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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 fre-
quently 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 obvi-
ous 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 accept-
able 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 toxic-
ity. 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 edi-
tor 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 pro-
mote 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 associa-
tion area of the brain is disrupted (Mion and Villevielle 2013). The drug
primarily works on glutamatergic neurons, specifically as an N-methyl-p-
aspartate (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 applica-
tion 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 asso-
ciated 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 pro-
cedures such as Cesarean sections (Behdad et al. 2013). In addition, during
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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 seda-
tion (Khajavi et al. 2013; Singh et al. 2013). In small clinics, ketamine is typi-
cally 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 ket-
amine either alone or in combination with other CNS agents can be danger-
ous 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 seri-
ous 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 intermedi-
ate 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 cul-
tures. 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 undiffer-
entiated 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 exam-
ple, short-term ketamine exposure caused widespread neuronal apop-
tosis, similar to that observed after exposure to isoflurane and propofol
(Creeley et al. 2013). Ketamine resembles nitrous oxide, barbiturates, phen-
cyclidine, 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, x200.

Figure 1.2 Prefrontal cortex of a mouse after ketamine treatment of 6 months.
Note, area A has fewer cells than area B. Magnification, x400.

NMDA antagonist or GABA mimetic, thus exerting toxicity on humans
(Olney et al. 2002). In rats, it has been shown that ketamine-induced neuro-
apoptosis is accompanied by the activation of glycogen synthase kinase 3
beta (GSK3B), whereas treatment with lithium, a GSK3B inhibitor, attenu-
ated the neuroapoptotic effect of the drug (Liu et al. 2013).
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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, x200.

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 per-
formed 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 equiva-
lent 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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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 hip-
pocampus has more spindle-shaped cells with irregular and dense nuclei (arrow)
than (b) in the ketamine-free control. Magnification, x400.

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 nocicep-
tive 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 Alesion (arrow) in the diencephalon of a mouse treated with ketamine
for 6 months. Magnification, x50.
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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 dem-
onstrated 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 hyperac-
tivity 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 naive 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 activ-
ity 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 show-
ing 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 sug-
gested. The first is simply the variation in the different species. However,
the more likely answer is that the differences in hyperfunction are inde-
pendent 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, psy-
chosis, 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 partici-
pate 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) <2 4-8 >10
Number of patients 3 34 5
Categories of derangement
Loss of memory
Sporadic loss of recent memory v v v
Loss of some retrograde memory — — v
Difficulties in logical deduction of reasonably complex problems
(multiplication followed by addition)
/e v/
Autonomic disturbances (including sweating, irregular bowel movement,
stomach dyspepsia, palpitation)
v/ v/ v/
Neurosis, depression, and uncontrollable temper
VP VP

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.

2 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 num-
ber of ketamine addicts with between 6 months and 12 years of addiction
and who were willing to have their brains examined by magnetic reso-
nance imaging (MRI). This experiment yielded some preliminary obser-
vations 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
atleast 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 docu-
mented 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, x400.
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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 dur-
ing 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, pos-
sibly 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 neuro-
nal 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).

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, halluci-
nations, 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 applica-
tions include analgesia, sedation, treatment of bronchospasm, and treat-
ment 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 psychotomi-
metic 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 individu-
als 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 ketamine,
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 noncompeti-
tive N-methyl-p-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 recep-
tors; for example, it blocks muscarinic acetylcholine receptors, descend-
ing 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, stim-
ulating the sympathetic nervous system and resulting in cardiovascular
symptoms. Ketamine also inhibits neuronal uptake and increases seroto-
nergic activity, thought to be the underlying basis of nausea and vomiting.
In addition, ketamine induces catecholamine release and stimulation of 2
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 three-
to 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 psy-
chological side effects and a shorter recovery time when used in anes-
thesia (Pfenninger et al. 2002). While the S-form has been commercially
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available for several years (Schiittler 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 anes-
thesia, but soon it was found to possess a relatively high risk of psycho-
logical 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 delu-
sions, hallucinations, confusion, and sometimes “out-of-body” and “near-
death” 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 some-
times 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 catheter-
associated 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 mea-
sures to the airways. Furthermore, in patients with reactive airway dis-
ease, 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 anesthe-
sia. 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 contrain-
dicated have now been reported. For example, ketamine anesthesia has
usually not been used in schizophrenia patients for fear of causing dis-
ease 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 sur-
gery 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 admin-
istration of S-(+)-ketamine via 12-h infusion was safe and also had anti-
hyperalgesic 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 ben-
zodiazepine (Elia and Tramer 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 condi-
tion 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 treat-
ing 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 dysregu-
lation 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 outpa-
tient 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 effec-
tive 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 coan-
algesic 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 Tramer 2005). Ketamine is most effective when
used in combination with a low dose of an opioid that itself has analge-
sic effects but that can cause disorienting side effects at the higher doses
required if used alone (Elia and Tramer 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 hepato-
toxicity (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 dif-
ferent 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 gen-
eral 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 biochemi-
cal, and coagulation parameters in cats (Reynolds et al. 2012). In addition,
ketamine was reported to be an effective and safe sedative for use in agi-
tated human patients with psychiatric illness during aeromedical trans-
port 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 sig-
nificantly 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) suc-
cessfully treated a patient with treatment-resistant major depression and a
co-occurring alcohol and benzodiazepine dependence by giving an intra-
venous 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 pre-
operative 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-Asberg 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 impor-
tant role in the treatment of major depressive disorder in that different
types of glutamate receptors, including NMDA, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), and metabotropic glutamate
receptors or transporters, appear to be involved in the etiology of depres-
sion 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 gen-
eration 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 recep-
tor 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, espe-
cially 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 evalu-
ated 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 bicuculline-
induced seizure in rats (Schneider and Rodriguez 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 com-
bination was suggested to be an alternative strategy to enhance the sei-
zure 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 indi-
cates 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 sta-
tus epilepticus. In this study, permanent control of refractory status epilep-
ticus 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 high-
dose KPT (with ketamine at 2.0 mg/kg) elicited a full psychedelic expe-
rience 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 absti-
nence 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 depen-
dence 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 atten-
uation 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 affect-
ing local healing processes (Loix et al. 2011). A couple of recent studies
also showed that ketamine could limit soman-induced neuroinflamma-
tion (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 attrib-
uted 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 sub-
cutaneous 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 activa-
tion 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 apopto-
genic 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 expo-
sure 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 toxic-
ity 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, pollaki-
suria, 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 ketamine-
dependent users. Computerized tomography scans of these individuals
revealed a marked thickening of the bladder wall, a small bladder capac-
ity, 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 symp-
toms 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, ste-
roids, 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 perma-
nent deficit in brain function, such as significant deterioration in neuro-
muscular 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, poste-
rior 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 dys-
functions of these neural circuits have been implicated in several neuro-
psychiatric 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 pg/ml) may still initiate long-term
alterations of dendritic arbors in differentiated neurons. The same study
also demonstrated that chronic administration of ketamine at concentra-
tions as low as 0.01 pg/ml interfered with the maintenance of dendritic
arbor architecture. These results raise the possibility that chronic expo-
sure 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 proper-
ties. 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 sys-
tem depression probably results from the gabapentin and ketamine inter-
action 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 cogni-
tive 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 schizo-
phrenia 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 sub-
clinical 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 poly-
drug 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 myocar-
dial apoptosis, fibrosis, and sympathetic sprouting, which alters the elec-
trophysiological 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 man-
agement 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 papil-
lary 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 rap-
idly 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 experi-
ences intense detachment to the point that their perceptions appear com-
pletely 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, espe-
cially in pediatric patients, as an analgesic and sedative agent under
tightly controlled conditions. However, it is often illegally used as a recre-
ational drug primarily by young adults, often at “rave” parties and night-
clubs. 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-p-aspartate (NMDA) receptor antagonist; it is known to be dis-
sociative 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 recep-
tor. 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 ner-
vous system (CNS). The neurotransmitter dopamine is implicated in dis-
orders 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 D, receptor antagonist SCH23390
than the D, receptor antagonist raclopride in the nucleus accumbens
(NAc) (Matulewicz et al. 2010). Ketamine also increases the association
(or binding potential) of D, receptors in the rat striatum (Momosaki et
al. 2004). The availability of D, receptors is higher in ketamine users in
the human prefrontal cortex (Narendran et al. 2005). The binding poten-
tial of D, 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 pre-
frontal 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 ris-
peridone, which blocks D, receptors, did not alleviate ketamine-induced
symptoms (Roberts et al. 2010). Instead, prior activation of D, 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 D, receptor-mediated actions on
working memory (Roberts et al. 2010). The function of D, receptors in the
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prefrontal cortex and working memory is well established (Goldman-
Rakic et al. 2000). Therefore, the observed spatial memory impairment
and motor symptoms elicited by ketamine are likely to be D, receptor
dependent, which may also be related to the ability of ketamine to modu-
late D, receptor binding.

While it is the D, receptor that is thought to be predominantly respon-
sible 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 electri-
cal 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 D, and D, receptors
(Hunt et al. 2005). The D, receptor antagonist SCH23390 did not alter these
effects of ketamine (Hunt et al. 2005). Ketamine-induced psychotic symp-
toms positively correlated with D, and D, 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
D, receptor, while raclopride binds to the low-affinity form of the recep-
tor (Vernaleken et al. 2011). Ketamine binds more tightly (i.e, having a
lower dissociative constant) to the high-affinity form of D, receptors than
to NMDA receptors (Seeman et al. 2005), further supporting the view that
ketamine-induced psychotic symptoms are D, 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-HT, ,
autoreceptors are activated (McCardle and Gartside 2012). In a novelty-
suppressed feeding test study, the 5-HT , 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 appli-
cation 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-HT,; 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 out-
comes remain unclear (Yamanaka et al. 2014). Addition of the AMPA
receptor antagonist NBQX abolished the increased 5-HT; receptor bind-
ing induced by ketamine (Yamanaka et al. 2014), suggesting that the inter-
action between ketamine and 5-HT neurotransmission may also involve a
glutamate component.

Unlike the 5-HT; receptor that is implicated in depression, 5-HT,
receptor functions are associated with psychotic effects. Increased neuro-
nal activity and 5-HT release in the prefrontal cortex is mediated by 5-HT,
receptors (Jackson et al. 2004). Other studies show that psychotic symp-
toms are produced when 5-HT,, - receptors are activated (Gouzoulis-
Mayfrank 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-HT,, antagonism (Amargos-
Bosch et al. 2006). Although the NMDA receptor may be involved in
producing the 5-HT-releasing effect, this may be sensitive to ketamine-
induced 5-HT,, receptor binding (Waelbers et al. 2013). Binding of the
5-HT, -selective radiolabeled ligand 5-1-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 psy-
chotic symptoms associated with ketamine are better related to its inter-
actions 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 GABA , receptors (Irifune et al. 2000). The clinical importance of
GABA neurotransmission is exemplified by the antiseizure effect of ben-
zodiazepines, which facilitate GABA, channel opening. However, it is
estimated that nearly half of the patients with status epilepticus are unre-
sponsive 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 GABA , receptors. Support for ketamine enhancing
GABA, receptor activity comes from experiments studying picrotoxin-
sensitive apneustic breathing in cats (Budziriska 2005). Both bicuculline (a
GABA , receptor antagonist that acts at a different site from picrotoxin) and
picrotoxin (a GABA , receptor antagonist) failed to alter ketamine-induced
apneustic breathing, an observation the authors attributed to ketamine
actions on GABA,. receptors (Budziriska 2005). The function of the GABA
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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 GABA , receptor subunit compositions suggests that ketamine
induces GABA-mediated currents in receptors containing a6p2/38 sub-
units (Hevers et al. 2008). A similar ketamine effect occurs in cerebellar
granular neurons where the a6p2/36 type of GABA, receptor is predomi-
nant (Hevers et al. 2008). Ketamine fails to enhance the GABA-mediated
current if these neurons were from transgenic a6~/~ and 8/~ mice, indicat-
ing the essential role of a6 and & subunits in the ketamine-induced effect
(Hevers et al. 2008). Other NMDA receptor antagonists such as phency-
clidine 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 a6-containing
GABA, receptor antagonist here) blocked the ketamine-induced current,
further demonstrating the GABA , receptor modulatory effect of ketamine
(Hevers et al. 2008). On the basis of the functional relationship between
benzodiazepine and GABA , receptors, studies were undertaken to deter-
mine if ketamine modulates benzodiazepine binding. An early study
reported that the anesthetic effect of ketamine was increased by the ben-
zodiazepine receptor antagonist flumazenil (Restall et al. 1990). In healthy
human subjects, S-ketamine (but not the R-enantiomer) decreased bind-
ing of the radiolabeled iomazenil (a benzodiazepine receptor inverse ago-
nist) 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 benzodi-
azepine receptor agonist binding as well, or simply inhibited binding of
the inverse agonist. In addition to the effects of ketamine on benzodiaz-
epine receptors, interactions with muscarinic receptors have also been
implicated in the GABA , 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 GABA , receptor
activating or potentiating effect of ketamine may also be associated with
activation of muscarinic receptors.

Activation of GABA; 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 GABAjy receptors
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desensitize (Kanaide et al. 2007; Perroy et al. 2003). It is known that for-
mation of the GABAj 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 GABA; recep-
tors, 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 GABA; receptor/GRK complex
was not formed and the K* current was preserved (Ando et al. 2011).

3.2.4 Opioid receptors

Activation of p opioid receptors is commonly associated with antinocicep-
tion while some reports suggest that 5 opioid receptors are also involved
(Brandt et al. 2001). Since prolonged use of p receptor agonists alone is also
associated with adverse effects such as respiratory depression and con-
stipation, pain management is improved from the adjuvant use of other
analgesic agents. The combined use of p and & receptor agonists produces
greater antinociceptive effects (Banks et al. 2010). The & receptor agonist
SNC162, when used together with the p receptor agonist fentanyl, had
better antinociceptive effects in monkeys compared to the combined use
of fentanyl and ketamine (Banks et al. 2010). Experiments with coadmin-
istration of ketamine and SNC162 would have provided information on
possible & receptor effects of ketamine.

The antinociceptive effects mediated by p 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, [Ser']-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 a, 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 «, receptor activation, as revealed by the small suppression of
the ketamine effect by yohimbine (an a, 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 p receptors.
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Additional evidence of ketamine modulating p receptor function comes
from electrophysiological and protein biochemical studies. Ketamine sup-
pressed Ca?*-activated Cl- currents after p receptor activation (Minami
et al. 2010), an effect attributed to actions on the receptor rather than on
downstream Ca?" signaling. It is unclear whether this inhibitory effect
on p receptors contributed to the added antinociception associated with
down-regulated NMDA receptors mRNA reported elsewhere, since mor-
phine alone increased NMDA receptor mRNA levels (Ohnesorge et al.
2013). An extended period of p receptor stimulation also causes recep-
tor 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 p receptors (achieved by the tem-
porary removal of morphine) was facilitated by ketamine (Gupta et al.
2011). Although there was also evidence of increased p receptor density in
the rat hippocampus after ketamine treatment, nociception was not mea-
sured in that study to allow conclusions to be drawn on possible ketamine
modulation on p receptor function (Kekesi et al. 2011). Therefore, one can
reasonably suggest that ketamine enhances antinociception by inhibiting
p receptors to prevent its rapid desensitization on the one hand, and short-
ens 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 k receptor stimulation (Chavkin et al. 2004). The opioid
receptor antagonist JDTic diminished attention deficit in rats induced
by ketamine after selective k receptor blockade (Nemeth et al. 2010). In
humans, ketamine binds to k receptors as an agonist with a binding affinity
that is much weaker than at o receptors (Nemeth et al. 2010). The ¢ recep-
tor has been implicated in nerve growth factor (NGF)-mediated neuronal
plasticity and antidepressant effects (Ishima et al. 2008). Ketamine pro-
motes NGF-induced neurite growth in PC12 cells, an effect that is sensi-
tive to NE-100 (a o receptor antagonist) (Robson et al. 2012). This effect was
attributed to o receptor-mediated ERK signaling, a result similar to the
inhibitory action of ketamine on ¢ receptors (Gupta et al. 2011). However,
in an in vivo depression model of forced swimming, the shortened immao-
bility time after ketamine treatment was insensitive to ¢ receptor block-
ade (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 exog-
enous 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 A%tetrahydrocannabinol (a naturally occurring
cannabinoid), only the cannabinoid-1 (CB,) receptor antagonist SR141716A
showed efficacy (McMahon 2006). Both ketamine and midazolam were
without effect, suggesting that CB-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 CB, receptor antag-
onist (rimonabant)-sensitive manner. This finding suggests a potential for
CB, receptor blockade in preventing relapse of ketamine-associated psy-
chotomimetic effects. In a trial of healthy humans treated with S-ketamine,
two parameters showed contrasting outcomes after administration of can-
nabidiol (a CB, receptor antagonist and CB, inverse agonist) (Hallak et al.
2011). First, psychomotor activation was increased by cannabidiol, and sec-
ond, 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 lon channels
3.3.1 ATP-sensitive K+ (K ,7p) channels

Activation of K,rp channels promotes neuronal hyperpolarization in
the CNS and thus elicits a neuroprotective effect (Fujimura et al. 1997).
Opening of K ,1p channels is activated by low intracellular ATP levels, and
ketamine is able to block channel opening in neurons from the rat sub-
stantia nigra (Ishiwa et al. 2004). The NMDA receptor antagonist AP-5 did
not modulate K,;p-mediated currents, suggesting a non-NMDA-dependent
mechanism of ketamine (Ishiwa et al. 2004). Ketamine had no effect on
Karp channels when intracellular ATP levels was kept at 2 mM (Ishiwa et
al. 2004), but in reassociated K y;p channels in the presence of Mg-ADDP, the
channel-inhibitory effect of ketamine was enhanced (Kawano et al. 2005).
Reassociated K ,1p channels were made by coexpressing different inward-
rectifying 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 K pp channels (Kawano et al. 2005). In both spontaneously open
(Kawano et al. 2005) and nicorandil-stimulated K, channels (Kawano
et al. 2010), racemic ketamine was more potent than the S-enantiomer.
However, Mg-ADP decreased the inhibitory effect of ketamine on K,p
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-K,;p channel properties (e.g., as a nitric oxide donor) of
nicorandil.

The interrelationships between ketamine, K, channels, and adrener-
gic receptors have also been studied. Although the attenuation of morphine-
induced hyperalgesia by ketamine was not sensitive to the K,p channel
blocker glibenclamide (Campos et al. 2006), a different conclusion was
reached when prostaglandin E, 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 prostaglan-
din E, (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 K yr» 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 a (phentolamine) and p
(propranolol) receptors (Hanouz et al. 2005). While ketamine effects on
the isolated atrium could be attributed to actions on K,p 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 con-
tractile 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 benzodi-
azepine binding (Heinzel et al. 2008), it is possible that GABA , receptors
may also have a role in the ketamine-mediated recovery of atrial contrac-
tile 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*
(Ky) channel regulates the resting membrane potential and is down-
regulated in hypertension (Cox 2002). The inhibitory effects of ketamine
on Ky, currents (via Ky1.x, Ky2.x, and Ky3.x channel subfamilies) were sim-
ilar for both racemic and S-ketamine and were independent of channel
activation voltage (Kim et al. 2007). Ketamine also depolarized the mem-
brane 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 Ky, inhibitory effect of ketamine



48 Ismail Laher, Xin Zhang, Ping Chung Leung, and Willmann Liang

directly contributes to the increased depolarization of vascular smooth
muscle and hypertension observed clinically.

The rapid-delayed rectifier K* current (Ig,) (via the Ky11.x channel
subfamily) is responsible for repolarization of the cardiac action poten-
tial. Contrasting findings have been reported for the effects of ketamine
on Iy, possibly resulting from the different experimental models used.
Transgenic rabbits with long QT syndrome type 2 (LQT2, which lacks I,)
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 Iy, 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 depo-
larizations (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 Ca?t-activated K+ channels

In contracted vascular smooth muscle, the Ca?*-activated K+ (K,) chan-
nel opens in response to cytosolic Ca?* increases, allowing K* efflux and
membrane hyperpolarization, and so contributes to the regulation of vas-
cular 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 Ca**-activated K* (BK) channel. In pig cor-
onary arteries, KCl- and prostaglandin F,,-precontracted vessel rings were
relaxed by ketamine, with S-ketamine being more potent than either race-
mic mixture or R-ketamine (Klockgether-Radke et al. 2005). The ketamine-
mediated vasorelaxation was diminished by tetraethylammonium (TEA),
a nonselective inhibitor of K, channels and not by glibenclamide, a
K, rp 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 Ca?* transport and Ca®* sensitization

It has been known for some time that ketamine blocks both L- and T-type
Ca? channels (Sinner and Graf 2008). Ryanodine-mediated Ca?" release
from the endoplasmic reticulum (ER) and Ca? recycling via the ER Ca?*-
ATPase were not affected by ketamine treatment in renal arteries (Jung
and Jung 2012). However, Ca?" influx was smaller in the presence of keta-
mine after Ca?* store depletion (Jung and Jung 2012). In rat hippocampal
neurons, spontaneous Ca?* oscillations were abolished by the NMDA recep-
tor antagonist dizocilpine while oscillating amplitude was increased by the
GABA , 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
GABA , receptor activity to decrease oscillating amplitude (Hevers et al.
2008). Stereoselectivity of ketamine is important in suppressing Ca** oscil-
lations, with the S-enantiomer being more potent than the R-enantiomer
(Sinner et al. 2005).

Membrane depolarization and neurotransmitter release are two neu-
ronal events that depend on voltage-gated Ca* entry. Drugs such as lithium
and valproic acid that possess Ca?* channel-blocking properties have con-
siderable 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 indi-
vidually) (Ghasemi et al. 2010). Seizure threshold was similarly increased
when lithium was given together with L-type Ca* channel blockers
including nifedipine (Ghasemi et al. 2010). The authors postulated a three-
way interaction in the antiseizure effects of lithium, Ca?* channel block-
ers, and ketamine because of their NMDA receptor antagonistic effects
(Ghasemi et al. 2010). However, noting that ketamine also acts directly
on Ca* channels, it may be useful to also investigate whether combined
ketamine and nifedipine treatment further increases seizure threshold.

Besides inhibiting Ca*" flux, ketamine also decreased myofilament
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 Ca?* concentrations, ACh addition
resulted in greater contractility that was associated with increased myo-
filament Ca? sensitivity (Ding and Murray 2007). Ketamine diminished
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the ACh-mediated effect by causing the translocation of protein kinase Ca
to the plasma membrane (Ding and Murray 2007). While vasorelaxation
induced by ketamine occurs in a number of tissues, its effect on myofila-
ment Ca?* sensitivity could be tissue specific since, for example, ketamine
fails to alter myofilament Ca?* sensitivity in dog tracheal smooth muscle
(Hanazaki et al. 2000).

3.3.5 Hyperpolarization-activated cyclic nucleotide-
gated (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 (I,) via HCN channel opening, causing mem-
brane 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 I, is present in animal epilepsy models (Shah
et al. 2004). The synchronized firings under the influence of anesthet-
ics are similar to those seen in deep sleep (Amzica and Steriade 1998)
and are observed when I, is inhibited (Carr et al. 2007). Ketamine, but
not dizocilpine, blocks HCN subtype 1 (HCN1) channel-mediated I,
and this blockade was greater with the S-enantiomer than with the race-
mic compound (Chen et al. 2009b). Conditionally knocking out HCN1
expression in the mouse forebrain (while preserving that in the cerebel-
lum) rendered I,, 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 activ-
ity 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 PGE,-induced hyperalgesia, the ketamine antinoci-
ceptive 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 inves-
tigate whether a similar phenomenon is present in HCN function in the
forebrain pyramidal neurons.
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3.3.6 Nat 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 accumu-
lation in the lungs and, thus, pulmonary edema. Ketamine use and abuse
are associated with pulmonary edema (Pandey et al. 2000), thereby impli-
cating 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 epi-
thelial cell line (Cui et al. 2011). These findings, together with the inhibi-
tion 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*/Ca? 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 homo-
meric a7 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 o7 nicotinic receptors (Ho and Flood 2004). Other studies reported
that ketamine binds near the intracellular end of the o7 transmembrane
domain (Bondarenko et al. 2013a). Both ketamine and its metabolite nor-
ketamine (Moaddel et al. 2013) inhibited the currents associated with
heteromeric a3p4 nicotinic receptors (Moaddel et al. 2013). More recently,
multiple ketamine-binding sites were resolved by NMR at the heteromeric
a4p2 nicotinic receptor, one near the extracellular end of the 2 transmem-
brane domain and another near the intracellular end of the transmem-
brane domains between the a4 and 2 subunits (Bondarenko et al. 2013b).
Ketamine suppresses Ca?* transport and Ca?* sensitivity (see Section
3.3.4). Nicotinic receptor-mediated Ca? responses are inhibited by keta-
mine in rat intracardiac ganglionic neurons (Weber et al. 2005). Unlike
other cell types where voltage-gated Ca?* channels are blocked by keta-
mine, depolarization-induced Ca?" 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 Ca?* stores is also insensitive to ketamine
treatment (Weber et al. 2005). However, since the ryanodine-sensitive
Ca?" store was not examined in this study, the precise Ca*-inhibitory
mechanism(s) of ketamine is (are) unclear.

Functional interactions between nicotinic receptors and ketamine
have been demonstrated in animal studies of schizophrenia and antino-
ciception. The a7 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
Hoglund 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 A)) 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 treat-
ment (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
ZM?241385 (Mazar et al. 2005). The release of the inflammatory cytokines
TNFa and IL-6 was reduced after ketamine and CGS-21680 treatment, with
this effect being sensitive to DMPX (Mazar et al. 2005). Neither Al nor A3
receptor blockade altered this ketamine effect (Mazar et al. 2005).
Adenosine is also involved in locomotor activity, which is under regu-
lation by GABAergic neuronal terminals expressing A, , and D, ,, receptors
(Hettinger et al. 2001; Jin et al. 1993; Schiffman et al. 1991; Svenningsson et
al. 1999). Motor symptoms associated with D, 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 A, ,, receptor antagonist NECA but not by selective A, acti-
vation (Mandryk et al. 2005). Locomotor activity was enhanced after DMPX
and caffeine (used here as an A, receptor antagonist) whereas selective
A, 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 A, receptor under
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different experimental settings, there appears to be contrasting effects
with ketamine increasing A, receptor activity during antinociception but
decreasing A, 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 anti-
nociceptive 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, GABA , receptor,
and Ca*" 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 H, recep-
tors (by chlorphenamine and cyproheptadine) and H, receptors (by
ranitidine) (Costa-Farré et al. 2005). Ketamine did not affect heart rate but
decreased heart rate when both H,; and H, receptors were blocked (Costa-
Farré et al. 2005). The mechanisms for these effects of ketamine on heart
rate and blood pressure are unclear, since other studies suggest that his-
tamine 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 H,
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 pres-
sure caused by ketamine should activate baroreceptors and also increase
heart rate (and cardiac output). The individual contributions of H; and H,
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receptors to the heart rate and blood pressure responses were not deter-
mined 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 (LT,) receptor block-
ade produced neuroprotective effects in rodents with cerebral ischemia
(Zeng et al. 2001). Up-regulation of NMDA receptors was also prevented
by blocking LT, receptors (Zhang and Wei 2003). Both ketamine and
the LT, 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 LT, receptor mRNA and protein expression caused by inject-
ing NMDA in the cortical area and in hippocampal CA1 neurons (Ding
et al. 2006). This study did not examine whether a combined administra-
tion 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
etal. 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 (MEKSs), 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 (NFkB) 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 exem-
plified by the enhanced ERK1/2 response mediated by opioids (Gupta et
al. 2011). The translocation and activity of NFkB mediated by IKK are sup-
pressed 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 LPS-
induced activity of AP-1 was lower after ketamine treatment (Wu et al.
2008). Finally, LPS-induced production of cytokines such as TNFa, IL-1f,
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, NFkB, TNFa, and
IL-6 in rats with CLP (Yu et al. 2007a). The TLR subtype TLR2 is associ-
ated 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 TNFa
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 artifi-
cial 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 dis-
eases, 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 neu-
rotoxicology 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 prac-
tice 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 (HCI)
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 con-
cerns 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 pul-
monary 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 hos-
pitals, 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 Il nonnarcotic substance
under the Controlled Substances Act in 1999.

In the same year, one study about ketamine inducing neurodegen-
eration 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 neu-
ronal 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 cog-
nitive 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 antidepres-
sant effects (Domino 2010).

4.3.1 Anesthesia

Ketamine-induced anesthesia is described as dissociative anesthesia,
characterized by profound analgesia and amnesia, with retention of pro-
tective 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 breath-
ing 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 “anti-
hyperalgesic,” “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 cau-
tious 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 treat-
ment, 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 intrave-
nously 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 distrib-
ute 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 antago-
nism of NMDA receptors. Ketamine, like PCP, dizocilpine (MK-801), and
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memantine, noncompetitively binds to the PCP site inside the NMDA recep-
tor, 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 ner-
vous 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 abun-
dant 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 mem-
brane potentials, whereas non-NMDA receptor—activated iGluRs (AMPA
[a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid] and kainate) are
also permeable to Ca** (Ilino et al. 1990) but cannot be blocked by Mg**.
This important difference is determined by different amino acid resi-
dues at the key action site in M2 regions of these ion channels. In NMDA

Ca++

|

Glycine —> €— Glutamate

Extracellular Extracellular

MK-801
PCP
Ketamine

Mg Cytoplasm

Cytoplasm

Figure 4.1 NMDA receptor model showing potential sites for ketamine. This fig-
ure 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 recep-
tors, 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 inter-
act with opioid receptors to some extent. Recent studies have testified that
S()-ketamine is two to three times more potent than R(-)-ketamine at
b, k, and & opioid receptors (Hirota et al. 1999b,c) (Table 4.1). Ketamine at
100 pM reverses the enkephalin (p) and spiradoline (k) inhibition of cyclic
adenosine monophosphate. Additionally, ketamine potentiates the anti-
nociceptive effects of p but not k or 8 agonists in a mouse acute pain model
(Baker et al. 2002a,b).

Recent publications indicate that PCP stimulates dopaminergic recep-
tors (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

Opioid receptor =~ Dopamine  5HT Ion
NMDA-? MOR DOR KOR D2 5HT-2  channels
Ki () 0.42 26.8 101 85 0.5 15 >50 or
>100
References Komhuber MORDORKOR  Dopamine 5HT Eide and
etal. Smith et al. Kapur and Stabhaug
(1989) (1987) Seeman (2002) (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,
p-opioid receptor; DOR, 8-opioid receptor; KOR, k-opioid receptor; 5HT, serotonin
transporter binding.

2 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 inter-
act 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 prefron-
tal 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, ini-
tially expressed in restricted areas such as the temporal region of the cere-
bral cortex and the hippocampus in the fetal brain at embryonic day 18
(E18) and E20. In neonates, the expression of NR1 spreads widely through-
out 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 cer-
ebellum of adult brain (Benke et al. 1995). For the cerebral cortex of the
developing rat, the relative distribution profile of NMDA receptor sub-
units 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 developmen-
tally 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 distribu-
tion (Takai et al. 2003). In the rat, NR2B and NR2D subunits predomi-
nate 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 recep-
tor 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 endoplas-
mic reticulum fraction (Anastasio and Johnson 2008). Zou et al. (2009b)
reported remarkable increases in NR1 mRNA signals in the frontal cor-
tex 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 recep-
tor 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 differenti-
ate 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 differ-
entiation 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 (Lovell-
Badge 2001). Presently, no effective cell sorting method can accurately sep-
arate one type of cells from the culture mixture (Maric and Barker 2005).
Being the precursors of neurons and glia, NSCs or NPCs are consid-
ered 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 neuro-
nal progenitors with BrdU* (bromodeoxyuridine, a marker of proliferat-
ing 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 dif-
ferentiation 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 expres-
sion 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 dif-
ferentiated 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 func-
tional 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 trig-
gered 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 neurode-
generation 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 habitu-
ation, acquisition learning, and retention memory at the age of 2 months
(Fredriksson and Archer 2004; Fredriksson et al. 2004). This study indi-
cated 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 long-
term exposure (9 or 24 h) of ketamine (20 mg/kg L. M. followed by LV.) pro-
duced 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 long-
term 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 cul-
tures. In rat forebrain cultures, 10 and 20 uM ketamine exposure for 12 h
induces a substantial increase of TUNEL-positive cells relating to the up-
regulation 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 develop-
ment 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 mech-
anism 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 apopto-
sis via the mitochondrial pathway, independent of death receptor signal-
ing (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 necro-
sis of cultured NSPCs. Hsieh et al. (2003) report that neural progenitor
cells (NPCs) can block the apoptosis of ischemia-induced excitatory neu-
rotoxicity and may resist neurotoxic factors by themselves. The study also
addresses the potential mechanism that the resistance of NPCs to neu-
rotoxicity 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 neuro-
spheres, 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, indi-
cating 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 func-
tional NMDA receptors in NSPCs (Wang et al. 1996). Moreover, other cor-
responding 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 neurotoxic-
ity induced by ketamine, compared to primary cultured neurons.

A high dosage of ketamine induced a significant increase of caspase-
3-positive cells in cultured NSPCs (Dong et al. 2012). This seems contra-
dictory 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 expo-
sure, 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 neu-
rons 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 acti-
vation of both ERK and PI3K/Akt pathways (Hansen et al. 2004; Xia et
al. 2010b). Decreased BDNF signaling might play a part in NMDA recep-
tor antagonist-induced neurotoxicity (Fumagalli et al. 2003; Semba et al.
2006). One recent study also showed that the differentiated NSCs lentivi-
tally transduced with BDNF express NR2 and are resistant to neurotoxic-
ity 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 gen-
erated, including proliferation and differentiation. During neurogenesis,
undifferentiated NSPCs determine the quantity of the cells in the devel-
oping brain and the formation of neurons, astrocytes, glia, and other neu-
ral 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 devel-
oping 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 recep-
tors are observed in neurons of the cortical plate (CP) and in NPCs in the
subventricular zone (SVZ) (Lolurco 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 sig-
naling 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 neurogen-
esis occurring in some pathological states (ischemia, stroke) (Arvidsson
et al. 2001; Bernabeu and Sharp 2000; Wang et al. 2008b). Systematic injec-
tion 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 spread-
ing 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 syn-
aptogenesis 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 neuro-
genesis 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 neuro-
genesis 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 with-
drawal 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 devel-
oping brain exposed to ketamine may alter the neurogenesis of NSPCs.
For example, NR2B-containing NMDA receptor subtypes negatively regu-
late 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 asso-
ciated 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 intra-
cellular 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 dose-
dependent 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 pro-
liferation 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 concentra-
tions 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 prolifera-
tion of NSPCs, the long-term exposure to 10 pM 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 pro-
liferation of NSPCs. Only 210 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 set-
tings, as far as the neurogenesis of NSPCs is concerned.

An in vivo study demonstrated that ketamine dose-dependently
reduced BrdU-positive cells in the ventri