of ketamine is due to the fact that at high doses, the earliest effect
is the sedative one; this then fades away and reveals the stimulant effect.

14.6.3 Motor sensitization
Sensitization was for a long time defined as reverse tolerance, or as an
increased biological response to chronic treatment with a substance. The
conceptualization of the phenomenon of sensitization is not intuitive, as it
is supposed that the body puts in place adaptive responses contrary to the
action of the drug, which are neither additive nor synergistic. In general, a
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physiologically enhanced biological response corresponds to an improvement of function—for example, the hypersensitivity acquired owing to a
tactile stimulus pain reliever may prompt the anticipation of the perception and therefore avoidance. In the case of pharmacological sensitization,
however, there is a risk of toxicity. Sensitization is a phenomenon that only
in recent years has been proposed as one of the main features of the psychological addiction to drugs of abuse (Robinson and Berridge 1993). The
increasing response of a chronic dose of addictive drug has been observed
at different levels of analysis, that is, neurochemical, electrophysiological,
and behavioral. Chronic treatment with amphetamine, cocaine, nicotine,
and other substances of abuse in laboratory animals has been shown to
induce an increase in neuronal processes (dendrites) and in the number of
synapses (Robinson and Kolb 2004). This modification is similar to those
induced in other phenomena of neuroplasticity, such as memory, thus
suggesting that the sensitized response of substances of abuse may gain
stability over time. The sensitization to drug response might explain the
increased motivation, salience to environmental stimuli, and the higher
risk of relapse observed.
Surprisingly, there are relatively few reports describing ketamineinduced motor sensitization (Meyer and Phillips 2003; Trujillo et al. 2008;
Uchihashi et al. 1993; Wiley et al. 2008). Motor sensitization is the behavioral phenomenon that has been observed after chronic administration
of cocaine, amphetamine, nicotine, and several other drugs of abuse.
Although it is not observed in humans, it is a valid measure of neuroadaptation to chronic treatment since it correlates with neuroplasticity
events at the molecular and cellular level. Trujillo et al. (2008) investigated
the motor sensitization effect of ketamine in rats at a moderate dose
(20 mg/kg), which was given once a week. During the first test, the effect
of this moderate dose was not significantly different from that induced
by the drug delivery vehicle alone. Ketamine was then given as a single
intraperitoneal injection once a week for the following 5 weeks. During
this time, the effect of the drug became more obvious, such that the same
dose induced an increase in motor hyperactivities, that is, time of activity,
ambulation, and fine movements, which was up to twofold greater than
the initial activity measured.
An increase in motor sensitization is demonstrated not only when
there is an escalation effect of the same dose but also when a dose that is
noneffective per se is able to induce an effect when given to a “sensitized”
subject, such as to an animal previously exposed to repetitive drug administration. In the Trujillo et al. (2008) study, for example, ketamine at 20 mg/
kg induced an increase of total activity counts in both saline-injected (controls) rats and in animals that had been sensitized with the drug for 6
weeks; however, a greater effect was observed in the previously sensitized group when compared with the vehicle-alone group. The occurrence
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of motor sensitization was also shown in the 7th week when a ketamine
challenge, a single, high dose of ketamine (at 50 mg/ml), was administered.
Trujillo et al. (2008) also performed a second experiment on motor sensitization with the highest dose of ketamine (50 mg/kg) given in an “experimental cage.” Motor sensitization for all the motor signs described above
was observed after 6 weeks of a once-a-week treatment. Another group
received the same dose regimen of ketamine but they remained in the
“home cage.” Interestingly, the motor sensitization observed in the group
that received ketamine in the experimental cage was not observed in the
group that received repetitive ketamine in the home cage. These data
suggest that motor sensitization is a form of learning that—as seen with
other drugs—is attributed to neuroadaptive processes (Anagnostaras et
al. 2002). The association between the context where the motor activity
took place and the ketamine effect enhances the initiation and expression
of motor sensitization.

14.6.4 Ketamine self-administration
The effects of ketamine addiction have been described by using a rat
model of addictive behavior and is called the drug self-administration
paradigm (Ahmed 2010). This conditioning task provides behavioral
measures that have been shown to possess predictive validity for drug
reinforcing properties (Markou and Paterson 2009). Briefly, rats were
trained to get a reward if they produced a specific behavioral response.
The reward increased the probability of responding occurrence, therefore
acting as a “reinforcer.” This process is physiological and it sustains motivated behavior for seeking and obtaining natural rewards such as food,
water, and sex. Drugs of abuse may act as primary reinforcers, as similar
behavior is observed in human addicts and as it has been characterized in
laboratory studies in both humans and animals (Table 14.1).
Drug self-administration protocols may also include Pavlovian components that are the conditioning of neutral stimuli. These stimuli acquire
a conditioned value upon repetitive associations to the unconditioned
stimulus (i.e., drug infusion). The reexposure to conditioned stimuli
previously associated with the drug is able to trigger cue reactivity. The
cue reactivity is an individual adaptive response to salient information
that is present in the internal and external environment of an individual.
Salience is motivational information that informs the approach or withdrawal behavior for seeking and taking rewards. Environmental components that may trigger cue reactivity are of two types: proximal or distal
stimuli. Proximal stimuli are those directly associated with the motivated
behavior and are discretely defined in terms of structure and properties.
Distal stimuli are often defined as a complex of various stimuli that own a
conditioned value as a whole. For instance, a club or a social environment
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is generally speaking defined as a context or setting. The real experience of an individual—the situation—includes both proximal and distal
stimuli, but researchers have investigated the features and the motivational values of these two categories of stimuli separately. Previous studies have characterized real-life smoking and craving situations (Dunbar
et al. 2010), as previously reported for other drugs of abuse (Epstein et
al. 2009; Sussman et al. 1998, 2001). In addition, studies by Badiani et al.
(2011) have cross-validated the effect of a setting between preclinical and
human studies for heroin and cocaine (Caprioli et al. 2009) and put it in
the broader perspective of the role of the environment in drug addiction
(Badiani et al. 2011).
Similar to the Trujillo et al. (2008) study described previously, De Luca
and Badiani (2011) investigated the effect of the setting (i.e., in the context of ketamine self-administration) on the response for ketamine infusion. They trained two groups of rats to self-administer different doses of
ketamine. One group resided permanently in an experimental operant
conditioning box (residential rats), whereas the other group was placed
in the experimental box only during the 3-h daily session of intravenous
ketamine self-administration and then they spent the rest of the day in
their home cage (nonresidential rats). The acquisition rate of responding
to ketamine infusion and the number of infusions were then compared
between the groups. There was a significant interaction between the unit
doses of ketamine self-administered, ketamine intake, and lever press for
infusion (all dependent variables of responding for ketamine as a reinforcer) with the setting. Nonresidential rats showed significantly higher
values for these variables than their residential counterparts.
These findings confirmed that ketamine, similarly to other psychostimulants, is able to induce reinforcing properties that interact with the
conditioned value of the context, in this case a novel nonfamiliar one.
Similar to the motor sensitization study reported by Trujillo et al. (2008),
De Luca and Badiani (2011) demonstrated that ketamine effects may be
enhanced by a novel environment.

14.6.5 Conditioned place preference
The conditioned place preference model has been widely used to assess
the reinforcing effect of addictive drugs (Tzschentke 2007). The effect
of the drug is repeatedly paired with one distinct context, whereas a neutral event is paired with a different context. Allowing the animal to move
between the two contexts and measuring the amount of time spent on each
context determines preference (Table 14.1). Administration of ketamine at
3 and 10 mg/kg has been shown to produce conditioned place preference
in mice (Suzuki et al. 1999), which is the ability to induce Pavlovian conditioning between its effects and a specific context.
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Interestingly, the extinction of a previously established drug-induced
place preference can be accomplished with either repeated place preference testing without any drug exposure or by pairing the two environments of the test apparatus with saline injections. Drug priming injections
(Shaham et al. 2003) can then reinstate the extinguished place preference
in a similar way that the drug priming effect might reinstate the response
for drug self-administration (see Table 14.1). The significance of this behavioral measure is the face validity with the effect of the drug-associated
context described above. It is well known, for example, that ex-alcoholics
should refrain from taking substances that contain even small quantities
of alcohol (such as liqueur chocolates), in order to avoid the conditioned
effects that can lead to a relapse. The drug priming effect has been studied
from both a behavioral and molecular perspective (Shaham et al. 2003).
Different types of receptors are involved, including the glutamate NMDA
subtype. It has been shown that the ketamine conditioned place preference
may be extinguished and reinstated by a single ketamine injection. Li et al.
(2008) showed that application of a dose of ketamine lower than the normal conditioning dose (i.e., 5 mg/kg as opposed to 10 mg/kg) was able to
reinstate the conditioned place preference in mice. This is another piece of
evidence to suggest that ketamine not only maintains self-administration,
conditioned place preference, and motor activation but also exerts adaptive effects on behavior such as the ability to induce motor sensitization
and create a conditioned association with context and ketamine priming
injections. The implication of these effects for ketamine abuse and dependence is of fundamental importance.

14.7 Summing up and conclusions
On the basis of the data described in the above sections, the neuroadaptive processes induced by ketamine are characterized by an early and
acute induction, with relatively long-lasting molecular, neuronal, behavioral changes that can be summarized in relation to neuroplasticity. These
effects might help elucidate the mechanisms underlying the potential
therapeutic effects of ketamine as a rapid-onset antidepressant as well as
addictive drug (Duman et al. 2012; Moghaddam and Krystal 2012). Since
the early 1990s, drug addiction is considered to be a maladaptive disorder
owing to persistent exposure to the drug and to the consequent neuronal
changes in the critical brain circuitry that are involved in the resulting
dysfunctional behavior (Nestler et al. 1993). Addiction research has therefore provided a model for the study of drug-induced neuroadaptation
that not only explains the neurobiological mechanisms of drug abuse and
dependence but also might be able to unravel the mechanisms for CNS
adaptation in psychiatric disorders. The case of ketamine is paradigmatic
since the drug induces plasticity changes after acute administration.
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Remarkably, ketamine has a vast array of effects; it is a dissociative anesthetic, but at higher doses, it has psychotomimetic effects; it is also an
analgesic (Elia and Tramèr 2005) and an antidepressant. The relatively
safe profile of ketamine and its well-characterized receptorial and neurochemical actions make it a specific and feasible investigation tool.
The data described in this chapter suggest that a specific feature of
ketamine abuse is the strong association of its psychoactive effects with
contextual and conditioned stimuli. This feature may explain the settingdependent effects of ketamine shown by preclinical studies (as reviewed
in Section 14.6) and the maintenance of intermittent use for long periods
in ketamine users (Lankenau et al. 2010). Although ketamine impairs cognitive processes at the level of different tasks, it appears that the strengthening of information associated with its administration might be defined
as a paradoxical drug-related memory enhancement. In fact, recent data
on the effect of ketamine on prediction error tasks support the hypothesis
that ketamine may enhance some cognitive processing in reward-related
cognitive tasks (Corlett et al. 2013).
In conclusion, research on the effects of ketamine on neuroadaptation
in a broader sense, that is, at different levels of analysis, may provide better knowledge for the rapid transfer to prevention and treatment.
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15.1 Major depressive disorder
Major depressive disorder (MDD) is a ubiquitous, heterogeneous clinical
syndrome, characterized by the core symptoms of low mood or loss of
interest in the environment, in addition to other features ranging from
changes in energy level, sleep, appetite, sexual interest, psychomotor
function, and cognition (American Psychiatric Association, Task Force on
DSM-IV 2000). Throughout the world, MDD is one of the most disabling medical illnesses. Estimates suggest that it accounts for 65.5 million disability-
adjusted life years and is ranked third among the leading causes of global
health burden (World Health Organization 2008).
The World Health Organization reports that in the West, depression
overtook hypertension as the leading cause of disability, and it is presumed that this will be the case throughout the world by 2020 (Simon 2003).
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Although treatment options for depression include psychotherapy, counseling, meditation, and electroconvulsive therapy (ECT), for the remainder of this chapter, “treatment” will refer to pharmaceutical medications
used to manage the disorder. Dr. Shekhar Saxena, Director of the Mental
Health and Substance Abuse at the World Health Organization states that
less than 10% of people with the disease obtain or have access to treatment.
Individuals privileged enough to have access to mental health providers
and treatment must wait weeks to months from treatment initiation for
response, and of these patients, an estimated 15%–30% do not respond
and are termed “treatment resistant.” The clinical significance of the delay
in drug response after initiation of antidepressant therapy is the increased
incidence of suicidal ideation and behavior during this period, especially
in adolescents and young adults. As MDD continues to grow, the search
for a therapeutic intervention with rapid onset and a low suicide risk is
even more critical.
Ketamine was formulated during the “birth” of psychopharmacology
and is classically described as a dissociative anesthetic. In recent years,
ketamine has seen an increase in off-label uses, including chronic pain,
such as complex regional pain syndrome and cancer-related pain, as well
as acute pain experienced on military frontlines. It is in the field of psychology, however, that ketamine has had a remarkable rebirth. “Science”
calls this new awareness of the effects of ketamine, “arguably the most
important discovery in half a century” of research on depression. The
antidepressant effects are seen rapidly, often within the first few hours
after treatment, and the duration persists for days to as long as several
weeks. Although traditional antidepressants have focused on normalizing
monoamine neurotransmitter levels, ketamine’s antidepressant effect via
the N-methyl-d-aspartate (NMDA)/glutamatergic pathway is establishing
a new platform for clinical and pharmacologic research and development.
This chapter will discuss the monoaminergic system and the current
antidepressant medications that focus on this pathway and their inherent limitations. We will summarize the current neurobiological understanding of ketamine’s antidepressant properties as seen through animal
and human research. We will review the human studies and discuss the
safety and efficacy of ketamine as an antidepressant, and we will detail
where the research is headed in the area of depression.

15.2 Monoaminergic hypothesis of depression
Current antidepressant medications can be said to lay their foundation on
the monoaminergic hypothesis of the disorder, theorizing that low synaptic levels of norepinephrine and serotonin, whether via rapid metabolism,
impaired storage, or excessive reuptake, are causal factors in depression.
The hypothesis began from the incidental scientific finding that drugs
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that affected the monoaminergic system, such as isoniazid and reserpine,
could treat or cause depression, respectively. These findings lead to the
development of drugs that alter the levels of serotonin, dopamine, and
norepinephrine. Medications that focus on this system include monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs), and
selective serotonin reuptake inhibitors (SSRIs).

15.2.1 Monoamine oxidase inhibitors
MAOIs were developed during the “explosive birth” of psychopharmacology during the 1950s. Originally formulated MAOIs would irreversibly
bind and inhibit monoamine oxidase (both A and B isoforms), leading to
an increase in monoamine availability (norepinephrine, serotonin, dopamine, etc.). Not surprisingly, these older MAOIs carried serious adverse
effects related to the increased circulating levels of these monoamines.
Patients who were prescribed MAOIs were required to adhere to a strict
dietary plan (avoidance of tyramine-containing foods, such as cheeses,
red wines, and certain meats) while taking the medication. MAOIs’ hazardous reputation is further cemented by the case involving Libby Zion,
where the drug interaction between the MAOI, phenelzine, and the opiate,
meperidine, led to the development of serotonin syndrome, a hypertensive crisis that resulted in cardiac arrest, circulatory failure, and resultant
death. The Libby Zion Law placed a regulation on physician-training work
hours to 80 hours a week, and no more than 24 consecutive hours in New
York State (Brody 2007). Despite newer selective MAOIs that bind reversibly and have less hypertensive and dietary cautions, concern regarding
their use still exists among medical providers. For this reason, MAOIs
are often limited to atypical depression and treatment-resistant depression (TRD).

15.2.2 Tricyclic antidepressants
TCAs’ history first commences with the development of chlorpromazine, a synthetic antihistamine, later noted in a Parisian hospital ward to
have antipsychotic effects, characterized by increased energy and mood
in depressed patients with previous history of psychomotor retardation.
Research chemists then began exploring derivatives of chlorpromazine,
leading to the development of the first TCA for the treatment of depression, imipramine. The term “tricyclic” is used because of its molecular
three-ring structure. TCAs act via inhibition of reuptake of serotonin
and norepinephrine, blocking the serotonin transporter (SERT) and
norepinephrine transporter (NET), resulting in an elevation of synaptic
concentrations of the neurotransmitters. Although TCAs have largely
been supplanted by SSRIs as the first-line treatment for depression, it is
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important to understand that this is not attributed to differences in efficacy.
Rather, TCAs’ antimuscarinic side effects, dry mouth, constipation, blurred
vision, constipation, orthostatic hypotension, as well as sexual dysfunction,
hypersensitivity, and akathisia, proved difficult for many individuals to tolerate. Additionally, in the setting of purposeful or unintentional drug overdose,
TCAs carry a greater morbidity and mortality than most SSRIs. TCAs continue to be widely used for a host of disorders, including neuropathic pain,
fibromyalgia, and migraine headache prophylaxis. TCAs are still considered
the most effective treatment for melancholic depression.

15.2.3 Serotonin reuptake inhibitors
Revolutionizing the field of depression, and certainly helping reduce
the negative stigma associated with mental illness, was the age of SSRIs.
They are the first class of psychotropic drugs created by the process called
“rational design,” where the molecule formed is based on targeting a specific biological target and creating a drug to affect it.
These newer antidepressants are valued for their improved safety,
reduced number of adverse side effects, and lower risk of lethality after
an overdose. SSRIs block the SERT, increasing the levels of serotonin and
enhancing its neurotransmission. Although the monoamine hypothesis
gave way to the clinical research and development of pharmacologic
agents used to understand and treat depression, it is not a full explanation. Despite the fact that neurotransmitter levels quickly adjust after the
initiation of treatment with MAOIs, TCAs, and SSRIs, there is a prolonged
lag period of several weeks between initiating the medication and the
desired antidepressant effect. The lack of correlation between monoaminergic level and antidepressant effect led researchers to look into an alternative explanation for depression, such as nerve growth factors, synaptic
formation and remodeling, and neural plasticity.

15.3 Measuring depression severity
There are numerous clinical tools from which to measure and rate the
severity of an individual’s depression. The Hamilton Depression Rating
Scale (HDRS), however, is one such instrument used to assess the severity
of depression. Mild to moderate depression is defined as an HDRS score
≤18, severe depression is defined as an HDRS score between 19 and 22,
and very severe depression is defined as an HDRS score ≥23. For the purposes of determining clinical efficacy of a drug, an effect size of 0.2 or less
is considered small, and an effect size of >0.2 to 0.5 is considered medium.
The UK’s National Institute of Clinical Excellence set a threshold for clinical significance at an effect size of 0.50 or a drug versus placebo difference
of 3 on the HDRS.
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In recent years, there have been a number of articles presented in the
literature questioning the efficacy of standard antidepressant medications.
A recent meta-analysis including more than 100 randomized, placebo-
controlled trials (RCTs) of antidepressant agents and 27,127 patients with
MDD demonstrated only a 54% response rate to US Food and Drug
Administration (FDA)–approved medications versus 37% for placebo
(Undurraga and Baldessarini 2012). The number needed to treat (NNT) was
determined to be 8, and the response rate was 1.42 (CI, 1.38–1.48). Another
meta-analysis of antidepressant efficacy that included 44,240 patients with
MDD yielded a response rate similar to the previously mentioned study,
with responses of 54.3% and 37.9% for patients who received the active drug
and placebo, respectively (Levkovitz et al. 2011). One important point that
is worth mentioning from the two large meta-analyses by Undurraga and
Baldessarini is that they found a small but statistically significant advantage of older agents, such as TCAs, over newer agents.
With respect to reported data, it is important to consider the possibility
of publication bias for RCTs and to note the influence of baseline depression
severity on observed efficacy. Kirsch (2010) conducted a meta-analysis of
placebo-controlled RCTs of FDA-approved antidepressants on patients with
major and minor depressive disorders. The study questioned the efficacy of
the newer-class antidepressants, such as fluoxetine and paroxetine (Kirsch
et al. 2008). The study looked to determine the antidepressant efficacy on the
basis of different levels of initial depression scores. It found that when looking at mild to moderate depression, antidepressants fared no better than
placebo. This is based on the following results: the effect size for mild to
moderate depression is +0.11 (95% CI, −0.18 to 0.41), the effect size for severe
depression is +0.17 (95% CI, 0.22 to 0.71), and the effect size for very severe
depression is +0.47 (95% CI, 0.22 to 0.71). The study stated that with respect
to patients with mild to moderate depression, “The magnitude of benefit
of antidepressant medication compared with placebo…may be minimal or
nonexistent” (Kirsch 2010). Fournier et al.’s similar result determined that
the NNT for patients with very severe depression is 4, versus an NNT of 16
for patients with mild to moderate depression.
The recent body of literature, however, may not correlate with the
true effectiveness of antidepressants from a practical, nonclinical perspective. The most validated study involving nonclinical trial patients comes
from the large Sequenced Treatment Alternatives to Relieve Depression
(STAR*D) study, which evaluated 4041 outpatients with MDD over an
extended period. Following up to 12 weeks of treatment with citalopram,
an SSRI, the response and remission rate were 48.6% and 36.8%, respectively (Rush et al. 2006). For patients who did not remit at the previous
step, they would undergo several augmentation or switching strategies,
yielding response rates of 28.5%, 16.8%, and 16.3% at the second, third,
and fourth treatment stages, respectively. However, despite the modest
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gains of these steps, one-third of patients remained ill after these augmentation strategies. Of the strategies utilized, none appeared to have a
meaningful advantage over the other for patients who did not remit at a
previous step.
A follow-up study to the STAR*D is the Combining Medications to
Enhance Depression Outcomes study. It was designed to evaluate the
difference between monotherapy with an SSRI versus two antidepressant combinations with respect to response and remission rates over the
12-week period. The study involved 665 outpatients with chronic or recurrent MDD randomized to escitalopram and placebo, escitalopram plus
bupropion SR, or venlafaxine XR plus mirtazapine. The study demonstrated that the 12-week response rates varied between 51.6% and 52.4%,
not differing significantly between the three groups. Remission rates were
also not significantly different, varying between 37.7% and 38.9%. If we
scrutinize this information closely, it indicates that the currently available
treatments for depression are only modestly effective for patients with
severe and very severe depression, yet for patients with mild to moderate
depression, they are largely ineffective.
As aforementioned, SSRIs may only offer a statistical benefit in patients
with severe and very severe depression. Despite their efficacy in this pop
ulation, 20% of patients remain refractory to treatment with SSRIs. Recent
research, however, has shed new light on an old medication and may
in fact be as TIME magazine asks in the article titled “Ketamine for
Depression: The Most Important Advance in Field in 50 Years?” (Szalavitz
2012). Scientists have long known that depression is not simply a problem
related to the chemical balance of serotonin and norepinephrine. If this
were the case, then SSRIs and TCAs, which rapidly augment the brain’s
neurotransmitter levels, would take effect immediately rather than weeks
to months later. Research is now looking at the role of other pathways to
treat depression rather than relying solely on monoamine dysregulation.

15.4 Molecular mechanisms involved in
ketamine’s antidepressant effects
15.4.1 Synaptogenesis
The mechanism by which ketamine ameliorates depressive symptoms is
still unclear; however, preclinical science research is beginning to shed
light on the molecular processes that are believed to be associated with
the antidepressant effects of ketamine. Recent studies have demonstrated
compelling evidence that ketamine enhances the formation of stronger
and more numerous synaptic connections in the cortical regions of the
brain and that such formation correlates with antidepressant behavior in
rodents (Li et al. 2010).
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Ketamine also elevates levels of synaptic proteins (postsynaptic density
95, glutamate receptor 1, and synapsin I), increases spine density, and augments the excitatory postsynaptic current responses. These results are also
observed by Li et al., as his team sought to observe the effects of ketamine
and selective NMDA receptor 2B antagonist Ro-25-6981 on an animal model
of chronic unpredictable stress (CUS). Observations from the study demonstrated a decrease in both anhedonic and anxiogenic behavior as well as the
biochemical changes mentioned above. Furthermore, the behavioral deficits
in the CUS model were also blocked by pretreatment with rapamycin.
Low-dose ketamine increases glutamate signaling in prefrontal cortical regions, causing a watershed of molecular reactions that lead to synaptogenesis and enhanced synaptic functioning.

15.4.2 mTOR, BDNF, and AMPA
There are three metabolic pathways/factors that are believed to be critical
for this antidepressant effect of ketamine:
1. The mammalian target of rapamycin (mTOR) signaling pathway
2. The brain-derived neurotrophic factors (BDNFs)
3. The AMPA receptor (AMPAR)
Li et al. reported that ketamine activates the mTOR signaling pathway,
leading to a rapid increase in levels of proteins involved in neuron signaling at the synaptic level, in addition to an increase in number and function of new spine synapses in the prefrontal cortex of rodents (Duman
et al. 2012). He provided evidence that protein changes at the cellular
level correlate with new neural connections and that these changes are
associated with behavioral changes in the animal model. It appears that
activation of the mTOR signaling pathway also causes transient increases
in the levels of phosphorylated eukaryotic initiation factor 4E-binding
protein 1, p70S6 kinase, and mTOR. Other important mediators include
extracellular signal regulated kinase (ERK and protein kinase B [PKB]/
Akt). Blockade of the mTOR pathway, which can be done by administering rapamycin 30 min before ketamine, seems to block all these effects.
In addition, blockade of ERK and PKB abolishes the impact of ketamine
on the mTOR signaling pathway, demonstrating the important interplay
involved in neuronal plasticity signaling pathways, which may explain
the clinical differences between those who respond and those who do not
respond to ketamine as an antidepressant (Duman et al. 2012).
Another important receptor/pathway is BDNF. Chronic stress has
been shown to result in lower levels of BDNF and is associated in animal
studies with depression. BDNF is involved in the proliferation, differentiation, neurogenesis, and apoptosis of neuronal and nonneuronal cells in
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both the developing brain and the adult brain. With conflicting evidence,
the “neurotrophin hypothesis” postulates that lower levels of BDNF are
directly related to symptoms of depression and that the increase in BDNF
after ketamine administration is responsible for the antidepressant effects.
In animal studies, increasing the dose administered leads to higher levels
of BDNF activity in the hippocampus, and it correlated clinically to less
depressive symptoms (Garcia et al. 2008). Human studies also demonstrate the important role of BDNF, which will be discussed in Section 15.5.

15.5 Human studies
Via a revolutionary, proof-of-concept clinical trial, Berman et al. randomized nine patients to receive either 0.5 mg/kg of ketamine or normal saline,
intravenously over 40 min, in a crossover design study. He reported a
mean decrease of 14 points on the HDRS in the ketamine arm and a mean
decrease of zero in the placebo arm at 72 h posttreatment. Interestingly,
the antidepressant effects did not coincide with the neurocognitive (psychomimetic and dissociative) effects that occurred during the infusion,
but rather they followed afterward. In a similar, yet larger study, Zarate et
al. randomized 18 patients with TRD and reported a large response size
when comparing ketamine to placebo, with a response rate of 71% at 24 h
and 35% at 1 week. Zarate noted that antidepressant effects were seen as
early as 110 min after drug administration and were sustained for approximately 7 days. These studies demonstrate that ketamine exerts its antidepressant effect long after the drug itself is metabolized (t½ is 180 min in
humans). It is believed that by initiating a cascade of events that culminates in increasing neural network density and function, ketamine exerts
its antidepressant effect. In one of the largest studies to date on human
subjects with TRD by Murrough et al., 73 patients were randomized to
receive intravenous ketamine 0.5 mg/kg over 40 min or midazolam as an
active placebo. At 24 h, the results demonstrated a 63.8% response rate in
the ketamine group compared to 28% in the placebo group (Murrough et
al. 2013). The NNT for the study was 2.8. For the sake of comparison, the
NNT for placebo-controlled phase 3 FDA administration trials to determine the efficacy of antidepressants is 6–7, and this is for depressed patients
who are not considered “treatment resistant.” Following the observations
of many in various fields, multiple case reports and several small-scale
clinical trials of ketamine have added further evidence to the hypothesis
that ketamine possesses antidepressant properties (Table 15.1) (Murrough
et al. 2011). Furthermore, it is the rapidity with which ketamine treatment
ameliorates depressive individuals, effective within 1–3 days as opposed
to weeks to months, that has the psychiatric world intrigued. Current antidepressants, such as SSRIs, serotonin–norepinephrine reuptake inhibitors (SNRIs), and MAOIs, are slow to act and are associated with an
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Depressed
patients
presenting in the
ED
TRD (N = 23)

Placebo-controlled,
double-blind, crossover
add-on study
Open label

TRBD (N = 18)

Larkin et al.
2011

Placebo-controlled,
double-blind, crossover
Open label

MDD (N = 6)
BD (N = 1)
TRD (N = 33)

Berman et al.
2000
Diazgranados
et al. 2010a
Diazgranados
et al. 2010b

Open label

Open label

TRD (N = 10)

aan het Rot et
al. 2010

Design

Sample size

Reference

Ketamine 0.5 mg/kg IV
infusion (single dose)

Ketamine 0.2 mg/kg IV
infusion (single dose)

Ketamine 0.5 mg/kg IV
infusion (six doses over
12 days)
Ketamine 0.5 mg/kg IV
infusion (single dose)
Ketamine 0.5 mg/kg IV
infusion (single dose)
Ketamine 0.5 mg/kg IV
infusion (single dose)

Intervention

Primary finding

Significant improvement in depressive
symptoms within 4 h; no change in
BDNF plasma levels
(Continued)

Well tolerated; 85% mean reduction in
depressive symptoms after six
infusions
Significant improvement in depressive
symptoms within 72 h
Significant improvement in depression
and SI within 4 h
Significant improvement in depressive
symptoms within 40 min up to 3 days;
overall 71% response
Significant improvement in depressive
symptoms and SI within 2 h and up to
10 days

Table 15.1 Antidepressant Effects of Ketamine in Clinical Populations
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Open label

Placebo-controlled,
double-blind, crossover

TRD (N = 73)

TRD (N = 26)

TRD (N = 26)

TRD (N = 17)

Murrough
et al. 2013

Phelps et al.
2009

Price et al.
2009
Zarate et al.
2006

Ketamine 0.5 mg/kg IV
infusion (single dose)
Ketamine 0.5 mg/kg IV
infusion (single dose)

Ketamine 0.5 mg/kg IV
infusion or midazolam
IV infusion
Ketamine 0.5 mg/kg IV
infusion (single dose)

Ketamine 0.5 mg/kg IV
infusion (single dose);
riluzole 100–200 mg
p.o. daily

Intervention

Significant improvement in depressive
symptoms within 4 h; family history of
alcohol dependence predicted greater
improvement
Significant reduction in depression and
SI 24 h after ketamine administration
Significant improvement in depressive
symptoms up to 1 week; 71% response
at 24 h

Response in treatment group, 63.8%
Response in placebo group, 28%

Response at 24 h, 65%; at 72 h, 54%
No effect of riluzole on time to relapse

Primary finding

Note: The table describes clinical trials of low-dose ketamine in patients with major depression or bipolar depression (does not include case reports).
ED, emergency department; MDD, major depressive disorder; p.o., oral; SI, suicidal ideation; TRD, treatment-resistant depression.

Open label

Open-label ketamine
followed by doubleblind, placebo-controlled
riluzole for relapse
prevention
Placebo-controlled,
double-blind study

TRD (N = 26)

Mathew et al.
2010

Design

Sample size

Reference

Table 15.1 (Continued) Antidepressant Effects of Ketamine in Clinical Populations
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increase in suicidal ideation and action in the short interim period between
drug initiation and maximal effect. Researchers observed that ketamine
reduces a wide array of depressive symptoms, including anhedonia, low
energy, impaired concentration, negative conditions, and sadness, and
does not appear to increase the risk of suicidal ideation/behavior during
this initial period.
Studies are being conducted with ketamine treatment for acute suicidal ideation in the both the psychiatric ward and the emergency department. Their results may alter the way patients with suicidal ideation are
managed in the hospital setting. Investigators have been looking into the
prolongation of ketamine’s antidepressant effects. Two RCTs involved the
use of riluzole, a glutamate release inhibitor, to determine whether it had
a role in relapse prevention. Both studies demonstrated a benefit of keta
mine on treating patients with TRD; however, they failed to show any statistical significance in patients who had received riluzole versus placebo
with respect to time to relapse. The average time to relapse in one of the
studies was 22–24.4 days (Mathew et al. 2010).
Using the model of ECT for the treatment of depression, one study
observed the effects of repeated exposure to ketamine rather than a single
dose. The report followed 10 patients who were treated with ketamine,
9 of whom demonstrated a response. Responders were then treated with
five more courses of treatment on a Monday, Wednesday, Friday schedule, over the course of two consecutive weeks. The report demonstrated
that the six courses of treatment were tolerated and safe for the participants (aan het Rot et al. 2010). Additionally, it demonstrated a considerably
variable duration of effect, with relapse varying widely between subjects.
There was a follow-up to the study, which added 14 more patients in addition to the original 10 (N = 24); the response rate at 24 h and at the end
of the study was 70.8% for patients with TRD. The study demonstrated
that response at 4 h was 94% sensitive and 71% specific for predicting the
response at the end of the study (Murrough et al. 2012).
In humans, chronic stress is associated with decreases in neurotrophin factors and atrophic changes in the hippocampus, one of the principal areas of emotional response in the brain. Ketamine was found to
reverse not only the neuronal changes associated with stress but also the
behavioral changes, and the mechanism of these changes is believed to be
attributed to activation of the mTOR signaling pathway and stimulation of
BDNF (Li et al. 2011). Postmortem evidence in fact has demonstrated lower
levels of BDNF in the hippocampus of depressed patients and higher levels in patients who were treated with antidepressants. SSRIs, MAOIs, and
ECT have been demonstrated to cause increased blood levels of BDNF.
Arguments against the neurotrophin hypothesis, however, are stacking
up in the literature. Either the SSRI fluoxetine has no effect or it decreases
mRNA for BDNF protein in the rat hippocampus. Other animal studies
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have demonstrated increased depressive behavior with increased exogenous BDNF, and other studies have demonstrated no correlation with
endogenous BDNF and reduction in depressive-like behavior (Groves
2007). Further investigation on the link between depression and BDNF is
required.
A recent study of depressed patients utilized magnetoencephalography and found evidence of increased cortical excitability after ketamine
that was specific to antidepressant responders, which is potentially consistent with synaptic potentiation from AMPAR-mediated glutamatergic
neurotransmission (Cornwell et al. 2012). However, more human studies
are needed to determine the antidepressant mechanism of ketamine.

15.6 Current direction of pharmaceutical research
The current state of antidepressants, that being of limited effectiveness,
highlights the need for new research and new approaches to treatment
and management of MDD. With respect to the new drugs being developed for the treatment of depression, the majority of them seem to focus
on the monoaminergic system. These include triple reuptake inhibitors
(TRIs), which alter the neurotransmitter levels of serotonin, norepinephrine, and dopamine by blocking the SERT, the NET, and the dopamine
transporter, respectively. In the era of SSRIs and SNRIs, TRIs can easily
be seen as the next logical sequence of treating depression by engaging the monoamine systems. Unfortunately, there is scarce evidence
that SNRIs are more efficacious at treating depression than SSRIs. As of
now, the efficacy of TRIs is still yet to be determined. Other agents that
are in phase III development include the dual reuptake inhibitor (SERT,
NET) levomilnacipran (Forest Laboratories), the selective NET inhibitor LY2216684 (Eli Lilly), and a D2 receptor partial agonist (OPC-34712,
Lundbeck).
As ketamine has demonstrated a novel therapeutic way of treating
depression, pharmaceutical companies are now turning to the glutamate
system as a novel mode of treating depression. Glutamate acts on metabotropic and ionotropic receptors in the brain. The latter group includes the
NMDA, AMPA, and kainate receptors. Ketamine is a known antagonist
at the NMDA receptor; however, its long-term therapeutic efficacy is hindered by its psychomimetic side effects. Lanicemine (AZD6765), a drug
produced by AstraZeneca, is a low trapping NMDAR antagonist, which
in phase 2 trials demonstrated efficacy and tolerability with minimal psychomimetic effects when compared to ketamine, in patients with TRD.
Ketamine and lanicemine are nonselective antagonists with respect to
the various NR2 subtypes, of which there are four (NR 2A, B, C, and D).
Because of serious adverse effects, the makers of lanicemine have had to
stop further trials. GLYX-13 and NRX-1074, made by Naurex, are partial
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antagonists at the NR2B receptor. GLYX-13 is a monoclonal antibody–
derived peptide and is selected because it is an NMDAR glycine sitespecific partial agonist.
GLYX-13 is currently in phase IIb clinical trials, after phase 2a trials demonstrated safety, efficacy, and a rapid onset of antidepressant
activity (within hours). Their second-generation molecule is currently
in phase I trials and is not only bioavailable after oral administration
but also several thousand times more potent than their first-generation
molecule. Researchers believe that GLYX-13 via NR2B activation leads to
intracellular calcium influx and expression of AMPA, which is responsible for increased synaptic formation between neurons (Burgdorf et al.
2013). These two compounds modulate glutamate metabotropic receptors (mGluR). Traxoprodil is a medication that antagonizes the NMDA
2B receptor specifically. Two other products in development are looking
at targeting the mGluR. RG7090 (Roche) is an mGluR5 antagonist and
BCI-632 (BrainCells) is an mGluR2/3 antagonist (Murrough and Charney
2012). The momentum for drugs focusing on the glutamate system is
based on the recent evidence that glutamate-mediated neuroplasticity
may be the final common pathway of action for antidepressants. This will
be the subject of the next section; however, for the sake of completeness,
other sites of interest for pharmaceutical research on depression besides
the glutamate system include the hypothalamic–pituitary–adrenal axis,
the galanin neuropeptide system, the melatonin system, and the inflammatory and the hippocampal neurogenesis.

15.7 Conclusions
The discovery of alterations in the density and function of neural and
spine synapses represents a sharp divergence from the traditional understanding of depression based solely on the monoaminergic amines. The
mechanism that ketamine is able to rapidly increase synaptogenesis and
reverse the behavioral deficits seen after exposure to CUS serves as evidence of ketamine’s effect, as well as the mechanism by which neuronal
atrophy after stress exposure can lead to symptoms of depression. This
interplay between genetic predispositions and environmental stress may
be a key to understanding how depression develops. Currently in the
United States, the FDA has not approved the use of ketamine for the treatment of depression, as there has yet to be a phase 2a trial evaluating the
effects of chronic ketamine use for the treatment of depression. There is
substantial evidence of the adverse effects of habitual ketamine use, both
short term and long term. Animal and human data demonstrate adverse
neurologic, cardiac, and genitourinary effects in chronic ketamine use.
Whether these effects balance against the potential benefit of treating
MDD is still to be determined.
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Further research is needed to determine how ketamine’s antidepressant effect can be best maintained, whether with daily, weekly, or
monthly administration, and the safety and tolerability of this course
of treatment. The safety of ketamine in certain scenarios is yet to be
studied, including in people younger than 18 years, psychotic forms of
depression, and elderly patients with genitourinary, neurologic, or cardiovascular disease. Further research is needed to determine an alternative to the intravenous drug delivery method, whether transdermal,
intranasal, or oral. Undoubtedly, ketamine’s resurrection from obscurity
has been a major breakthrough in the area of depression. The monoaminergic hypothesis is now being questioned, and the glutamatergic
system may be a key component in the development and treatment of
depression.
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16.1 Introduction
Ketamine is a general anesthetic that is used in both humans and animals.
Developed in the 1960s as an analogue of phencyclidine, ketamine was
considered a promising anesthetic with a shorter duration of action and
better safety profile compared with phencyclidine.1 However, because of
its dissociative and hallucinogenic effects, ketamine soon became a target of abuse. The first report of ketamine abuse appeared in 1965; by the
1990s, its recreational use had become widespread.2
Like other drugs of abuse, the analysis of ketamine has a wide
range of applications. In the clinical setting, especially in acute intoxications, the identification of the offending agent assists in diagnosis and
management of the patient. In such cases, the analysis needs to be rapid,
giving results within minutes, and is often performed on the bedside
(so called point-of-care testing [POCT]). Known abusers in drug treatment programs also require regular testing in order to monitor their
rehabilitation progress; although the speed of analysis is not as critical
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as that for acute clinical cases, POCT may also be utilized in order to aid
the counseling process.
Another large area of application is workplace drug testing, where
pre- and post-employment checks help the organization monitor drug use
of staff and potential employees. Workplace testing is especially impor
tant for certain professions, for example, pilots and train drivers, whose
drug use and accompanying impaired mental status may have catastrophic results. On a similar note, school drug testing aims at identifying
young abusers for early intervention; moreover, it serves as a preventive
tool to discourage students from drug use.
Drug testing also plays a key role in legal and forensic investigations.
Roadside testing (driving under the influence of drugs, or drug-driving)
is often performed on-site with point-of-care devices, since immediate law
enforcement actions are required for presumptive positive results; where
screening is positive, samples will be referred to laboratories for further
confirmatory testing and legal proceedings. Needless to say, forensic testing demands an extremely high level of standard before, during, and after
analytical processes owing to the potential legal consequences. Highly
sensitive and accurate methodologies are hence required.
In addition, forensic investigations involve a large variety of biological matrices such as organ tissues, vitreous humor, and muscle. The sampling site and time often greatly influence the interpretation of results
and pose great challenges to the forensic toxicologist.
The remainder of this chapter discusses drug testing, in particular
ketamine testing, in the clinical context. It should be noted that drug analysis is a complex topic involving different techniques and a wide range
of sample types—each serving different purposes—as well as specialized result interpretation expertise and chain-of-custody considerations.
Importantly, a positive drug result may have severe legal and social
consequences. Hence, results should always be interpreted with proper
understanding of the context and purpose for which the drug testing
was undertaken.

16.2 Testing methods
16.2.1 Point-of-care testing
16.2.1.1 Application
POCT is generally utilized where the analytical result affects certain
critical decisions and rapid results are required. For ketamine, the major
clinical application is in the emergency room or in the ambulance, where
the presence or absence of the drug can help determine the cause of
intoxication and, more importantly, the treatment of the patient. Patients
with overdose of ketamine are typically given benzodiazepines or other
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sedatives. For drugs with antidotes that may be harmful, POCT is especially important.3
Another area where POCT is used for clinical purpose is in drug rehabilitation centers or substance abuse clinics, where POCT may be used for
on-site assessment of drug abstinence and compliance such that the optimal treatment and counseling may be provided to the patient.
Ketamine analysis by POCT devices is also useful under other contexts. Roadside testing for drug-driving requires rapid results such that
the driver with suspected ketamine intoxication can be immediately prohibited from further vehicle control, since ketamine is known to alter the
mental and physical state of the driver.4 In addition, POCT may be utilized
in places that lack easy access to testing service but where a drug test
result is nevertheless useful for various reasons such as intervention and
management, for example, health clinics, schools, or workplace.5 Many
POCT devices are currently available on the market for ketamine. The
usual specimen type is urine, although oral fluid is also becoming a popular testing matrix.4

16.2.1.2 Principle
POCT devices currently available for ketamine are in the lateral-flow
immunochromatography format. The results can be read visually and are
produced within a few minutes. Figure 16.1 shows a typical design of a
ketamine POCT device.
POCT devices work on the principle of competitive antigen–antibody
binding. Within the device are three essential components:
1. Labeled ketamine-specific antibody: typically monoclonal or polyclonal mouse antibodies raised against ketamine. This antibody is
usually “tagged” with a visible label such as colloidal gold.
2. Immobilized ketamine: ketamine that is immobilized on the reaction pad, which competes against the ketamine that is present in the
subject’s urine for binding to ketamine-specific antibody.
3. Control antibody: anti-mouse antibody that serves as a procedural
control.

C

T

KET

S

Figure 16.1 A typical design of ketamine POCT device. S, sample area where
urine is added; C, control line; T, test line. The result is interpreted according to
whether the “T” line is visible. The “C” line serves as a procedural control.
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Figure 16.2 illustrates the components of a POCT device and how it
works. Urine is added to the sample area; it carries the labeled ketaminespecific antibodies and flows laterally toward the test area, which consists
of immobilized ketamine and the control antibodies (Figure 16.2a). In the
absence of ketamine in the subject urine, the labeled ketamine-specific
antibodies are free to bind to immobilized ketamine in the test area.
Together with the control band, where the ketamine-specific antibody is
captured by anti-mouse antibody, two bands are visible. This indicates a
negative result (Figure 16.2b).
If ketamine is present in the subject urine at a concentration above
the cutoff, these drug molecules capture the ketamine-specific antibodies, such that they can no longer bind to the immobilized ketamine in the
test area. Therefore, only the control band is visible, indicating a positive
result (Figure 16.2c).
The control band serves as an important procedural check and the test
is regarded as invalid if the control band cannot be seen, which may indicate that the urine sample is insufficient or has failed to reach the test area.3
Labeled ketamine-specific antibody

Immobilized ketamine
Control antibody

Sample area

(a)

Negative
urine

(b)

2-line result (negative)

Positive
urine

(c)

1-line result (positive)

Figure 16.2 Diagram showing the components of a ketamine POCT device
and how it works. (a) POCT device typically consists of a sample area, labeled
ketamine-specific antibodies, plus immobilized ketamine and control antibodies
in the test area. (b) In the absence of ketamine in the subject urine, the ketaminespecific antibodies bind to the immobilized drug. Together with the control line,
two bands are visible in the test area, indicating a negative result. (c) In the presence of ketamine, the ketamine-specific antibodies are no longer free to bind to
the immobilized ketamine. Only the control band is visible in the test area, indicating a positive result.
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POCT devices for ketamine yield qualitative results (a “yes or no”
answer) and no quantitative measurements are made on the drug. The
qualitative result is based on a “cutoff” concentration, defined by each
device manufacturer and below which the drug is regarded as being absent.
A commonly used cutoff of ketamine is 1000 ng/mL. This means that a
ketamine concentration of >1000 ng/mL in the subject urine will saturate
the binding sites of the ketamine-specific antibodies and yield a positive
result.6,7 Since this cutoff is relatively high compared with other analytical
techniques (discussed in Sections 16.2.2 to 16.2.5), POCT devices are primarily used to detect acute overdose or recent consumption of ketamine.
As with other immunotechniques, the drug-specific antibodies have
varying cross-reactivity toward other compounds. A compound bearing
structural similarity to ketamine, for example, phencyclidine, may be recognized by the antibody and produce a “false-positive” result.
Hence, it is important for the POCT device to be assessed for interference by other chemicals, such as commonly used drugs or structurally
related compounds, to avoid giving inaccurate results. On the other hand,
cross-reactivity allows the antibody to bind to ketamine metabolites, thus
enhancing the sensitivity of the device since metabolites are often present
in urine at higher levels than the parent drug.8
POCT devices for ketamine come in different forms. The device may
either be dipped directly into the urine held in a container, or the urine
sample may be transferred onto the device by a dropper. In the former
case, special containers that detect substitute or “adulterated” urine sample may be used (see Section 16.3.1.5). In addition, devices are also able to
detect either single or multiple analytes. A single-analyte device detects
only one drug, that is, ketamine, whereas POCT cassettes may be used
to detect multiple classes of drug simultaneously, each at their respective
cutoff concentrations.

16.2.1.3 Advantages and limitations
The major advantage of POCT is the speed of analysis and improved turnaround time, which allows critical decisions to be made in a timely manner, typically within a few minutes. The analysis is performed on-site,
reducing the time needed for transport of samples and results.
Additionally, since the target users come from all walks of life and
often do not possess specialized technical skills (e.g., nurses, social workers, and policemen), POCT devices are often designed to be easy and
robust to use. The urine sample is directly applied to the device and no
sample pretreatment is required. Results are also relatively easy to interpret without the need of expert knowledge in the field.
POCT is an invaluable tool as an alternative testing means to central laboratory analysis. In comparison to the latter, POCT does not
require a high capital investment in equipment or instrumentation. It
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often involves a much smaller amount of paperwork and administrative procedures typically required for test request or reporting in central laboratories. In the context of forensic testing, the chain-of-custody
documentation is also reduced. As a relatively accurate result can be
obtained rapidly, samples that are screened as negative can be excluded
from confirmatory testing, thus reducing the workload of the central
laboratory.
Despite its speed of analysis, POCT suffers from the major drawback
of providing only preliminary positive results that often require further
confirmatory testing. As mentioned previously, cross-reactivity owing to
structurally related compounds may yield false-positive results; hence,
a more definitive method is needed to confirm the presence of a drug.
Moreover, only qualitative results are obtained and further testing is again
required for measurement of drug level.
Ideally, POCT yields a simple “yes or no” answer; however, at times,
the result may be difficult to interpret, for instance, the ambiguity of
whether a “line” is present in the test area. Hence, POCT often involves
subjective judgment that may give rise to inconsistencies and errors in
result interpretation.
Although POCT does not require capital investment, its consumable
cost is high compared with other non-immunoassay techniques. Moreover,
the test menu is also limited by the availability of commercial devices.
Owing to the reduced requirement on test request and reporting procedures, POCT results may not be properly documented in patient records.
In the forensic setting, POCT results are also not accepted by court
because of the preliminary nature of the test result and the lack of chainof-custody documentation. Table 16.1 gives a summary of the advantages
and limitations of POCT.

Table 16.1 Advantages and Limitations of POCT
Advantages
Reduced turnaround time
Improved patient management
Easy and robust to use; low expertise
level required
No capital investment
Reduced amount of paperwork for test
request, reporting, and
chain-of-custody
Screens out negative specimens to
reduce confirmatory analyses

Limitations
Preliminary results that require
confirmatory testing
Qualitative results only
Inconsistent and possible erroneous
interpretation of results
High consumable cost
Test menu limited by commercially
available devices
Lack of proper documentation of
results
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16.2.2 Laboratory-based immunoassays
16.2.2.1 Application
Laboratory-based immunoassays for ketamine have not been commercially
available until recent years. They are used in settings that require highthroughput and relatively short turnaround times. Although working on
a similar immunochemical principle as POCT, laboratory-based immunoassays differ in that they require more advanced instruments and hence
are usually performed in laboratories. Clinical units that require ketamine
testing by immunoassays include the psychiatric department to monitor
abstinence and compliance of drug abusers, the obstetrics department for
evaluation of potential drug abuse of pregnant women, the pediatrics unit
to assess the in utero exposure of neonates to drugs, and pain management
programs to identify possible misuse of drugs.9 Additionally, workplace and
forensic testing may also utilize immunoassays as frontline drug screening.
Due to the high volume of samples that can be analyzed each time, immunoassay is one of the most useful tools in high-throughput drug screening.

16.2.2.2 Principle
Immunoassays utilize an antibody that specifically recognizes and
binds to a molecule, or a group of molecules with similar chemical structures. Due to the high specificity and sensitivity of this binding action,
antibodies can be used to identify and quantify an antigen of interest
when it is present above a particular threshold concentration.5 Various
types of immunoassays are available for different forms of testing. In a
competitive immunoassay (limited reagents), the analyte in the subject’s
sample competes with the labeled analyte for antibody binding; hence,
the analyte concentration is inversely proportional to the test signal.
On the other hand, in a non-competitive immunoassay (excess reagent,
“sandwich” assay), the test signal reflects the analyte concentration in a
directly proportional manner.
Heterogeneous assays require the physical separation of bound and
unbound antigen in order to measure the amount of analyte present;
examples of such assays include radioimmunoassay and enzyme-linked
immunosorbent assay (ELISA). A homogeneous assay, on the other
hand, does not require this separation (“washing”) step and is thus more
convenient to use. Examples of homogeneous assays include enzymemultiplied immunoassay technique, cloned enzyme donor immunoassay, fluorescence polarization immunoassay, and kinetic interaction of
microparticles in solution.5,10
Laboratory-based immunoassays for ketamine are mostly in the
ELISA format, which is a heterogeneous competitive immunoassay technique. Figure 16.3 illustrates how ELISA works.
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Enzyme–substrate
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Figure 16.3 Diagram showing how an ELISA for ketamine works. (a) Ketamine
antibodies are pre-coated on the sample well. Test sample containing ketamine
is added to the well, and the ketamine binds to the antibodies. (b) Ketamine–
enzyme conjugate is added and the reaction is incubated. Ketamine present in
the sample and the ketamine–enzyme conjugate compete for binding to the antibodies. (c) The wells are washed to remove unbound ketamine and ketamine–
enzyme conjugate. Substrate is then added, and the reaction between enzyme/
substrate causes color formation, which is read by a spectrophotometer.

Typically, an ELISA for ketamine involves the following:
1. Sample wells are pre-coated with purified antibodies to ketamine or
its metabolite, norketamine.
2. The test sample containing free ketamine is added to the wells.
3. Ketamine–enzyme conjugate (ketamine labeled with the enzyme
horseradish peroxidase) is then added to the wells.
4. The above reaction mixture is incubated for a period, during which
free ketamine present in the sample and the ketamine–enzyme conjugate compete for binding to the antibodies. The more free ketamine
present in the test sample, the less ketamine–enzyme conjugate that
can be bound.
5. After incubation, the wells are washed to remove any unbound keta
mine or ketamine–enzyme conjugate.
6. The substrate is added and incubated in the wells. Reaction between
the substrate and the enzyme on the ketamine–enzyme conjugate
causes a color to form.
7. After incubation, the reaction is stopped by addition of an acidic
stop solution.
8. The resulting color intensity is read by a spectrophotometer. The
reading is inversely proportional to the concentration of ketamine
in the test sample.
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9. For qualitative results, the absorbance of the sample is compared
against the “cutoff calibrator”—a higher absorbance indicates a negative result, and vice versa. Specific cutoff levels may be established by
individual testing laboratories to define a positive finding. For quantitative results, a calibration curve should be constructed and the sample concentration should be determined using the calibration curve.
Immunoassays operate on a “molecular recognition” principle; hence,
compounds with similar chemical structures may also be recognized by
the same antibody. Although this cross-reactivity imposes a risk of generating false-positive results, it also has the advantage of being able to recognize metabolites of the specific drug. In the case of ketamine, different
ELISA brands have differing cross-reactivity toward the major metabolites of ketamine, which are norketamine and dehydronorketamine. Since
metabolites often appear at a later time point than the parent drug and are
usually present for longer periods inside the body, assays that cross-react
with ketamine metabolites will be able to detect ketamine use even when
ketamine is only present at very low levels. These assays are termed to
have a longer “detection window.” On the other hand, assays that react
specifically with ketamine and not its metabolites will give a better estimation of ketamine concentration in the sample, since the measurement is
not influenced by the concurrent detection of its metabolites.8,11,12

16.2.2.3 Advantages and limitations
One of the major advantages of laboratory-based immunoassays is its
high throughput and rapid turnaround time. ELISA is typically performed on 96-well plates, which allows the simultaneous analysis of
large numbers of samples. Additionally, the results are simple to interpret and are ready typically within a few hours. Together with reasonable
sensitivity and accuracy, these features make immunoassay an excellent
screening method to rapidly identify those specimens that require further
confirmatory testing. Immunoassays for ketamine have been successfully
applied as a screening method in oral fluid and urine before confirmatory
testing by mass spectrometry (MS).13,14
In addition to high throughput, laboratory-based immunoassays
also offer the capability for automation, in particular the homogeneous
immunoassays. Large-scale automatic analyzers can be utilized for providing prompt results throughout the day, which is especially important in the emergency setting where results are required within a short
period to facilitate rapid diagnosis and treatment decisions. Automation
also reduces labor-intensive steps and decreases the chance of human
error. In recent years, biochip arrays like the Evidence Investigator® from
Randox are able to perform simultaneous and semi-automated analysis
of multiple drugs of abuse, including ketamine, using a single sample.13
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Such approach offers cost- and time-effective means of producing quality
results with only minimal sample required.
In comparison to POCT, laboratory-based immunoassays provide
more accurate and properly documented results. Since testing is done in
the central laboratory, adequate quality controls are normally performed
within each batch, thus ensuring the accuracy of results. Tests are performed by qualified laboratory staff and the results are interpreted by
trained personnel. Test results are stored in a central database and can
usually be retrieved easily upon the need to review data. Test request and
reporting are also performed and documented according to the laboratory guidelines. In addition, the laboratory has the capability to perform
other tests that verify the authenticity of the urine sample (see Section
16.3.1.5), for example, whether the urine is a substituted or adulterated
sample, which is especially important in forensic testing.
Akin to POCT, laboratory-based immunoassays suffer from the following limitations:
• Relatively poor specificity: compounds with similar structures can
bind to the antibodies and interfere with the assay. It is often not feasible for a manufacturer to assess the cross-reactivity of every single
drug. In particular, designer drugs are continually emerging, many
of which bear structural resemblance to conventional drugs of abuse.
• Qualitative results: the results generated are often only qualitative
in nature and, at best, semi-quantitative. To measure accurately the
concentration of ketamine, more sophisticated methods are required,
such as chromatography- or MS-based analysis.
• Commercial availability: the test menu depends solely upon the
availability of commercial kits. It is not feasible for a laboratory to
develop its own immunoassay method owing to the complexity of
generating antibodies.
The major drawback of laboratory-based immunoassays compared
with POCT is the complexity of the testing procedure, which delays
clinical action. Beginning with test request, sample transport, sample
registration through to actual analysis, test reporting, and result documentation, this form of testing involves a much larger amount of time,
resources, and manpower. A higher level of expertise is also required.
Additionally, testing is affected by the performance of the analyzers, the
breakdown of which may result in suspension of service.

16.2.3 Chromatographic techniques
The accurate identification of ketamine requires its physical separation
from interfering components in the sample matrix.10 Separation can be
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achieved in different dimensions—by means of sample cleanup to physically remove the interfering components, as well as by means of separation according to the chemical properties of the compound such as
lipophilicity, boiling point, charge, mass, and so on. An example of the
latter is a technique called chromatography.
Chromatography, as defined by the International Union of Pure and
Applied Chemistry, is a “physical method of separation in which the components to be separated are distributed between two phases, one of which
is stationary (stationary phase) while the other (the mobile phase) moves
in a definite direction.”15 A diversity of chromatographic techniques exists,
including liquid–liquid (partition) chromatography, paper chromatography, thin-layer chromatography, and so on.10,15 The two most predominant
forms employed for ketamine analysis are gas chromatography (GC) and
liquid chromatography (LC).
After chromatographic separation, ketamine may be detected by a diode
array detector (ultraviolet [UV] absorption),16–18 nitrogen phosphorus,19 or
flame ionization detectors.20 However, by far the most frequently utilized
detection of ketamine is by MS, a universal technique that can be used to
detect a wide variety of compounds as well as provide detailed structural
information. Chromatography in gas (GCMS) and liquid (LCMS) phase
coupled to MS share some common applications and features, which will
be discussed in this section. However, the principles and advantages/
limitations of each methodology are nevertheless method specific and
will be separately discussed in detail in Sections 16.2.4 and 16.2.5.

16.2.3.1 Application
The use of chromatography in the analysis of ketamine dates back to the
1970s21–23; since then, it has been used in numerous clinical, forensic, and
research applications.11,12,17–19,24–70 Chromatographic techniques coupled with
MS are highly specific, sensitive, and definitive. They are often used as a
means of confirmation. Full scan analysis in GCMS, with its highly reproducible and definitive spectral results, is considered a “gold standard” and
the results it yields are accepted by court as forensic evidence. LCMS was
developed relatively recently compared with GCMS but is rapidly gaining
popularity because of its versatility and easy sample preparation. Highperformance liquid chromatography (HPLC), LCMS, and GCMS methods
are commonly employed in clinical and forensic laboratories, where accurate and traceable results are required. On the other hand, because of the
longer time needed for sample preparation and analysis, these technologies are rarely used in settings where rapid results are needed.
Detection by chromatography/MS methods offers several features
that enable the accurate quantitation of ketamine: specificity, accuracy,
precision, and linearity. As such, LCMS and GCMS methods are commonly used for the quantification of ketamine and its metabolites. A range
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of quantitative methods has been published for various clinical applications including overdose cases and pharmacokinetic studies.26,46,49,52,54,57,70
Quantitative analyses are also useful in workplace testing and drug monitoring programs that have cutoff drug concentrations, as well as forensic
cases that also require the accurate measurement of the drugs present in the
biological specimens of a subject.11,12,24,25,29,31,34,35,41,42,44,45,47,48,50,52,54,56,62,64,66–69
Ketamine is metabolized in the body to its active metabolite norketa
mine. In addition, it is biotransformed to other metabolites such as dehydronorketamine.5,71 These compounds share similar structures and are
difficult to differentiate by molecular recognition techniques. However,
this can be achieved by chromatography/MS methods. The differentiation of ketamine from its metabolites is particularly important in pharmacokinetic studies as well as in the elucidation of the metabolic profile in
pharmacological evaluations.
LCMS and GCMS are highly versatile methods that enable the simultaneous analysis of a large number and a wide variety of drugs. In drugof-abuse testing, it is desirable to screen for as many candidates as possible
for accurate diagnosis and effective treatment. Immunoassays are typically for single-compound analysis; at best, a group of analytes of similar
structures can be detected by the same device (e.g., opiates, benzodiazepines). While multidrug POCT devices are available, their coverage is
still far more limited compared with MS methods. A voluminous amount
of chromatography/MS methods have been published for the simulta
neous detection of ketamine and a large number of drugs/pharmaceuticals.
This enables the screening of ketamine in systematic toxicological analyses (or general unknown screening) and the study of coingestion with
other drugs of abuse.25,30,32–34,46–48,50,52,55,56,60–63,65,66,69,72

16.2.3.2 Principle
The principles involved in LC or GC coupled with MS may be found in
detail in Sections 16.2.4 and 16.2.5.

16.2.3.3 Advantages and limitations
The major advantage of chromatographic techniques is the accuracy of its
results, in particular when coupled with MS. Unlike immunoassay techniques, LCMS or GCMS methods rarely suffer false positivity because
of the separation of ketamine from its interfering components by sample cleanup and chromatography. In MS, the measurement of molecular
mass, especially exact mass measurement by high-resolution MS, is much
more compound specific compared with molecular recognition techniques
or UV detection. In particular, the study of the unique fragmentation pattern in tandem MS offers near unequivocal identification of a compound.73
Moreover, laboratories utilizing chromatographic/MS methods for analysis often have adequate internal quality control as well as participate
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regularly in external proficiency testing so as to ensure the accuracy of
the method at all times.74
The analysis by MS methods does not depend upon the availability of
commercial kits. Where reference standards are available, a method can
be established relatively easily for the detection of the compound on the
chromatograph/mass spectrometer.
Existing methods are easily adapted to incorporate new analytes. In
the instance where reference materials are unavailable, it is also possible
to identify compounds tentatively by its mass spectrometric properties
and comparison with published data.57
Compared with immunoassay, chromatography/MS techniques require
a higher capital investment cost in the acquisition of the chromatograph
and mass spectrometer. More sophisticated mass spectrometers, such
as high-resolution or ion trap MS, are particularly expensive. On the
other hand, the consumable cost of this technique is lower than that of
immunoassay, which requires the costly manufacture of antibodies. The
reagents required for LCMS or GCMS analysis are commonly used laboratory chemicals such as solvents, gas, and buffers.75
One of the limitations of chromatography/MS methodologies is the
long turnaround time. Compared with the simple and fast procedures
for POCT and immunoassays, LCMS and GCMS analyses often require
lengthy sample preparation steps and long analysis times on the chromatograph. Recent developments have seen the emergence of rapid LCMS
methods such as direct injection47 or dilute-and-shoot34 of urine samples,
although it should be noted that such methods may reduce the lifespan
of the analyzer owing to the introduction of complex matrix and contaminants into the system. Ultra-performance LC (UPLC) permits shorter
chromatographic run times and is becoming increasingly popular in the
analysis of ketamine.12,39,62
LCMS and GCMS are highly sophisticated analytical systems that
require a high level of expertise in method development, daily operation,
and result interpretation. The establishment of the method requires optimization of various chromatographic and MS parameters. Daily maintenance, calibration, and suitability checks are often required to ensure
optimal operating condition of the high-end analyzers. Moreover, the
results generated require expert review of chromatographic and mass
spectrometric findings. All these necessitate ample training for staff and
higher operation costs.

16.2.4 Liquid chromatography–mass spectrometry
16.2.4.1 Principle
The analysis by chromatography and MS requires clean sample material. Hence, before LCMS analysis, a biological sample typically needs to
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undergo a cleanup process to remove matrix components such as proteins, lipids, and electrolytes that may interfere with the assay. Various
cleanup procedures have been utilized for the analysis of ketamine,
including liquid–liquid extraction,17,18,50,51,53,57,63,68–70 solid-phase extraction,12,28,30,32,33,49,50,59,64,65 protein precipitation or filtration,26,35,46,56,60 and
direct injection with or without prior dilution.1,47,62 Internal standards are
often added during the sample preparation step to compensate for extraction loss and for more accurate quantitation. Deuterium ketamine35,37,49,53,57
and other structurally related compounds such as bromoketamine59 have
been used as internal standards.
LC involves the partitioning of an analyte between the stationary
phase and liquid mobile phase. The stationary phase comprises a cylindrical analytical column packed with particles that “trap” the analytes
of interest—the particles can be broadly classified into hydrophobic,
hydrophilic, or ionic in nature, or their combination, for analysis of
different compounds. Sub-2 μm particles are used in UPLC for faster
analysis and higher resolution. The mobile phase typically consists of
an aqueous solution and an organic solvent—the combination of which,
either in consistent (“isocratic”) or varying (“gradient”) composition,
carries the analyte onto the stationary phase where retention and separation are achieved according to the chemical properties of the compound. Pumps are employed to control the flow and composition of the
mobile phases.75,76
In reversed-phase LC, which is the most commonly employed form
of LC for ketamine, the stationary phase takes the form of an analytical column packed with particles containing hydrophobic alkyl chains.
Analytes are injected onto the column by an auto sampler and interact
with the stationary phase. Under the flow of the mobile phase, which
in “gradient” composition involves increasing solvent strength, the analytes elute at variable time points according to their hydrophobicity,
interaction with the solvent, and other physicochemical properties. The
time at which an analyte elutes off the column is its “retention time.”
The higher the hydrophobicity of a compound, the longer its retention
time in reversed-phase LC.75,76,77 After separation by LC, the analytes
enter the mass spectrometer for analysis. Different types of mass spectrometers working on various principles are available, including quadrupole mass filters, ion traps, time-of-flight (TOF), orbitrap, and Fourier
transform mass analyzers.10,73,75,78 Those that are most commonly used
for the detection of ketamine include the single- or triple-quadrupole
analyzers12,32,46,49–51,57,59–62,64,68,70 and the ion trap analyzer.26,28,30,37,53,57,63
Other forms of MS that have been utilized for ketamine analysis include
the orbitrap, which allows exact mass measurement by high-resolution
MS35,56 as well as the hybrid linear–ion-trap triple-quadrupole (QTrap)
analyzer.33,34
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Before entering the mass spectrometer, the eluent from the LC undergoes nebulization of the liquid to form a fine spray of droplets, removal
of solvent, and ionization to form charged analyte ions. This occurs at
atmospheric pressure in the interface between the LC and MS. Ionization
of analytes is achieved in the ion source. One form of ionization method
is atmospheric pressure chemical ionization (APCI). However, by far the
majority of ketamine analytical methods utilize electrospray ionization
(ESI) technology.
In ESI, the liquid sample flows through a capillary to which is applied
a high voltage (~1–5 kV). At the tip of the capillary, the liquid is nebulized into a fine spray of charged droplets that travels toward a counter
electrode. The solvent in the sample is further removed by drying gas
and heat, ultimately resulting in the formation of charged analyte ions.
These analyte ions are transported from atmospheric pressure, through
a low-pressure region, toward the mass spectrometer that operates under
a high vacuum by the action of vacuum pumps (Figure 16.4). The mass
spectrometer measures the mass of a compound by mass filter, ion trap,
or TOF mechanisms. The measured mass of a compound is expressed as a
mass-to-charge (m/z) ratio.10,73–75,79 A diagram of the major components of
an LCMS system is shown in Figure 16.5.
The mass spectrometer may be used in different modes for the identification of ketamine and its metabolites. The simplest form is the direct
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heat
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Counter
electrode
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Pump

Figure 16.4 Schematic diagram showing the principles of ESI in LCMS analysis.
(1) The liquid eluent is passed through a capillary to which is applied a high voltage (1–5 kV). At the tip of the capillary, the liquid forms a fine spray of charged
droplets that travel toward a counter electrode. This occurs under atmospheric
pressure. (2) Solvent in the sample is removed by drying gas and heat; charged
analyte ions are formed and enter the mass analyzer under increasing vacuum.
(3) Mass analysis is performed under a high vacuum to avoid the collision of analyte ions with other molecules. A quadrupole analyzer is shown here.
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Figure 16.5 Schematic diagram of an LCMS system. A sample is introduced
into the liquid chromatograph by autosampler injection. Through the action
of the pumps, the analytes in the sample are carried to the analytical column,
where chromatographic separation occurs. The separated analytes are then
ionized at the ion source, and the charged analyte ions enter the mass spectrometer for analysis. Data are recorded and analyzed by computer and software systems.

monitoring of the nominal mass (m/z) of the compound,26,49,53,59 although
this method potentially suffers from lack of specificity owing to interferences with the same nominal mass. High-resolution MS by TOF and orbitrap analyzers improves the specificity of the detection by measurement
of the exact mass, thereby confirming the elemental composition of the
compound.56
A more advanced form of identification utilizes the unique “fragmentation” pattern of the compound by collision-induced dissociation to form
“product ions.” A triple-quadrupole mass spectrometer is commonly used
for the specific monitoring of the transition between parent ion and its
product ion after fragmentation. This technique is termed “multiple reaction monitoring” (MRM) (or “selected reaction monitoring”) and is frequently adopted for the identification and quantitation of ketamine and
its metabolites.28,32,46,47,50,51,57,60,63,64,68–70,79 In addition, the relative intensities
of the MRM transitions (“ion ratio”) may be taken into account for further confirmation. The ion ratio is calculated by using the response of the
most abundant transition as base and calculating the response of the next
most abundant transition(s) as a percentage of the base.12,61,62 The Clinical
and Laboratory Standards Institute and other authorities have published
guidelines for the maximum permitted tolerance of ion ratios in the confirmation of a compound.74,80,81
Besides the specific monitoring of parent-to-product transition, the
fragmentation of the parent ion produces a “product ion mass spectrum,”
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which may also be used as a means of identification. Upon fragmentation,
all the product ions are captured in the product ion spectrum as a “fingerprint” of the compound. Reference product ion spectra can be stored in
a database and used for compound identification via “library matching”
by comparing the sample spectrum with the reference spectrum.73,74 The
library match algorithm has been frequently utilized for the identification
of ketamine and its metabolite.30,33,34,56

16.2.4.2 Advantages and limitations
The pros and cons of chromatography/MS techniques in general have
been discussed in detail in Section 16.2.3.3. In comparison with GCMS,
LCMS methodologies have the following advantages:
1. LCMS methods often involve simpler sample preparation steps.
Dilute-and-shoot, simple filtration, and direct injection methods
have been described for ketamine.26,34,35,47,56,62 Online solid-phase
extraction that yields clean extracts with minimal manual labor is
also becoming increasingly popular for drug analysis.82–84
2. In LCMS analysis, the mobile phase may be modified in various
ways for the optimal detection of different compounds, for example, the pH, organic solvent, buffer salt used and its strength, and
the isocratic/gradient composition of the mobile phases.73 This
flexibility allows the analysis of a diverse range of drugs using
this technology.
3. LCMS technology has seen the advancement to UPLC with shorter
analysis times while retaining resolution and sensitivity. Typical run
times for the analysis of ketamine and its metabolites with UPLC
range from 2 to 8 min.12,39,62
On the other hand, LCMS also suffers from drawbacks in comparison with GCMS technology. First, competition for ionization between the
analyte and matrix components may lead to a decrease in analyte signal (termed “matrix effect”) and imprecision of results—ESI is particularly susceptible to such phenomenon. Matrix effects may be reduced
by improvements in sample cleanup and chromatographic separation.
Alternatively, its detrimental effects may be minimized by modifying
mass spectrometric parameters, for example, the ionization technique
(APCI appears to suffer less matrix effects) or ionization polarity, or by
the introduction of a deuterium internal standard that compensates for
ion suppression or enhancement effects.35,37,49,53,57,73,75,77 Second, the product
ion spectra produced by LCMS analyzers are often lacking in reproducibility85; different analyzer types and collision energies used by laboratories yield variable spectra, which make library standardization and
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establishing a universal database difficult. Recent advances have led to
the development of sophisticated search algorithms such as SmileMS that
may resolve the issue.86

16.2.5 Gas chromatography–mass spectrometry
16.2.5.1 Principle
GCMS has long been utilized for the analysis of ketamine in biological
samples.11,24,25,29,31,36,38,41–45,48,52,54,55,58,66,67 GC is used for the analysis of volatile, thermal-stable compounds. Since the analytes are in gas phase, GC
is more easily coupled to MS (which also requires analytes to be in gas
phase) compared with LC. Akin to LC, GC also comprises stationary
and mobile phases. The stationary phase is typically a long coil of capillary column consisting of silica with a coating of a viscous liquid.87 The
main discrepancy between the two techniques is that GC utilizes gaseous
mobile phase while LC utilizes liquids.
As with most chromatography methods, samples require a cleanup
procedure before analysis. This typically involves liquid–liquid or solidphase extraction to remove interfering components in the sample matrix.
In GCMS analysis, a more recently developed technique has also been
used for the analysis of ketamine—solid-phase microextraction, which
is an efficient and solvent-less method that utilizes a coated fiber for the
extraction (from matrix) and deposition (onto the chromatograph) of
analytes.19,24,36,55,76
As mentioned above, a compound must be volatile and thermally stable for GCMS analysis. For those that are not, a reaction called derivatization
may be used to increase the volatility, thermal stability, and amenability
to GCMS analysis of the compounds. Derivatization methods typically
include silylation, acylation, alkylation, and formation of cyclic or diastereomeric derivatives.10,73 Derivatizing agents that have commonly been
utilized for ketamine analysis include HFBA (heptafluorobutyric anhydride),
PFBC (pentafluorobenzoyl chloride), TFAA (trifluoroacetic anhydride), and
MBTFA [N-methyl-bis(trifluoroacetamide)].31,38,42–45,48,52,66
The gas chromatograph consists of three essential components—the
injector, the gaseous mobile phase, and the stationary phase that is housed
in a temperature-controlled oven.
First, the sample is introduced into the system by the injector. Liquid
(direct injection) or gaseous (headspace) sampling are possible with different injector devices. Subsequently, the analytes are vaporized at the
injection port by high temperatures. They are then swept onto the GC
column by an inert carrier gas (the mobile phase) such as helium, nitrogen, or hydrogen. Chromatographic separation occurs in the column where
analytes interact with the stationary organic phase under specific column
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temperatures. Such interactions continue as the carrier gas flushes the
analytes down the length of the column, until each analyte elutes at its
specific retention time. Similar to LC, the parameters of the GC may
be modified for different chromatographic conditions. The commonly
manipulated parameters include the oven temperature and carrier gas
pressure.79,87
Analytes that elute off the GC column enter the mass spectrometer
through an interface. They are first ionized at the ion source. The predominant ionization method for ketamine analysis is by electron ionization (EI, also known as electron impact).11,24,29,31,36,38,42–45,52,54,55,58,66,67 As the
gas-phase analytes travel through the ion source, they are bombarded by
a stream of 70-eV electrons, which fragment the analyte and cause the loss
of an electron from the molecule, thereby forming a positively charged
“molecular ion.” The ions are then propelled into the mass spectrometer
as an ion beam through the action of a repeller and focusing lens. Due to
the high energy (70 eV) exerted on the molecules, the analyte often fragments substantially and the parent molecular ion may not be observed in
the mass spectrum.10,87
Another ionization technique that has been used for the analysis
of ketamine, although to a much smaller extent, is chemical ionization
(CI).31,41 This is a “soft” ionization method compared with EI. In a CI
source, a reagent gas such as methane is initially ionized; as the ionized gas and sample travel through the CI source together, they collide
and the sample molecule becomes charged through energy transfer.
As the energy involved is much lower in CI, the analyte does not fragment to a great extent and often the molecular ion can be observed
in the mass spectrum to assist in determining the mass of the parent
compound.73,79
The mass spectrometer coupled to a GC system is typically a quadrupole MS. This type of analyzer, similar to that of the LCMS, contains four
rods arranged diagonally. Electric fields are generated among the rods by
control of direct current and radio frequency voltages. Consequently, only
compounds of a specific m/z value can travel in a stable trajectory toward
the detector.75 The quadrupole MS may be operated in selected ion monitoring (SIM) mode, full scan mode, or both simultaneously. SIM mode,
which involves monitoring of certain characteristic ions of a compound
throughout the run, has been extensively utilized in the analysis, particularly quantitation, of ketamine.11,25,29,31,36,38,42–45,48,52,54,55,58,66,67 Full scan mode
obtains a complete mass spectrum of a compound for identification purposes. In EI, the constant energy applied (70 eV) produces a highly reproducible mass spectrum of a compound. Similar to the “product ion scan”
in LCMS, the mass spectrum in EI mode may be used for spectral matching and library search analysis.87
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16.2.5.2 Advantages and limitations
The major advantage of GCMS over LCMS analysis is the reproducibility
of the mass spectrum. Owing to the universally constant energy (70 eV)
applied in EI analysis, the pattern and relative quantity of ions produced
for a particular compound are consistent across many brands and models of GCMS analyzers and across different laboratories. This has two
distinct advantages. First, the highly consistent and reproducible mass
spectrum offers relatively easy and near unequivocal identification of a
compound. This feature allows GCMS analysis to continue being the current “gold standard” method, the results of which are generally accepted
by court in forensic investigations.79 Second, the consistency in the mass
spectrum obtained at 70 eV also allows universal databases and spectral
libraries to be established and used in laboratories around the world. This
is particularly useful in helping to identify compounds for which the laboratory does not have the reference standard. However, one should be aware that
the spectrum of a given compound is drastically different with or without
derivatization, as well as using different derivatization agents.
GCMS analysis also suffers some drawbacks. It may only be used for
the analysis of volatile and thermally stable compounds. Although this
can be somewhat improved by derivatization, this creates yet another
obstacle owing to the time and labor required for such a process.
Derivatization often involves initial extraction of the analytes into an
organic medium, which then has to be dried before addition of the derivatizing agent. Careful maneuvers are required to keep moisture to a minimum during the derivatization process, since the derivatizing agents readily
reacts with the hydrogens in water.87 In general, the derivatization process
increases exposure to hazardous chemicals and is also difficult to automate.
In summary, a variety of analytical methods are currently available for
the determination of ketamine and its metabolites in biological samples.
Each methodology has its own strengths, weaknesses, and applications.
In order to determine the appropriate method to use and, more importantly, to use the method appropriately, the user should have an understanding of the resources that are available (financial or staff expertise),
the setting under which a compound is being tested, and the strengths
and limitations of the method applied. Table 16.2 provides a summary of
the above for each methodology discussed in this chapter.

16.3 Specimen types for testing
Laboratory testing of ketamine begins with the collection of specimen.
Whereas urine has been the de facto standard of routine drug testing for decades, other body fluids such as serum, plasma, whole blood,
dried blood spot, saliva, and sweat have been used as matrices for the

A&E departments,
ambulance, drug
rehabilitation
clinics, roadside
drug testing
Psychiatric
departments,
pediatric testing,
pain management
programs
Various clinical and
forensic settings
+++

+++

+++

++

+

+++

++

+

Sensitivity Specificity

+++

+++

++

–

Quantitation

Slow

Slow to
moderate

Moderate

Rapid

Turnaround
time

Note: –, Not available; +, least desirable; ++, moderately desirable; +++, most desirable.

Liquid
chromatography–
mass spectrometry
(LCMS)
Gas
Various clinical and
chromatography–
forensic settings
mass spectrometry
(GCMS)

Laboratory-based
immunoassay

Point-of-care
testing (POCT)

Applicable settings

High

High

Medium

Low

Expertise
requirement

High

High

Medium

Low

Capital
requirement

Low

Low

Medium

High

Running cost
requirement

Table 16.2 Comparison of the Methodologies for the Analysis of Ketamine and Its Metabolites in Biological Samples

362
Magdalene H.Y. Tang et al.

Chapter sixteen: Clinical testing for ketamine

363

detection of drugs of abuse.57,88–91 Technological advances, most notably
the availability of MS in drug testing laboratories, have allowed the use of
specimen types such as hair and nail for testing of drugs of abuse including ketamine.44,67
The different types of specimens listed above have their advantages
and limitations in terms of the ease of collection, risk of adulteration or
substitution, handling and transport, stability, drug levels, analytical methods applicable, detection window, and so on. The choice of specimen type
could be a balance of these factors depending on the setting requiring
drug analysis. Before looking into each individual specimen type, a brief
account of ketamine pharmacokinetics is given in the following.
After consumption, ketamine is metabolized into norketamine (through
demethylation by the cytochrome P450 system), 6-hydroxynorketa
mine (through hydroxylation), and dehydronorketamine.57,92,93 CYP3A4
and CYP2B6 are reported to be the major enzymes responsible for the
N-demethylation activity at analgesic, anesthetic, recreational, and toxic
doses. CYP3A4 is the high-capacity, low-affinity system, whereas CYP2B6 is
the high-affinity, low-capacity one. As a result, the two major enzymes contribute equally at analgesic doses, while at toxic levels, CYP3A4 becomes the
major enzyme responsible for demethylation.94 These metabolites, together
with a small amount of parent drug, are excreted renally with or without
conjugation.
The pharmacokinetic profile of ketamine has been thoroughly investigated and is described as a two-compartment model.95,96 The reported
terminal half-life of ketamine varied and ranged from 1.67 to 3.33 h, as
reviewed by Malinovsky et al.97 However, in patients with coexisting pathologies such as chronic alcoholism or with the use of enzyme inhibitors, the
terminal half-life of ketamine can be up to 4.98 h.98
The bioavailability of ketamine has been evaluated for oral, intramuscular, intranasal, and rectal routes. Intramuscular route has the highest
bioavailability at 85.9%–97.2%, whereas that of oral route is reported to be
14.5%–24.5%.99 The bioavailability for ketamine in rectal and intranasal
routes evaluated in one study in children were 25% and 51.5%, respectively.97 For ketamine use through intravenous, intramuscular, or intranasal routes, the level of norketamine remains lower than that of ketamine
within the first hour and then rises and peaks later compared with keta
mine, whereas after oral use and, to a lesser extent, rectal use, norketamine
rises with ketamine and peaks only slightly later, suggesting a significant
first-pass metabolism.

16.3.1 Urine
Urine is often considered the most widely used type of specimen in drug
testing. As described in the introduction in Section 16.3, ketamine and its
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metabolites are mostly excreted renally, with well-defined pharmacokinetics for both oral and parenteral administration routes.96,99 Approximately
90% of a single dose of ketamine is excreted within 72 h, among which
a large majority (80%) as conjugated hydroxyl metabolites, 16% as dehydronorketamine, and 2% each as norketamine and ketamine.100

16.3.1.1 Application
Urine has been used for ketamine testing in various settings including
forensic,67 drug-driving,89 and school and clinical contexts, mostly because
of its noninvasiveness and ease of collection.

16.3.1.2 Advantages and limitations
Urine as a specimen type for testing of ketamine and other drugs of abuse
offers a number of advantages. Urine collection is easy and noninvasive.
Besides, the ample volume produced in most patients (with the possible
exception of those who have end-stage renal failure) and the relatively
high drug concentrations, usually at parts per billion to parts per million
levels, allow easy analysis using various techniques. In a study evaluating
impairment symptoms with reference to ketamine concentration in oral
fluid and urine in subjects attending disco, the urine ketamine concentrations in positive cases ranged from 112 to 14,160 ng/mL.89 Most drugs
and metabolites, including ketamine, are reasonably stable in urine when
kept refrigerated or frozen.101 However, urine collection and testing is not
without its limitations. The specimen is relatively easily tampered with by
urine adulteration or substitution. Direct observation of urine collection
could minimize the risk but would intrude on one’s privacy. Furthermore,
the correlation between urine drug level and concomitant dosage or pharmacological effect was weak, if any, and difficult to interpret.
The detection window of ketamine and its metabolites in urine
depends on a number of factors such as dosage, analytical method used,
and individual variability, but is usually in terms of a few days. Ketamine
can be detected in urine for 48–72 h after a single dose for most methods.
In one study, ketamine and norketamine were measured in urine samples
of six children after receiving a single intravenous dose of ketamine as
anesthetic using sensitive GCMS and LCMS methods—ketamine and
norketamine were detected up to 2 and 14 days, respectively, using GCMS,
and up to 11 and 6 days, respectively, using LCMS.92

16.3.1.3 Methods of analysis
Ketamine can be detected in urine specimens using various methods
including ELISA,11 HPLC-UV,16 GCMS,102 LC-MS/MS,28 and CE (capillary electrophoresis) coupled with UV or MS.103 For mass spectrometric
applications, depending on the desired sensitivity, different sample preparation procedures like dilute-and-shoot, liquid–liquid extraction, and
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solid-phase extraction approaches have been described.104 Unlike other
common drugs of abuse like opiates, amphetamines, cocaine, and so on,
urine immunoassay kits in automated laboratory analyzers are not readily
available for ketamine. ELISA and point-of-care tests for urine ketamine
have been developed. The typical cutoff concentration of urine ketamine
point-of care tests is 1000 ng/mL6,7; false positives and false negatives do
exist and confirmatory testing is required.
Ketamine is stable in urine for at least three freeze–thaw cycles and
is stable for up to 12 h in urine at 25°C.26 External quality assurance program of urine toxicology has been made available by many organizations,
including the RCPA Quality Assurance Program administered by the
Royal College of Pathologists of Australasia.

16.3.1.4 Adulteration
Collection of urine is most often carried out without direct observation,
and thus chance of adulteration exists.105–110 Adulteration can be in vivo,
meaning that substances are taken by the subject before the collection of a
genuine urine specimen, or ex vivo (in vitro), meaning that substances are
added into the collected urine specimen before submission, or a substitution urine specimen is submitted directly.
In vivo adulteration, in its most primitive way, is by consumption of
large amounts of water. However, dilute urine specimens can be easily
detected by the measurement of urine creatinine concentration.109 More
elaborate methods involve taking products containing creatine as well as
riboflavin in addition to consumption of water, so as to produce a dilute
urine but with a yellowish realistic-looking appearance together with a
falsely normal creatinine level.110 Limited data were available for the effectiveness of such in vivo adulteration strategies.
Ex vivo (or in vitro) adulteration can involve either adulteration of
urine after voiding, or substitution of urine specimen by chemically formulated ones or clean urine of another person. Devices for delivering substituted urine specimen while avoiding detection in routine observation
of sampling, together with heating devices to maintain temperature, have
been reported to be commercially available.110 Recatheterization, the act
of filling bladder with clean urine via a Foley catheter, is another way in
which urine specimen could be substituted. However, such act is risky
and can introduce infection. Depending on the time spent between recatheterization and voiding, the temperature of the urine may not equilibrate
well, or enough amounts of endogenous urine may result in a positive test,
particularly when a sensitive detection method is utilized for analysis.
The addition of adulterants represents another way one can attempt
to avoid detection. Adulterants used in avoiding urine drug detection
can be divided into those that interfere with immunoassays by means
of changing the chemical nature of the matrix, including acidity, ionic
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strength, presence of surfactants, and those that chemically modify the
drug metabolites by oxidation. Whereas data regarding the effect of such
adulterating agents for traditional drugs of abuse such as marijuana,
amphetamines, opioids, cocaine, or even phencyclidine (a drug chemically related to ketamine) are available,110–113 no published information
exists for the robustness of immunoassays in detecting ketamine in the
presence of such adulterants.

16.3.1.5 Detection of adulteration
There are multiple ways of preventing or detecting in vivo or in vitro
urine adulteration, including direct observation of urine collection, onsite analysis, and laboratory analysis. Observation of urine collection is
an effective means of preventing in vitro adulteration, but this may not be
applicable to all settings of drug testing as privacy of subjects is a concern.
Procedures like turning off tap water and adding coloring agent to
flushing water in the sites of sample collection have also been recommended. The United States mandatory guidelines for federal workplace
testing program specifies requirements on temperature, creatinine concentration, specific gravity, acidity, and detection of oxidizing adulterants
in urine specimens.114 A urine specimen with creatinine concentration of
equal to or greater than 0.18 mmol/L but less than 1.8 mmol/L is often
considered dilute, whereas urine creatinine concentration of less than
0.18 mmol/L often indicates an invalid sample. Urine temperature is representative of core body temperature, and when measured shortly after
voiding, 99% of measurements lie between 32.5°C and 36.7°C.115

16.3.2 Serum, plasma, and whole blood
Serum, plasma, and whole blood are specimens that are most commonly
used for the determination of pharmacokinetic parameters. As a dissociative anesthetic agent, the pharmacokinetic and pharmacodynamic parameters of ketamine have been described in the 1980s.95,96,116 Compared with
urine, blood levels of ketamine likely better reflect the tissue levels of keta
mine and provide superior correlation with dosage and pharmacological/
toxicological effects.117 Blood specimens are second only to urine specimens
for drug testing in most clinical laboratories.

16.3.2.1 Application
Blood specimen for drug testing is mainly used in clinical and forensic
settings. At times, blood specimens are taken in clinical settings when
urine samples are not available, for example, in patients with end-stage
renal failure, a not-uncommon complication of ketamine uropathy. Blood
specimen is not commonly used in nonclinical contexts such as workplace
drug testing because of its inherent invasiveness.
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16.3.2.2 Advantages and limitations
One of the advantages of using a blood specimen is that the blood level
represents drug concentration at the time of collection, rather than an
integrated measure over a period as for urine specimens. As described
earlier, levels in blood-derived specimens better correspond to the tissue
levels (e.g., brain) of ketamine and provide the best correlation with drug
dosage and also pharmacological and toxicological effects among other
types of specimens. Besides, sample integrity can usually be ensured as
blood specimens are usually taken by healthcare professionals, and it is
uncommon to have adulterated blood specimens.
On the other hand, collection of blood specimens is relatively invasive,
limiting its application in drug testing under nonclinical settings. Besides,
as with most drugs that are renally excreted, the levels of ketamine and its
metabolites in blood specimens are lower (usually in parts per billion levels) and short lived compared with those in urine. One study showed that
the blood ketamine concentrations in 14 drugged drivers taking ketamine
ranged from 170 to 850 ng/mL.118 The window of detection of ketamine
and its metabolites in blood is much shorter in comparison with urine.

16.3.2.3 Methods of analysis
Commercially available ELISA kits for the detection of ketamine in
serum119,120 have been available. Sample preparation is not required for
most immunoassay-based kits, with dilution in buffer being integrated
into the assay procedures.
Various methods for measuring ketamine in blood samples using
HPLC-UV, GCMS, LC-MS/MS, and CE have been described. Due to the
large protein content of serum, plasma, and whole blood, sample cleanup
utilizing solid-phase extraction,121 liquid–liquid extraction,122 or protein
precipitation60 is necessary for chromatography-based methods.
Serum ketamine, norketamine, and dehydronorketamine are stable
for at least 2 days when stored at 4°C. Plasma ketamine and norketamine
levels remain stable when centrifugation of blood sample is delayed for
120 minutes both at ambient temperature and at 4°C. However, plasma
dehydronorketamine level has a significant decrease when centrifugation
is delayed while the blood sample is kept at 4°C, with only 53% remaining
after a delay of 120 minutes.123

16.3.3 Oral fluid
Oral fluid is principally secreted by the three salivary glands: parotid
gland, submandibular gland, and sublingual gland, with minor constituents such as secretion from the labial, buccal, and palatal glands, as well
as gingival fluid, sloughed epithelial cells, and others.124 The secretion rate
is 0–6 mL/min with a daily production of 500–1500 mL.125
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Oral fluid has been considered an ultrafiltrate of blood.126 However,
this is not an accurate description of oral fluid. As reviewed by Langman,124
oral fluid is formed by ultrafiltration, active transport, and passive diffusion. The result is that nonionized as well as basic drugs are much better represented in oral fluid compared with acidic drugs.124,127 The protein
binding characteristic of the drug also determines the partition of the
drug between saliva and blood.
Although the saliva-to-plasma drug ratio, commonly used to assess
the suitability of analysis using oral fluid, has not been thoroughly
assessed for ketamine, it follows that ketamine, as a slightly basic drug
(pKa 7.5) with only 20%–50% protein bound fraction,128 can likely be reliably determined in oral fluids.
Various methods of collecting oral fluid for drug testing including
ketamine have been described, such as expectoration, gravitational draining from the buccal cavity, and the use of absorbent material put inside
the buccal cavity.

16.3.3.1 Application
The testing of oral fluid, the collection of which is easy and noninvasive,
has been applied in various clinical and nonclinical settings, including
workplace drug testing, testing of drivers suspected to drive under the
influence of drugs,89 and monitoring of illicit drug use during treatment.129
Commercially available collecting devices have been described.127

16.3.3.2 Advantages and limitations
Oral fluid collection is simple and noninvasive, and can be directly observed
without interfering with the privacy of the subject. As a result, the risk of
specimen substitution or adulteration is minimal compared with urine
collection. In addition, as saliva drug concentration in general correlates
with plasma-free drug concentration, it can provide a better measure than
urine in the assessment of pharmacologic effect and level of impairment
in the subject.
Whereas the secretion rate of oral fluid after consumption of drugs of
abuse such as cannabis is very slow, ketamine is known to cause increased
salivary secretion, as shown in studies when ketamine was used as an
anesthetic drug.128 Numerous techniques involving either mechanical or
chemical stimuli have been applied to increase the flow rate of saliva.130–132
The mechanical methods stimulate saliva secretion by providing a
substance (e.g., paraffin wax, chewing gum) for the subject to chew upon,
whereas chemical stimuli (e.g., sour candies, a drop of citric acid) provide
a gustatory response. A sixfold difference in oral fluid drug concentration
has been reported between nonstimulated and stimulated oral fluid secretion.127 The effect of the use of mechanical stimulus on the oral fluid levels
of ketamine, however, has not been reported in the literature. Adsorption
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of the analyte onto the chewable material is the major issue for mechanical stimulation, whereas chemical stimulus, commonly acidic, may affect
the kinetics of drug transfer into the oral fluid. However, as ketamine is
a neutral or weakly basic drug, the oral fluid-to-plasma ratio of ketamine
could be relatively independent of the rate of saliva formation.
Ketamine is commonly administered through nasal insufflation or
oral ingestion. Another problem with oral fluid analysis of ketamine is
that the level could be affected by recent drug use through these routes, as
contamination of the oral cavity from these sources can lead to gross overestimation of the ketamine level.89 The relatively low specimen volume
and low drug levels, leading to more technically demanding analysis, are
other limitations of using oral fluid as a specimen type for drug testing,
including ketamine. The median ketamine levels in oral fluid and urine
were 271 and 2125 ng/mL, respectively, in 21 positive cases in a study
evaluating impairment symptoms in subjects attending disco.89 Similar to
blood sample, oral fluid has a short detection window, reflecting mainly
recent drug use.

16.3.3.3 Methods of analysis
As a result of the low specimen volume, drug testing in oral fluid demands
the use of sensitive methods such as immunoassays and chromatographic–
mass spectrometric methods.127 GCMS133 and LC-MS/MS89,127,133 methods
have been described in the literature.
ELISA kits for oral fluid ketamine are commercially available.119,134
A point-of-care immunoassay device for oral fluid ketamine has also
been described. The sensitivity and specificity of the device were 87.5%
and 97.9% at a cutoff of 15 ng/mL when evaluated against an LC-MS/
MS method, with a false-positive rate of 4.5% and a false negative rate
of 6%.4 For chromatographic–mass spectrometric assays, sample preparation procedures like solid-phase extraction and liquid–liquid extraction
are usually required,4,62 although direct injection analysis after dilution
with buffer has also been reported.62 Apart from proteins, mucin is also a
ubiquitous compound in oral fluid, which can be removed by one freeze–
thaw cycle.

16.3.3.4 Adulteration
Adulteration in oral fluid testing is less commonly identified, as collection is often under direct observation. Thus, attempts in adulteration or
decreasing the amount of drugs in oral fluids rely mostly on cleansing
the mouth with or without dilution of the oral fluid sample. A crude but
experimentally proven method is to use mouthwash to cleanse the mouth
before oral fluid testing. In a study evaluating the effect of two commercially available adulteration kits on oral fluid cannabinoid and opiate levels, it was found that the two kits, together with the usual commercially
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available mouthwash, produced similar effects of decreasing the drug
concentrations in oral fluid, probably through cleansing of the oral cavity
and partially diluting the sample.135

16.3.4 Hair
Hair is an outgrowth from hair follicles, a characteristic organ in the skin
of mammals. Most of the human body is covered in hair, but most commonly, scalp hair is used for analysis, despite it being the most manipulated
and treated group of hair. Chemically, hair is mostly keratin (65%–95% by
weight), with water and lipid being other major constituents.136 The size of
hair ranges from 15 to 120 μm in diameter.
There are three phases of hair growth: anagen (growth), catagen (transitional), and telogen (resting). The growth rate is approximately 1 cm/
month (0.6–3 cm/month) during the anagen phase.137 With such slow
growth rates, hair testing can be seen as an indicator of drug use in the
medium to long term, depending on the length of hair tested.
Drugs in hair represent a dynamic equilibrium between drug
incorporation and drug removal. Drugs are incorporated into hair by
multiple routes: transfer from blood during hair formation in the follicle, deposition on hair via sweat and sebum after the formation of
hair, and environmental exposure (e.g., passive smoking, dissolution
of drugs present in dirty hands into sebum or sweat, and incorporation as with ingested drugs). Drugs may be removed from hair during
hair washing. A study showed that among ketamine, norketamine, and
dehydronorketamine, the parent drug ketamine had the highest levels
in hair specimens, with an average norketamine-to-ketamine ratio of
0.32 in 15 specimens.67
Hair contains melanin, a dark pigment produced by melanocytes in
skin and hair follicles. Melanin produces binding sites for drugs, particularly amines and heavy metals. It has been shown that drug level in
hair after a single dose and melanin content are strongly correlated for
many drugs,138 including ketamine, with significant difference found
between patient groups, as well as guinea pigs (cavies), of different hair
color.67 This has triggered discussion as to whether hair testing results
in racial bias.137 Attempts in compensating the difference in melanin
content included measuring permeability of dyes in the sample, as well
as performing aqueous wash with drug homologue and adjusting for
the uptake.139 However, these methods are cumbersome and are not
commonly used.
Hair specimens are best collected from the back of the head (vertex
posterior), where hair grows with homogeneity with the highest anagento-telogen ratio (proportion of actively growing hair).132 To perform segmental analysis, the hair should be cut as close as possible to the scalp,
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with the scalp end labeled. Hair specimens are commonly stored in envelopes with or without aluminum foil wrapping at room temperature to
protect them from light and moisture.132,137 Drugs in hair are stable for
years when stored in a dry place without exposure to light or heat.

16.3.4.1 Application
Owing to the noninvasive nature of hair testing, as well as the ability of
hair testing to reveal long-term drug use patterns, hair testing has been
applied to various clinical and nonclinical settings, such as workplace
drug testing, evaluation of driving privileges, drug abstinence monitoring (especially during pregnancy), child custody hearings, and postmortem forensic studies.137,140,141

16.3.4.2 Advantages and limitations
The principal advantage of using hair as a specimen of drug testing is the
long detection window, thus allowing the monitoring of substance use
over a period of weeks to months, as compared with only hours to days
for other body fluid specimen types. The complementary use of body fluid
specimens and hair specimens allows the profiling of substance use in
both short and long term. Segmental analysis of hair specimens can also
provide a rough historical profile of drug use, assuming a hair growth
rate of approximately 1 cm/month. Other advantages of using hair specimens include the noninvasiveness and simplicity of sample collection, the
relatively low risk of sample adulteration or substitution, and the longterm stability of drugs present in hair if properly stored.
Environmental contamination represents the most significant problem
for hair testing. Procedures to control or detect environmental contamination of hair, such as sample washing, comparison of drug concentrations
in washes and hair samples, use of cutoff values, and determining the
metabolite-to-parent drug concentration ratio, have been described.142
The Society of Hair Testing recommended washing of the sample as well
as the use of metabolite-to-parent drug ratio to report positive results.137
For hair analysis of ketamine, the norketamine-to-ketamine ratio can be
used. Besides, dyeing or bleaching may also have deleterious effects on
hair drug levels to different extents. As previously described, the possibility of hair color bias is another concern in hair testing. The low levels of
drugs present in hair, generally in the range of picogram per milligram
to nanogram per milligram, also constitute a significant analytical challenge. For example, the ketamine and norketamine concentrations in hair
samples of four chronic ketamine abusers were found to be at low levels in
a study, ranging from 0.2 to 5.7 ng/mg and from 0.1 to 1.2 ng/mg, respectively.37 Tedious sample preparation procedures and chromatography–
mass spectrometric analysis are usually required. Moreover, hair testing
service is not commonly available in most clinical laboratories.
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16.3.4.3 Methods of analysis
In contrast to blood and urine specimens, hair is a solid sample, which
requires extraction of analyses before analysis by most techniques. Buffer
extraction with micropulverization techniques, acid hydrolysis, alkaline
hydrolysis, and enzymatic hydrolysis have all been reported in the literature.39,132,137 Further sample cleanup procedures such as solid-phase
extraction and liquid–liquid extraction are generally required for most
chromatography-based methods.132 GCMS and LC-MS/MS are the most
common analytical methods for hair specimens,39,67,137,140,143 in part owing
to the low concentration of drugs found in hair. The use of other methods such as immunoassay134 and CE or related techniques103 has also been
reported.
A novel technique in hair drug testing is the use of matrix-assisted
laser desorption/ionization technique coupled with high-sensitivity and
high-resolution MS, in which a single hair is cut open and mounted, and
laser is used to cause desorption and ionization of analyses in the hair
sample.144 In contrast to segmental analysis, this technique allows profiling of drug use over the whole period and is essentially nondestructive.

16.3.4.4 Adulteration
Hair is often exposed to agents that cause drugs to leach out. This includes
mild agents such as shampoo and conditioner, as well as more elaborate
hair treatment such as bleaching, perming, and coloring.132,137 These treatments not only cause drugs to leach out from hair but also increase the
porosity of hair, resulting in increased leaching on further treatment (risk
of false negative), as well as increased contamination from environmental
sources (risk of false positive).137 Further to cosmetic treatments, “detox”
shampoo products marketed toward subjects of hair drug testing have
been commercially available. However, the effect of such treatment has
not been thoroughly studied.

16.3.5 Nail
Nail is a keratinic product of the nail matrix. The proximal part of the nail
is embedded in skin, the proximal nail fold, below which is where the
germinal matrix lies. The germinal matrix and the nail bed are supplied
by the two paired digital arteries.
The detection window for nails can be considered in a number of different ways. Whereas at autopsy, forensic specimens can include all whole
fingernails and toenails, clinical specimens include only nail clippings,
of which the length available depends on the frequency of nail clipping.
The reported average growth rate of fingernail and toenail are 3.47 and
1.62 mm/month, respectively.145 With a commonly quoted great toenail
length of 20 mm,146 this represents a detection window of 12.3 months for
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the great toenail, if the whole toenail is considered. However, if one considers the length of nail clippings, which often ranges from 2 to 5 mm, the
period covered would be much shorter.
The incorporation of drugs into nail, unlike hair, is not as straightforward. This has been analyzed by Madry et al. with single-dose zolpidem as a tracer—it was shown that the incorporation of drug taken
orally can be detected in nail specimens that were collected monthly
for up to 3 months after intake, with three peaks corresponding to 24 h,
2–3 weeks, and 3 months (with decreasing peak size) after ingestion of
drug.147 According to the author, this represents incorporation via sweat,
nail bed, and germinal matrix, respectively.147 Thus, nail specimen, while
representing medium-term drug exposure, is useful in determining the
temporal sequence of drug intake only if serial nail clippings or if the
entire nail could be analyzed.
Permeation of drugs into nail has been demonstrated to be independent of the hydrophobicity of the drug, but is related to the molecular
weight of the drug when the hydration of ionic drugs has been taken into
account.148 This suggests that ketamine, with a molecular mass of 237.7 Da,
would have intermediate permeation into nail. In addition, as ketamine is
often supplied as powder for insufflation, the handling of drugs by hands
may result in significant contamination, which could compromise the
validity of quantitation.

16.3.5.1 Application
Despite reports of nail toxicology being applied to forensic, workplace, and
prenatal exposure of drugs,149 the use of nail is still mostly restricted to
forensic settings.

16.3.5.2 Advantages and limitations
Nail as a toxicology matrix has the advantage of being an intermediateterm indicator of drug use, situated between hair (months to years) and
body fluid (hours to weeks) matrices. Besides, the date of ingestion can
be estimated, likely to a better resolution than hair analysis, according to
the appearance of three peaks with decreasing size after a single dose of
medication. Similar to hair, nail can also be stored under room temperature in a dry environment almost indefinitely.
Cumbersome sample preparation procedures and chromatography–
MS analysis are required for nail drug testing. It is still mainly in the
research stage and is not commonly available in most clinical laboratories.

16.3.5.3 Methods of analysis
Nail is a solid keratinic matrix and requires dissolution before analysis. Similar to hair, washing of nail is necessary to minimize possible
surface contamination, and this is often done with water and methanol.
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Table 16.3 Sample Matrices and Applicable Analytical Techniques

Matrix

Detection windowa

Analysis techniques

Urine

Days

Blood

Hours

Immunoassays, LC-MS/MS, GCMS,
HPLC-UV, CE-UV, CE-MS
Immunoassays, LC-MS/MS, GCMS,
HPLC-UV, CE-UV, CE-MS
Immunoassays, LC-MS/MS, GCMS
LC-MS/MS, GCMS, MALDI-IMS
LC-MS/MS, GCMS

Oral fluid
Hair
Nail
a

Hours
Months to years
Weeks to months

Strongly dependent on limit of detection of the methodologies used. Typical values are
given.

Sample preparation by alkaline hydrolysis, followed by liquid–liquid
extraction and derivatization, has been reported in a study utilizing
GCMS for the detection of ketamine in fingernail.44 Another method
employing acid hydrolysis followed by liquid–liquid extraction has
been reported with LC-MS/MS detection of ketamine in nail.150 Other
sample preparation methods like micropulverization have also been
reported.42
In summary, the use of various specimen types in the analysis of
ketamine depends upon different factors including the purpose of the
testing, the desired detection window, and the technologies available.
Table 16.3 shows a comparison of the application of different matrix
types.

16.4 Emerging drugs-of-abuse analysis
As discussed in Sections 16.2 and 16.3, there are a number of analytical
techniques for the detection of ketamine in various biological specimens.
The different combinations of analytical technique and specimen type
offer a myriad of analytical tools to suit different needs: POCT on a salivary specimen would be ideal for roadside testing for suspected drugdriving; confirmation of exposure to ketamine for prosecution purposes
would require GCMS analysis on a urine or blood specimen; and analysis
by various methods on a hair specimen can reveal a much longer period
of exposure to drugs of abuse than testing in biological fluids.
Although analytical methods for ketamine are discussed in this
chapter, in reality, ketamine is seldom an isolated analytical target.
Polysubstance abuse, deliberately or inadvertently, is a rule rather than
an exception.151 For this reason, most of the analytical techniques were
developed to detect multiple substances of abuse.72,152–155 Clinically, finding
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out which and how much drugs a user has consumed is important for
management for obvious reasons.
While it is important to know the different substances used by a user,
analytical techniques can only detect a finite number of drugs. Analytical
techniques are developed to detect certain targets—the choices would
be different for different geographical locations determined by the local
drug abuse pattern. If something “new” to the analytical system were consumed by a user, their presence would not be detected regardless of the
specimen type and sensitivity of the instrument. Such “new” substances
are called “emerging drugs of abuse” or “novel psychoactive substances,”
which are becoming a significant healthcare problem and pose a great
challenge to the clinical laboratory professionals.156–159
The last decade has seen a rapid and continual growth of “emerging” drugs of abuse. These substances bear chemical and pharmacological resemblance to conventional drugs of abuse and pose a threat to public
health, but are often (initially) not controlled by law. In 2008, 13 emerging
drugs were reported for the first time to the European Monitoring Centre
for Drugs and Drug Addiction; by 2012, 73 new drugs were reported
within a year.160 These novel substances are often sold in disguise as
“bath salts,” plant food, chemical standards, spice mix, herbal incense,
and so on, while being explicitly labeled as “Not for human consumption.” They are readily available in head shops, from street dealers and
over the Internet.156,157,159 With particular reference to ketamine, its analogue methoxetamine has recently gained popularity on the illicit drug
market.161–163
As new drugs emerge continually, some disappear while some
remain. Ketamine was once an “emerging” drug of abuse in Hong Kong
in the early 1990s. It has remained and continues to be a tremendous
burden to society nowadays. When such emerging drugs of abuse first
appear, the parties concerned—healthcare professionals, social workers,
teachers, law enforcement officials, legislators, and so on—know very little about them. It often takes several years for the society to understand
the nature and learn the impact of such novel substances.
During this period, the clinical and harmful effects are poorly understood. There is no analytical tool to detect and confirm their presence,
and there is a lack of specific legislation to control these substances. This
period of poor preparedness has to be shortened for the society to fight
the battle more effectively. In the case of ketamine, if the society had realized its presence earlier and controlled it more promptly and vigorously,
can history be modified?
Current anti–drug abuse strategies commonly focus on the conventional drugs of abuse. The foremost challenge in combating emerging
drugs is that such substances are not covered by current routine drug
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testing methodologies. As a result, they may have penetrated deeply into
society by the time they are recognized. If penetration of an emerging
drug into society is recognized early, subsequent actions on education,
clinical management, and legislation may be initiated in a much timelier
manner before the damage becomes permanent. To achieve this, a system
to monitor the emergence of novel drugs is essential.
Owing to its technical complexity, immunoassay-based methods—
including POCT and laboratory-based immunoassays—are often developed commercially. There is often a time lag of years between a substance
appearing in the abuse circle and its immunoassay-based detection
method becoming available. Facing the rapid, exponential growth in the
number of emerging substances, immunoassay-based methods are not
suitable for their detection. On the other hand, chromatography-based
methods, often coupled to different MS techniques, have been successfully applied to detect these emerging drugs of abuse.65,72,158,164,165
In the past decade, the use of these instruments has become much
more widespread in routine clinical laboratories, and in-house methods
can be developed readily on these platforms to detect emerging drugs.
In the clinical setting, the detection of novel drugs combined with information on the toxicity profile will help identify highly dangerous compounds that require immediate regulatory actions.
A recent method employed a chromatography/MS-based analytical
system to detect both conventional and emerging drugs of abuse in urine
and hair.166,167 Solid-phase extraction is used for urine sample cleanup and
micropulverization for drug extraction from hair. The method covered
47 conventional drug analyses and more than 40 emerging substances,
including methoxetamine, which is an analogue of ketamine. Emerging
drugs of other classes were also detected by the method, including
amphetamines, phenethylamines, tryptamines, piperazines, cannabinoids,
cathinones, and so on. This method has been adopted as a routine drug of
abuse screening within the authors’ laboratory and served as a continual
surveillance of novel drugs in the population. Indeed, after its implementation, the method has been successfully applied, leading to the identification of several emerging compounds.166–168
Drugs of abuse are notorious for their protean nature; slight chemical modifications are constantly being introduced to bypass the current
legislation. As such, an analytical system for emerging substances must
be flexible for expansion to cover “newer” drugs. Combining routine analysis of conventional drugs with surveillance of emerging substances in
a single analytical process allows monitoring of the emergence of novel
compounds at minimal cost.
The results may guide future directions in terms of legislation as well
as social and clinical management of novel drugs. Hopefully, such efforts
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can minimize the damage of novel psychoactive substances as ketamine
had imposed on the society in the past two decades.

16.5 Conclusions
The qualitative and quantitative analysis of ketamine plays an important
role in clinical and forensic investigations. The clinical testing of ketamine
involves a myriad of analytical techniques that are capable of analyzing
different types of biological matrices. The optimal methodology and sample type to be used for a particular application will depend upon various
factors, including (but not limited to) the urgency of the test request, the
availability of technological and manpower resources, the level of sensitivity or accuracy required, and the desired detection window. When
choosing an appropriate matrix type, it is also important to consider other
issues such as subject privacy (e.g., collection under direct observation),
sample substitution/adulteration, and analyte stability. At times, analysis using a combination of different methods and sample types may be
required.
A growing concern upon the analysis of drugs of abuse is the appearance of novel psychoactive substances (e.g., methoxetamine). These compounds are constantly changing in chemical structure to bypass current
legislation and are often difficult to identify by conventional drug testing
methods. Failure to identify these novel drugs at an early stage will allow
them to take root and become tremendous economic, social, and medical
burdens to the society. Proactive development of analytical methods and
continual surveillance of these novel drugs in the society are imperative
in the fight against this rapidly expanding group of dangerous chemicals.
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Biomedical Science
Increasing use of ketamine as a recreational drug in Asia, Europe, and
America is a great burden on society at large, leading to aspirational strain,
unemployment, and crime. These societal effects have led to growing interest
among researchers and clinicians in ketamine’s effects on various systems of
the body. Ketamine: Use and Abuse reviews the acute and chronic effects of
ketamine on both adult and developing animals and humans.
Providing readers with an exhaustive review of the literature, the book is
supplemented by the introduction of new data and research. Topics include:
• The pharmacological properties of ketamine
• The impact of ketamine on various organ systems, including
the central nervous system and the gastrointestinal, respiratory,
adrenal, and renal systems
• Developmental neurotoxicity in the developing brain
• Postmortem toxicology
• The epidemiology of misuse and patterns of acute and chronic toxicity
• The psychosocial aspects of ketamine addiction
• Clinical applications at acceptable doses, including possible
contribution to the treatment of depression
The contributions in this book represent an initiative to investigate the different
facets of ketamine beyond the known psychosocial factors related to addiction
and its traditional use as an anesthetic agent. The broad-based coverage is
designed to promote heightened attention on the subject and encourage further
research into beneficial clinical uses.
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