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Ketamine Abuse: Past and Present

Ming-Chyi Huang and Shih-Ku Lin

Abstract Ketamine is an anesthetic derivative of phencyclidine with dissociative,
analgesic, and psychedelic properties. It is extensively used as an anesthetic drug in
surgical procedures in pediatric, obstetric, and geriatric patients, as well as in veteri-
nary settings. Since its approval for clinical use, the misuse and abuse of ketamine
have been reported in scientific journals and in popular media globally, particularly
in the last two decades. It has been used as a common club drug in dance, rave, and
squat party scenes. Owing to its unique pharmacological properties, ketamine has
been used as an antidepressant for the treatment of resistant depression. However, a
long-term use of high doses of ketamine leads to numerous physical and psycho-
logical negative effects, such as abdominal pain, urinary system disorder, depen-
dence/tolerance/withdrawal, cognitive impairment, psychosis, and depression. At
present, no effective pharmacotherapy for managing compulsive drug-seeking
behavior in patients with ketamine use disorder is available. Treatment that incorpo-
rates regular urine screening in addition to medications for psychiatric symptoms
and craving may present favorable results.

Keywords Abuse - K-hole - Physical consequence - Psychological consequence -
Regulation - Treatment

Ketamine is an anesthetic derivative of phencyclidine (or N-1-phenyl-
cyclohexylpiperidine [PCP]) with dissociative, analgesic, and psychedelic proper-
ties. In the 1950s, the staff at Parke-Davis Industries developed two cylcoheximide
drugs, PCP and N-ethyl-1-phenylcyclohexylamine chlorhydrate, as ideal anesthetic
agents with analgesic effects (Domino 2010). PCP was commercialized in the
United States; however, it was withdrawn from medical use in 1978 because of its
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“schizophrenomimetic” effects and abuse potential as a recreational drug (with a
street name of “angel dust”). Due to the failure to synthesize and develop a less
potent and rapidly metabolized derivative of PCP with lower “psychic effects,” ket-
amine continues to be an alternative medicinal drug (Huang et al. 2014). Although
classified as a hallucinogen in pharmacology, ketamine is extensively used in vari-
ous anesthetic procedures in pediatric, obstetric, and geriatric patients due to its
safety profile (White et al. 1982; Li and Vlisides 2016). In addition, the antidepres-
sant effects of ketamine in the treatment of refractory depression have been reported
in recent years (Berman et al. 2000; Krystal et al. 2013). In this chapter, we discuss
ketamine abuse from past to present.

1 Ketamine Abuse

FDA approved ketamine as an anesthetic in 1970. In the following year, scholars
raised the question that if ketamine is a hallucinogen, it may be abused or misused,
similar to lysergic acid diethylamide (LSD) (Reier 1971). Although the nonmedical
use of ketamine began on the West Coast of the United States in the early 1970s
(Petersen and Stillman 1978), scientific reports of the phenomenon were very few
until the early 1990s.

Ketamine was not considered a major drug of abuse in the past two decades, and
relatively few cases were reported during the period (Hurt and Ritchie 1994; Jansen
and Rracot-Cankovic 2001). Popular use of ketamine originated from the rave or
party pill (ecstasy) — adulterant mixture (Jansen 1993). In Taiwan, the most com-
mon compounds found in the analyses of urine from people attending rave parties
are 3,4-methylenedioxymethamphetamine (MDMA), methamphetamine, ephed-
rine, ketamine, acetaminophen, and caffeine (Lua et al. 2003). Following the ecstasy
epidemic, ketamine use has become more popular in recent years globally, particu-
larly as a party drug in dance, rave, and squat party scenes. It has also become popu-
lar in the UK (Morgan et al. 2004; Muetzelfeldt et al. 2008), Australia (Dillon et al.
2003), Hong Kong (Cheng et al. 2007; Ng et al. 2010), and Mainland China (Fang
et al. 20006).

The Expert Committee on Drug Dependence of the WHO prereviewed ketamine
in 2003 and conducted a critical review in 2006. The committee concluded that “this
information was not sufficient to warrant scheduling.” At a 2012 meeting, the com-
mittee decided that “bringing ketamine under international control is not appropri-
ate.” At the level of the European Union, in 2000, the European Commission
concluded that it was not appropriate to introduce control measures and recom-
mended further monitoring of ketamine use. In the latest World Drug Report by
United Nations Office on Drugs Control 2019 (UNODC 2019), ketamine is classi-
fied under new psychoactive substances (NPSs), which are not under the control of
international drug conventions but which may pose a threat to public health. The
growing popularity of ketamine in South-East Asia could be, in part, due to its lower
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status in regulatory systems and lower price point as a substitute for the increasingly
expensive “ecstasy” or methamphetamine.

In recent years, ketamine has also become commonly abused in Taiwan, particu-
larly among the youth and adolescents (Chen et al. 2009; Lua et al. 2003; Yen et al.
2007). Studies have reported that most ketamine users in Taiwan concomitantly
used ecstasy (MDMA). MDMA and ketamine detection rates have been as high as
76% and 47%, respectively, among rave party participants in Taiwan (Lua et al.
2003). In addition, a focus group discussion conducted with club drug users revealed
that there was a special drug use sequence extensively adhered to by Taiwanese
polydrug users (Leung et al. 2008). In a single drug use episode, MDMA was often
the first drug used, followed by ketamine, and then marijuana. This unique sequence
of polydrug use in a single episode is called “trinity.” A long-term use of ketamine
may lead to dependence, and this disorder is diagnosed as “Other Hallucinogen Use
Disorder” according to DSM-5 and as “Hallucinogen Abuse” based on the ICD-10
Code F16.1.

2 Psychedelic Effects of Ketamine

Contrary to the clinical doses for anesthesia (2 mg/kg) and depression (0.5 mg/kg),
the abuse dose is quite high (>3 mg/kg). Most abusers snort ketamine powder
directly, and other routes include smoking, ingestion, and rarely injection (Carmona-
Huerta et al. 2019). The relatively rapid onset of the effects on the brain (approxi-
mately 5 min) and the short half-life (approximately 1-2 h) are believed to enhance
binging use and the abuse potential of ketamine.

Ketamine is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antago-
nist. It impairs working, episodic, and semantic memory acutely and causes psy-
chotogenic and dissociative effects in healthy volunteers receiving a single dose. At
high doses, ketamine can cause cardiovascular and respiratory toxicity while pro-
ducing psychotropic effects, which become the primary experience, particularly in
recreational users. The effect demonstrates a linear dose—effect relationship ranging
from referential ideation, dissociation, and depersonalization to psychotic experi-
ences, including a sensation of feeling light, body distortion, absence of time sense,
novel experiences of cosmic oneness, and out-of-body experiences, often referred to
as the “K-hole” (Curran and Monaghan 2001). According to the results of a struc-
tured interview to examine initiation experiences and the positive and negative
effects of ketamine on recreational users (Muetzelfeldt et al. 2008), the most appeal-
ing aspects of ketamine were “melting into the surrounding,” “visual hallucina-
tions,” “out-of-body experiences,” and “giggliness,” whereas the unappealing
effects were “memory loss” and “decreased sociability.” A user becomes trapped in
a state of detachment from their physical environment and loses senses of time,
space, and balance, as well as verbal skills.

In a survey of 1614 ketamine users, the common withdrawal symptoms reported
were fatigue, poor appetite, drowsiness, cravings, anxiety, dysphoria, tremors,
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palpitation, and sweating (Chen et al. 2014). In addition, female ketamine users
self-reported significantly greater levels of severity in cognitive impairment and
urinary discomfort than male users.

3 Physical Effects of Ketamine Abuse

Experimental results revealed that ketamine could induce neurotoxic events and
promote neuronal apoptosis (Olney et al. 2002). Chronic ketamine users were
reported to have reduced frontal gray matter (Liao et al. 2011) and white matter
abnormalities (Liao et al. 2010).

Regular ketamine abusers have reported vague or intense abdominal pain, col-
loquially termed “K-cramps” (Jansen 2000). They often attempt to alleviate the pain
by consuming more ketamine, which makes it even more difficult to quit ketamine
use. Case studies have described the dilation of the common bile duct with a smooth
tapered end, mimicking choledochal cysts (Wong et al. 2009). A recent study
reported that 18 of 26 (69%) patients had fusiform dilatation of the common bile
ducts without evidence of intrinsic or extrinsic obstruction, and the severity of bile
duct dilatation was correlated with the duration of ketamine use (Yu et al. 2014).
Although the exact mechanism of fusiform dilatation is unclear, it is potentially
associated with NMDA receptor blockade in the smooth muscle. Ketamine may
also act via the dorsal motor nucleus of the vagus nerve, which has fibers projecting
into the gall bladder. Discontinuing ketamine use is key to managing the abdominal
pain; otherwise, treatment options are nonspecific.

Another major physical side effect of long-term ketamine abuse is interstitial
cystitis. This is a severe and chronic complication, and the symptoms include dys-
uria, increased frequency of small-volume micturition, suprapubic pain, and if
severe, painful hematuria and obstructive nephropathy. The novel clinical phenom-
enon was first documented by Shahani et al. in 2007 when they reported a single
case of a pediatric patient with ketamine-associated ulcerative cystitis (Shahani
et al. 2007). Computed tomographic scans of the patient revealed marked thicken-
ing of the bladder wall, reduced bladder capacity, and perivesical inflammation, and
cystoscopy revealed severe ulcerative cystitis. A successive study by Chu et al.
found that 42 of 59 (71%) patients with a “ketamine bladder” had various degrees
of epithelial inflammation, similar to that observed in the case of chronic interstitial
cystitis (Chu et al. 2008).

Several hypotheses have been proposed to explain the cause of urological com-
plications. First, ketamine and norketamine may have direct toxic effects on the
bladder when excreted. Second, the effect of ketamine on the central nervous sys-
tem may decrease the contractile responses of the smooth muscle of the bladder.
Third, damage to the glycosaminoglycan layer of the urothelium and interstitial
cells may cause inflammatory responses and induce interstitial fibrosis (Chu et al.
2008). The prevalence of cystitis and contracted bladder is believed to be high in
individuals who use ketamine daily over an extended period. Approximately 30% of
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recreational ketamine users report having urinary tract symptoms when using ket-
amine (Muetzelfeldt et al. 2008), and nearly half of the frequent users seek medical
attention for cystitis. The prognosis of the disease varies, and one-third of cases
resolve after ketamine use is discontinued, one-third remain in the same state, and
the remaining one-third worsen (Cottrell and Gillatt 2008). A special term, “walking-
stick ureters,” has been used to describe the segmental beading from ureteral stric-
tures and the straightening of both ureters in a case report (Huang et al. 2011).
Nevertheless, abstaining from ketamine use is the milestone of treatment, followed
by the administration of mucosal protective agents, such as pentosan polysulfate, or
hyaluronic acid. Surgical intervention, such as augmentation enterocystoplasty or
cystectomy with conduit diversion, is generally considered the last resort in patients
who have persistent symptoms and hematuria despite the aforementioned therapies
and abstinence from ketamine. However, the treatment outcomes depend on the
severity of disease progression, similar to the case of interstitial cystitis (Chen
et al. 2011).

4 Psychological Consequences of Ketamine Abuse

Over the last two decades, many reports have explored the negative psychological
effects of chronic ketamine abuse. Most studies have focused on cognitive impair-
ment; some have highlighted that chronic ketamine abuse may result in dependence,
psychosis, and depression. In the following sections, we address the psychological
consequences associated with chronic and heavy ketamine use.

4.1 Dependence

The peak effect of ketamine occurs within 20 min, with the desired effects dissipat-
ing within 90 min; the distribution half-life is 7-11 min, and the plasma half-life is
approximately 2—4 h (Dillon et al. 2003; Moore and Bostwick 1999). The short half-
life and pharmacokinetic properties of ketamine make it attractive but may also lay
the ground for its abuse potential. The problem of ketamine dependence has gradu-
ally gained attention since the 1980s and has been highlighted in many case reports
(Hurt and Ritchie 1994; Jansen 1990; Moore and Bostwick 1999; Pal et al. 2002;
Kamaya and Krishna 1987; Ahmed and Petchkovsky 1980).

Animal studies have demonstrated that ketamine reinforces self-administration
behavior and conditioned place preference (de Luca and Badiani 2011; Venniro
et al. 2015). Acute treatment with ketamine increases extracellular dopamine con-
centrations, a key neurotransmitter underlying the reinforcing effects of drug abuse
in the neural network of the reward system (the striatum and prefrontal cortex)
(Breier et al. 1997; Smith et al. 1998; Vollenweider et al. 1997). It has been hypoth-
esized that ketamine blocks NMDA glutamate receptors on gamma-aminobutyric
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acid (GABA) neurons, which results in the disinhibition of dopaminergic neurons
and the subsequent increase in dopamine release (Liu et al. 2016). Notably, the
results of a recent study indicated that even at low doses, repeated administration of
ketamine could enhance addiction-like behavior (Strong et al. 2017).

In humans, data from imaging studies have revealed that ketamine could cause
the striatal release of dopamine. The reinforcing and rewarding properties may
explain the propensity for ketamine addiction and the increasing ketamine abuse
trend globally over the past few decades (Li et al. 2011; Bokor and Anderson 2014).
In addition, stress-related systems, such as the hypothalamus—pituitary—adrenal
gland axis, and orexin (Huang et al. 2019) and oxytocin (Huang et al. 2018) signal-
ing pathways, which have been postulated to play a role in the neuroadaptational
mechanisms underlying addiction development, have been reported to be dysregu-
lated in ketamine-dependent patients.

4.2 Tolerance

On the basis of serial investigations on ketamine abuse, Morgan et al. first high-
lighted that tolerance is a common feature in individuals who used ketamine fre-
quently, and tolerance tend to escalate the dose over time. They reported that there
might be a 600% increase in the ketamine dose compared with their initial dose of
the drug (Morgan et al. 2008). They proposed that tolerance may be due to the
induction of liver enzymes that metabolize ketamine (Livingston and Waterman
1978) as well as neuroadaptational changes that occur following chronic ketamine
exposure (Morgan et al. 2012). Clinical case reports have also revealed that ket-
amine abusers develop considerable tolerance to the drug with very high doses
(reaching 2.5 g/day) (Goyal et al. 2014; Critchlow 2006; Moore and Bostwick 1999;
Pal et al. 2002). In treatment-seeking ketamine-dependent patients, ketamine use at
doses as high as 4 g per day have been observed before the seeking treatment (Huang
et al. 2018, 2019; Cheng et al. 2018; Wang et al. 2018).

4.3 Withdrawal

No consensus has been reached yet regarding whether a specific withdrawal syn-
drome exists following the discontinuation of chronic and heavy ketamine use. In
general, physical withdrawal symptoms are not considered to be prominent in case
reports describing ketamine dependence (Goyal et al. 2014); however, some reports
have highlighted that somatic and psychological symptoms such as anxiety, depres-
sion, shaking, sweating, palpitations, or sleep impairment may be substantial in
some users (Critchlow 2006; Morgan et al. 2008; Lin et al. 2016). Future studies
that systemically examine the symptoms and signs in individuals with ketamine
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dependence should elucidate the clinical profile and characteristics of ketamine
withdrawal.

5 Cognitive Impairment

Cognitive impairment is among the multiple adverse outcomes associated with ket-
amine abuse (Bokor and Anderson 2014; Morgan et al. 2010, 2012). The pharmaco-
logical effects of ketamine via a blockade of NMDA glutamate receptors, which is
key to the mechanisms underlying learning and memory, could account for the dis-
ruption of cognitive function (Morgan et al. 2012). In addition, the effects on other
neurotransmitter systems, for example, the inhibition of muscarinic acetylcholine
receptor function (Durieux 1995) and induction of dopamine release (Rabiner
2007), could play a role.

A longitudinal study observed that increasing ketamine use over a year was cor-
related with decreasing performance in cognitive tasks, mainly spatial working
memory and pattern recognition memory, suggesting that continued sustained ket-
amine use is harmful to cognitive function (Morgan et al. 2010). In addition, indi-
viduals who used ketamine actively (i.e., using ketamine 1-4 times per week and
having the last dose within the preceding 1 month) exhibited deficits over an array
of cognitive tests involving mental and motor speed, visual and verbal memory, and
executive functions (Morgan et al. 2010; Tang et al. 2013), and the deficits seemed
persistent (Morgan et al. 2010).

The cognitive function of treatment-seeking ketamine-dependent patients (i.e.,
those with a higher severity of ketamine use) was worse substantially compared
with that of controls based on many cognitive tasks, including verbal memory,
motor speed, verbal fluency, attention, and processing speed, as well as measures
from the cognitive battery as a whole (Wang et al. 2018). Data from imaging studies
have indicated that ketamine-dependent patients displayed damage in multiple brain
areas, such as the frontal, parietal, occipital, limbic, and corpus striatum (Liao et al.
2011; Wang et al. 2013). In addition, the damage appears to be correlated dose
dependently with the duration and cumulative dose of ketamine used (Liao et al.
2011), manifesting minute patches in the first year, and the patches became larger
sites of atrophy by 4 years of heavy use (Wang et al. 2013). One animal study also
showed that brain function was not altered after 1 month of ketamine use but was
impaired significantly after 6 months of use (Sun et al. 2014). The observation of a
correlation between the dose and cognitive deficit is in line with clinical reports that
higher doses of ketamine use are associated with poorer verbal fluency (Wang et al.
2018) and that heavier lifetime ketamine use is correlated with verbal learning and
verbal memory deficits (Chan et al. 2013). Such observations collectively suggest
that chronic and heavy ketamine use might predispose individuals to more severe
cognitive impairment, particularly under higher doses and longer administration.
Whether the cognitive impairment would ameliorate following abstinence remains
unknown despite evidence indicating a trend where a longer duration of abstinence
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is associated with better cognitive performance (Wang et al. 2018). In addition, the
cognitive impairment associated with current ketamine users was not observed in
ex-users (Tang et al. 2013). Future investigations that track the alterations in cogni-
tive ability following more extended periods of abstinence from ketamine use are
required.

6 Psychosis

Previous evidence demonstrating similarity between the cognitive and behavioral
effects of ketamine in animals and humans and the signs and symptoms of schizo-
phrenia (SZ) in humans suggests that abnormalities in NMDA receptor function
play a role in the etiology of SZ (Javitt et al. 2012; Abi-Saab et al. 1998; Krystal
et al. 2003; Lahti et al. 2001). Recreational ketamine abuse is associated with some
subtle psychopathology that resolves with abstinence (Morgan et al. 2012).
Persistent mild delusional ideation (Morgan et al. 2009, 2010), sensory distur-
bances, and other subthreshold psychotic symptoms (Fine and Finestone 1973;
Stone et al. 2014; Tang et al. 2015a) are common among individuals with chronic
ketamine abuse. Approximately 3% of ketamine abusers even develop psychotic
symptoms that persist far beyond the period of intoxication (i.e., beyond 2 h follow-
ing drug administration) (Krystal et al. 1994; Kleinloog et al. 2015; Abi-Saab et al.
1998; Adler et al. 1998; Liang et al. 2015; Zhang et al. 2014). The symptom factor
structure was similar to that of SZ to a greater extent in individuals with ketamine-
induced psychosis than in healthy individuals receiving a single dose of ketamine
(Xu et al. 2015).

In a recent study, chronic heavy ketamine abusers with persistent psychotic
symptoms beyond ketamine discontinuation (KPP) had PANSS profile total scores
or subscale (positive, negative, and general psychopathology) scores similar to
those of SZ patients (Cheng et al. 2018). However, those without persistent psy-
chotic symptoms (KNP) had significantly less severe symptoms compared with the
patients with KPP or SZ. In addition, individuals with KNP performed better in
cognitive tests than the patients with KPP or SZ, who exhibited similar cognitive
impairment characteristics, in particular spatial problem solving and verbal mem-
ory. Spatial memory has been found to be impaired in SZ patients, and this impair-
ment predicts the transition to overt psychosis in individuals with a high risk of
psychosis (Bang et al. 2015). In addition, patients with KPP consumed less than
two-thirds of the daily ketamine consumption of patients with KNP. Overall, such
observations suggest that ketamine administration might unmask a latent vulnera-
bility to SZ-like syndrome in a subset of ketamine users and support the glutamater-
gic dysregulation hypothesis of SZ. Whether vulnerability to KPP, for example,
based on genetic factors, might be a manifestation of risk factors unique to the
syndrome or shared with SZ should be clarified in future studies.
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7 Depression

Recent research has revealed the rapid antidepressant effects of acute intravenous
infusion of low-dosed ketamine (Berman et al. 2000; Murrough et al. 2013; Zarate
et al. 20006). The effects are superior with a repeated treatment protocol as compared
with a single infusion (Murrough et al. 2013). In addition, the antidepressant effects
generated by low anesthetic doses (10 mg/kg) of ketamine were not observed in rats
receiving high doses (80 mg/kg) (Trujillo et al. 2011). In addition, preclinical evi-
dence indicated that acute ketamine exposure would produce different neurobio-
logical alterations following prolonged exposure (Kittelberger et al. 2012),
suggesting that long-term and heavy ketamine abuse might be associated with dis-
tinct features resulting from the acute effects of low-dosed ketamine.

Some studies have suggested a link between chronic ketamine use and depres-
sion (Kalsi et al. 2011; Morgan et al. 2010, 2012). In a 1-year follow-up study, indi-
viduals who used ketamine frequently were observed to have increased depression
scores over 12 months (Morgan et al. 2010). In clinical samples of ketamine abus-
ers, self-reported depressive symptoms are rather common, with as high as
72.5%—77.5% of them scoring above the cut-off scores of moderate to severe
depression assessed based on the Beck Depression Inventory (Fan et al. 2016; Tang
et al. 2013). The prevalence of major depressive disorder (MDD) in outpatient sam-
ples of ketamine abusers was 7.8% (Liang et al. 2015), and the prevalence was
estimated to be 18.5% through a chart-review analysis (Tang et al. 2015b), based on
a standardized instrument. For inpatient populations, our data, also based a stan-
dardized interview, revealed that 23.3% (nearly one-fourth) of treatment-seeking
ketamine-dependent patients had the MDD comorbidity (Chen et al. 2020).

To date, compared with its antidepressant effects, considerably less evidence is
available with regard to the pro-depressant effects of ketamine (Chang et al. 2016).
Contradictory outcomes for long-term to acute effects have been observed in other
abused substances. For instance, although cocaine acutely produces intense eupho-
ria, chronic administration of the drug may gradually cause a panic level of anxiety
or depression (Rounsaville 2004). Because comorbid depression plays a role in con-
ferring a risk of a poorer treatment response, more adverse outcomes (Hedden et al.
2010), maintaining substance use behavior (Cheetham et al. 2010; Cohn et al. 2014),
assessment and screening of depressive symptoms, should be highlighted in the
clinical management of chronic ketamine abusers.

8 Treatment of Ketamine Abuse

Currently, there is no effective pharmacotherapy for managing compulsive drug-
seeking behavior in patients with ketamine use disorder. Ketamine abusers usually
do not seek treatment until they have developed psychological problems or physical
disorders, or they are forced to visit a psychiatric clinic for cessation use under the
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pressure of their family or law enforcement. In the search for substance use disorder
treatment options, agents with “anticraving” properties have been proposed as an
emerging class of psychotropic medication (O’Brien 2005). The antiepileptic
lamotrigine has been proposed for the treatment of ketamine use disorder consider-
ing its pharmacological effect on glutamate release inhibition and the results of
clinical case studies (Huang et al. 2016). Treatment that incorporates regular urine
screening in addition to medication for psychiatric symptoms has revealed fair
results. As ketamine abuse and dependence grow, addiction services need to be bet-
ter informed on the drug and its effects. Additional studies should aim to address the
health challenges experienced by this group of abusers and to explore best practices
for the treatment of ketamine addiction.

9 Conclusion

Ketamine has had a turbulent history since its first use as a clinical anesthesia for
humans in 1964 (Domino 2010). Considering its analgesic—anesthetic mechanisms
and antidepressant effects, ketamine is associated with a high potential of abuse or
dependence. The pros and cons of ketamine use as well as other uncertainties
regarding its use (e.g., antidepressant effect) required further study in the future.

Ketamine users seldom seek help despite the awareness about the negative side
effects of the drug, which may contribute to the severity of ketamine dependence
that is complicated by the associated physical and mental harm. Therefore, addi-
tional studies are required to increase the availability and accessibility of effective
treatment interventions as well as preventative public education.
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Abstract In this chapter, we highlight the role of brain imaging techniques (e.g.,
magnetic resonance imaging [MRI]) in studying ketamine abuse. In the past two to
three decades, brain imaging studies demonstrated deficits in brain circuits related
to drug addiction and drug abuse. This chapter begins with a brief introduction of
structural and functional brain imaging techniques such as computed tomography
(CT) and electroencephalogram (EEG). Then, we give a brief introduction of ket-
amine abuse in mainland China before introducing structural MRI and functional
MRI and reviewing the application of structural MRI study for ketamine abusers
(including reduction of gray matter volume and disruption of white matter integrity)
and functional MRI study for ketamine abusers (including alternation of regional
homogeneity (ReHo) of resting-state brain activity, functional connectivity by
resting-state fMRI, task-based fMRI). Finally, we discuss the implication for medi-
cal use of ketamine by brain imaging study, especially its rapid-acting glutamatergic
antidepressant effects and the “ketamine model” of psychosis.
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1 Brain Imaging Techniques

Brain imaging or neuroimaging techniques, by either directly or indirectly imaging
the structure or function of the brain, have offered us a window to view noninva-
sively the human brain activity underlying complex affect, behavior, and cognition
(Casey et al. 2005). Within the past two or three decades, by uncovering the inner
workings of the human brain or revealing the neurological changes that result from
brain diseases, these technological advances have accelerated the translation of
basic neuroscience discoveries into precision medicine and targeted therapy in clini-
cal management of brain diseases, which have made huge advances in cognitive and
behavioral neuroscience.

Conceptually, brain imaging techniques can be classified into two broad catego-
ries: structural imaging and functional imaging (Hirsch et al. 2015). Structural
imaging is used to reveal the anatomical properties of the brain, detect brain damage
and abnormalities, and diagnose the gross intracranial disease and injury. Functional
imaging is used to diagnose metabolic diseases and lesions on a finer scale or for
neurological and cognitive psychology researches to identify brain areas and under-
lying brain processes that are linked to a particular cognitive or a behavioral task.

Here, we introduce some commonly used structural and functional brain imag-
ing tools.

Structural brain imaging techniques:

1. Computed tomography (CT) or computed axial tomography (CAT) is a widely
used approach that is typically used for viewing gross brain abnormalities, cere-
bral vascular accidents, and bone structure. However, it requires exposure to
differential absorption of X-rays and has relatively low spatial resolution.

2. Magnetic resonance imaging (MRI) is a relatively accessible approach to visual-
ize the soft tissues of brain such as gray matter and white matter with good spa-
tial resolution. But it cannot be used in patients with metallic implants such as
certain cardiac pacemakers or implantable cardioverter defibrillators.

3. Diffusion-based MRI (e.g., diffusion tensor imaging (DTI)) is an approach that
is used for detecting detailed information of white matter integrity or microstruc-
ture and delineating white matter pathways that connect different regions of the
brain. However, it requires complex image analyses and is sensitive to patient
movement.

Functional brain imaging techniques:

1. Functional MRI (fMRI) and arterial spin labeling (ASL) can localize the brain
activity associated with performing a cognitive task and/or behavior. It relies on
the paramagnetic properties of oxygenated and deoxygenated hemoglobin to
view images of blood flow changes associated with the regional activation of
neurons during cognitive or behavioral tasks. The main drawback is its limited
temporal resolution ability.
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2. Positron emission tomography (PET) is an approach that is used to monitor the
brain activity as well as the metabolism associated with performing a cognitive
task and/or behavior by measuring emissions from radioactively labeled, meta-
bolically active chemicals (e.g., fludeoxyglucose F 18) that have been injected
into the bloodstream. However, it requires the injection of radioactive tracers,
which is a main drawback.

3. Electroencephalogram (EEG) and evoked related potentials (ERP) can directly
record the underlying electrical brain activity that is associated with a cognitive
task and/or behavior with good temporal resolution. However, these techniques
have poor spatial resolution compared with fMRI and require a complicated
analysis of the acquired data.

Many other brain imaging techniques are also available, such as the functional
near-infrared spectroscopy (fNIRS) and magnetoencephalogram (MEG). In this
chapter, we focus on MRI (structural and functional) techniques because these are
most widely used techniques in drug abuse and addiction (Parvaz et al. 2011). This
chapter mainly focuses on structural and functional brain imaging of ketamine abus-
ers. We briefly introduce ketamine abuse in mainland China before reviewing neu-
roimaging studies of ketamine addiction and abuse.

2 Nonmedical Use of Ketamine in Mainland China

During the last three or four decades, drug abuse spread quickly following its
reemergence as a national problem in China (Liu et al. 2016). The number of regis-
tered drug abusers increased from 70,000 in 1990 to more than one million by the
end of 2005 (Michels et al. 2007). According to China drug situation report 2018,
the number of registered drug abusers doubled in the next decade to more than two
million by the end of 2018, and the number of abusers of “new” types of drugs
including methamphetamine (accounting for 56.1%) and ketamine (accounting for
2.6%) exceeded the number of abusers of opioids (www.nncc626.com). Illicit drug
trafficking and production have swept in mainland China, particularly in southern
China, which have caused many problems (such as the spread of HIV) for both
abusers and the community (Fang et al. 2006).

In mainland China, ketamine was rescheduled from Schedule II in 2001 to
Schedule I in 2007 (Liao et al. 2017). It is commonly abused through snorting.
Figure 1 shows a typical way of making and snorting ketamine powder. Long-term
ketamine abuse often results in bladder dysfunction (Tsai et al. 2009), sleeping dis-
turbances (Tang et al. 2015a), cognitive impairment (Chan et al. 2013; Morgan et al.
2004a, b; Tang et al. 2013), depression (Li et al. 2017a; Tang et al. 2013), and even
schizophrenia-like symptoms (Liao et al. 2016a; Tang et al. 2015b). Furthermore, a
line of study reported brain structural and functional alterations in ketamine abusers
(Liao et al. 2010, 2011, 2012, 2016b, 2018; Wang et al. 2013). This chapter reviews
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Fig. 1 Typical way of preparing (left) and snorting (right) ketamine powder

the available structural and functional neuroimaging (mainly MRI) studies of ket-
amine abusers in detail.

3 Brain Imaging of Ketamine Abusers

Magnetic resonance imaging (MRI) is one of the most commonly used techniques
to examine the brain activity in healthy brain and brain with disease, such as addic-
tion or other mental illness. It is often divided into structural MRI and functional
MRI (fMRI) (Symms et al. 2004). The field strength of the magnet is measured in
tesla (T), and the magnetic strength for most clinical or research MRI scanners is
1.5 or 3 T. Most studies indicate that 3.0-T MRI scanner performs as good as or
better than 1.5-T MRI scanner (Wood et al. 2012).

3.1 Magnetic Resonance Imaging

In the magnetic field, the nuclear spins of certain atoms within an object are oriented
either parallel or antiparallel to the main magnetic field and produce a secondary
spin or wobble (precession) of nuclei around the main or static magnetic field with
a certain frequency called the Larmor frequency (named after the Irish physicist and
mathematician Joseph Larmor, 1857-1942). The Larmor or precessional frequency
in MRI is related to the strength of the magnetic field (the BO field). Magnetic reso-
nance occurs when a radio frequency (RF) pulse produced at the (tissue specific)
Larmor frequency, exciting and then raising the nuclear spin orientation of hydro-
gen atoms from lower to higher energy states. By rotating the magnetization, the RF
field is switched off and the magnetization once again freely precesses around the
direction of the original magnetization. This exchange of energy between spin states
is called resonance, and a computer displays the different resonance characteristics
of various tissue types as an image. This time-dependent precession produces a cur-
rent in the receiver RF coil, and the exponentially decaying resultant current (the
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free induction decay) constitutes the MR signal. The amount of the signal that is
used to compose an image is proportional to the magnetic field strength of the scan-
ner. (Signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), spatial resolution,
and temporal resolution are commonly used technical terms to describe MRI image
quality.) During the energy transition period, magnetization returns to its original
equilibrium state (relaxation), characterized by T1 and T2 time constants, which
depend on physical and chemical characteristics unique to the tissue type. The T1
and T2 differences between different tissue types (e.g., gray matter and white mat-
ter) produce a high-contrast MR image (Lauterbur 1973; Mansfield and
Maudsley 1977).

3.1.1 Structural MRI

Structural MRI is a noninvasive technique that is used for examining the anatomy
and pathology of the brain (as opposed to fMRI). It produces images that can be
used for clinical radiological reporting as well as for diagnosis or research with
detailed analysis. Structural MRI includes high-resolution imaging, T2 relaxation
measurement, T2-weighted imaging, T1 relaxation measurement, magnetization
transfer imaging, and diffusion imaging (Symms et al. 2004). Some MRI scan
sequences are volumetric, and the volumes of regional gray matter and white matter
often change considerably in individuals with brain diseases.

3.1.2 Functional MRI

Since its inception in 1990, functional MRI (fMRI) has been used to map human
brain function noninvasively and rapidly with full brain coverage, and with rela-
tively high spatial and temporal resolution. John Belliveau, Bruce Rosen et al. intro-
duced it by using gadolinium as a contrast agent (Belliveau et al. 1990; Rosen et al.
1990). This was then immediately followed by a series of fMRI studies using the
“blood oxygen level dependent” (BOLD) signal (Hoge et al. 1999; Kwong et al.
1992; Ogawa et al. 1990), which is the best known oxygen sensitive contrast agent.
BOLD contrast results from a change in the magnetic field surrounding the red
blood cells depending on the oxygen state of the protein hemoglobin, which is used
for the indirect measurement of the brain activity.

In the past three decades, with extraordinary features (e.g., widespread availabil-
ity, noninvasive nature, relatively low cost, and good spatial resolution), fMRI was
applied in an exceptionally large number of studies in the cognitive neurosciences,
clinical psychiatry/psychology, and presurgical planning to find biomarkers for dis-
ease (Bush et al. 1999; Fleisher et al. 2009), to monitor therapy (Stoeckel et al.
2014), or to study pharmacological efficacy (Honey and Bullmore 2004). The use of
fMRI at rest has also enabled researchers to investigate resting functional connectiv-
ity of the human brain (Biswal et al. 1995). Measures of resting functional connec-
tivity have been shown to be sensitive to brain diseases including drug and nondrug
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addiction (Fedota and Stein 2015; Hong et al. 2013; Sutherland et al. 2012). The
limitations of fMRI include high susceptibility of the BOLD response to several
nonneural and imaging artifacts, especially due to its low SNR and low temporal
resolution.

By comparing brain structure, function, and metabolism between drug-abusing
and non-abusing individuals, brain imaging techniques enable researchers to
observe the disruption of ketamine or other drug abusers’ brain activity and allows
us to better understand the mechanisms of addiction (Volkow et al. 2014).

3.2 Structural MRI Study of Ketamine Abusers

In the past two decades, there was considerable evidence that many psychiatric
disorders (e.g., schizophrenia (Canu et al. 2015; Van Erp et al. 2018), bipolar disor-
der (Hibar et al. 2016; Strakowski et al. 1999), major depressive disorder (Schmaal
et al. 2017), autism spectrum disorder (Sparks et al. 2002), obsessive—compulsive
disorder (Fouche et al. 2017; Jenike et al. 1996), and attention-deficit/hyperactivity
disorder (Seidman et al. 2005)) are associated with either increased or decreased
regional brain volumes compared with gender- and age-matched healthy subjects.
These brain structural abnormalities were also reported among ketamine abusers.
Until now, only a few clinical structural MRI findings, however, have reported that
the long-term effects of ketamine abuse is associated with the reduction of gray mat-
ter volume and the disruption of white mater integrity.

to assess regional gray matter volume reduction in ketamine abusers, voxel-
based morphometry in conjunction with statistical parametric mapping on the struc-
tural magnetic resonance images of 41 ketamine abusers and 44 drug-naive control
individuals in mainland China was used. This study found reduction of dorsal pre-
frontal gray matter after long-term repeated ketamine abuse. In particular, this study
revealed significant reduction in gray matter volume in left superior frontal gyrus
and right middle frontal gyrus of ketamine abusers in comparison with age-matched
healthy volunteers (see Fig. 2). Furthermore, the duration of ketamine abuse was
negatively correlated with the reduction of gray matter volume in bilateral frontal
cortex, whereas the estimated total lifetime ketamine consumption was negatively
correlated with the reduction of gray matter volume in left superior frontal gyrus.
The association between frontal gray matter loss and the duration of ketamine use
or cumulative doses of ketamine may suggest a dose-dependent effect of long-term
abuse of the drug (Liao et al. 2011). Neuroimaging studies in other drug addictive
users have also identified dysfunction of the prefrontal cortex, which suggests the
involvement of this brain region in drug addiction (Goldstein and Volkow 2011).

Several studies, mainly in China and the UK, uncovered the disruption of white
matter in chronic ketamine abusers. A study with the same Chinese sample (41
ketamine-dependent subjects and 44 drug-free healthy volunteers), using in vivo
diffusion tensor magnetic resonance imaging data, measured white matter volumes.
This study also found bilateral frontal and left temporoparietal white matter
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Regions of smaller GM volume in ketamine-dependent group

Fig. 2 Dorsal prefrontal gray matter reduction in ketamine abuses compared with healthy
controls

alterations associated with long-term ketamine abuse (see Fig. 3). Furthermore,
frontal white matter fractional anisotropy (FA is a scalar value between 0 and 1 that
describes the degree of anisotropy of a diffusion process.) correlated with the sever-
ity of drug use (as measured by estimating totally abused ketamine). This study
provided first evidence for dose-dependent abnormalities of white matter in bilat-
eral frontal and left temporoparietal regions following long-term ketamine abuse.
These findings further suggest a microstructural basis for the changes in cognition
and experience observed with chronic ketamine abuse (Liao et al. 2010).

Another study in the UK measured indices of white matter microstructural integ-
rity and connectivity in 16 ketamine abusers and 16 poly-drug-using controls. The
study used probabilistic tractography to quantify alterations in corticosubcortical
connectivity associated with repeated ketamine abuse. This study found a decrease
in the axial diffusivity profile of white matter in the right hemisphere network of
white matter regions in ketamine abusers compared with poly-drug abusers. For
ketamine abusers, this study found that the frequency of dissociative experiences
reported by chronic ketamine users associated positively with the changes of con-
nectivity in the caudate nucleus and the lateral prefrontal cortex. These findings

Decreased fractional anisotropy in patients with ketamine dependence

Fig. 3 Frontal white matter alterations in ketamine abuses compared with healthy controls



22 Y. Liao and W. Hao

further confirmed that ketamine abuse may be associated with widespread alterna-
tion of white matter integrity. It also suggests that white matter pathways between
subcortical and prefrontal cortical regions may in part predict individual differences
in the frequency of dissociative experiences due to ketamine abuse (Roberts
et al. 2014).

By employing MRI, a study from the south of China illustrated the possible dis-
rupted brain regions due to ketamine abuse by comparing 21 ketamine addicts with
three age-matched healthy controls. This study revealed the lesions in many regions
(e.g., prefrontal, parietal, occipital, limbic, brainstem, and corpus striatum) of the
brain of ketamine abusers (Wang et al. 2013).

Several animal studies using monkeys or rats (Li et al. 2017b; Sun et al. 2014;
Yeung et al. 2010; Zou et al. 2009) have also shown that brain structural, especially
frontal cortex, disruption is associated with long-term exposure to ketamine.

3.3 Functional MRI Study of Ketamine Abusers

Only a few studies measured the long-term effects of ketamine abuse on brain func-
tional alternations. One resting-state fMRI demonstrated the alterations in regional
homogeneity (ReHo) of resting-state brain activity in long-term ketamine abusers.
This study examined such effects on spontaneous brain dynamics between 41
patients with ketamine dependence and 44 healthy control subjects by resting-state
fMRI. The results showed that compared with healthy controls, ketamine abusers
displayed decreased ReHo in the right anterior cingulate cortex and increased ReHo
in left precentral frontal gyrus. This study also showed negative correlations between
increased ReHo in precentral frontal gyrus and estimated totally abused ketamine in
their lifetime and levels of ketamine craving. The findings from this study indicate
that ketamine abuse might be associated with alterations in the functional connec-
tivity of medial and lateral prefrontal cortices (Liao et al. 2012).

Decreased thalamocortical connectivity also has been observed in chronic ket-
amine abusers, which may suggest its role in the mechanistic “switch” from recre-
ational abuse to dysregulated ketamine addiction. In this study, 41 ketamine abusers
and 89 healthy control subjects were enrolled to measure the functional connectivity
within the cerebral cortex by resting-state fMRI. This study found that ketamine
abusers showed significantly decreased (but not increased) connectivity between the
thalamic nuclear groups and the cortical regions of interest (ROI), including the
prefrontal cortex, the motor cortex/supplementary motor area, and the posterior
parietal cortex (see Fig. 4). This finding provided the first evidence of abnormal
thalamocortical connectivity of resting state brain activity in long-term ketamine
abusers (Liao et al. 2016b).

Ketamine abuse-related cues may induce craving in ketamine-dependent patients.
A study measured regional brain activation to ketamine, cigarette smoking, and
sexual activity. This functional MRI study recruited 40 smokers with ketamine
abuse, 45 smokers without ketamine abuse, and 44 non-ketamine abuse noncigarette
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Fig.4 The diffusively decreased thalamocortical connectivity in ketamine-dependent subjects. (a)
The six cortical regions of interest. (b) Thalamocortical connectivity of the drug-free control sub-
jects. (¢) Thalamocortical connectivity of the ketamine-dependent subjects. (d) Group differences
in thalamocortical connectivity for the drug-free control subjects and the ketamine-dependent
subjects
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smoking healthy controls to view ketamine use-related cigarette smoking and sex-
ual films. This task-based fMRI found that smokers with ketamine abuse showed
significant increased activation in regions of anterior cingulate cortex and precuneus
in response to ketamine cues. They also showed reduced activation in cerebellum
and middle temporal cortex in response to sexual cues. Smokers (both with and
without ketamine abuse) showed increased activation in the right precentral frontal
cortex in response to smoking cues. Non-ketamine users (both smokers without
ketamine abuse and controls) showed increased activation of cerebellum and middle
temporal cortex when they were viewing sexual cues (see Fig. 4). These findings
indicated the engagement of distinct neural circuitry for ketamine-related stimuli
(compared with cigarette smoking stimuli or sexual stimuli) in ketamine abusers.
While smokers (for both with and without ketamine abuse) showed overlapping dif-
ferences in activation for smoking cues (Liao et al. 2018), which may be partly due
to the interaction effects of ketamine and nicotine in multiple brain regions. Nicotine
substantially ameliorated the effects of ketamine on anterior cingulate regional cere-
bral blood flow (rCBF), and those effects may link to psychosis, reward, and addic-
tive behaviors (Rowland et al. 2010).

Besides measuring functional MRI, the consequences of ketamine abuse in the
human brain function have also been studied using positron emission tomography
(PET) in a group of 14 recreational chronic ketamine users and matched healthy
subjects. The study found that chronic ketamine abuse exhibited a regionally selec-
tive upregulation of D1 receptor availability in the dorsolateral prefrontal cortex
(Narendran et al. 2005). Moreover, functional MRI of the brains in adolescent mon-
keys with chronic exposure to ketamine showed regional brain functional changes,
particularly in the prefrontal dopaminergic system — a system critically involved in
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working memory and executive function (Yu et al. 2012). Thus, long-term ketamine
administration may involve neurodegenerative process similar to that of aging and/
or Alzheimer’s disease, which was demonstrated in both animal (Yeung et al. 2010)
and human (Chan et al. 2013) studies.

Table 1 presents a summary of regional brain structural and functional disruption
in ketamine abusers.

4 Implication for Medical Use of Ketamine by Brain
Imaging Study

In addition to its abuse potential, ketamine is commonly used for medical purposes
(Morgan et al. 2012). Ketamine is a noncompetitive antagonist at the glutamatergic
N-methyl-D-aspartate (NMDA) receptor that is most widely used injectable anes-
thetic agent in veterinary medicine (Clarke and Hall 1990; Young et al. 1993). It is
also used in specialist anesthesia, particularly pediatrics and field medicine for
human (Cartwright and Pingel 1984; Green and Johnson 1990). Furthermore, ket-
amine has a role in pain management in both human and veterinary medicine (Elia
and Tramer 2005). Ketamine, as an N-methyl-D-aspartate (NMDA) receptor antago-
nist, has been found to induce schizophrenia-type symptoms in humans. Thus, there

Table 1 Regional brain structural and functional disruption in ketamine abusers

Sample Disrupted brain regions
Structural |41 ketamine abusers Dorsal prefrontal gray matter reduction (Liao et al.
MRI 44 age-matched healthy | 2011)
controls
41 ketamine abusers Bilateral frontal and left temporoparietal white matter
44 age-matched healthy | alterations (Liao et al. 2010)
controls
16 ketamine abusers Reduction in the axial diffusivity profile of white matter
16 poly-drug abusers in a right hemisphere network of white matter regions
(Roberts et al. 2014)
21 ketamine addicts Brain damages in prefrontal, parietal, occipital, limbic,
3 age-matched normal | brainstem, and corpus striatum (Wang et al. 2013)
subjects
Functional |41 ketamine abusers Alterations in regional homogeneity of resting-state
MRI 44 age-matched healthy | brain activity in ketamine addicts (Liao et al. 2012)

controls

41 ketamine abusers
89 healthy control
subjects

Decreased thalamocortical connectivity in chronic
ketamine users (Liao et al. 2016b)

40 smokers with
ketamine abuse 45
smokers without
ketamine abuse

44 healthy controls

Cue-induced brain activation in chronic ketamine-
dependent subjects, cigarette smokers, and healthy
controls: a task functional magnetic resonance imaging
(Liao et al. 2018)
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are also a line of experimental studies using brain imaging to explore the “ketamine
model” of psychosis (Deakin et al. 2008; Honey et al. 2008). As ketamine can block
bursting in the lateral habenula to rapidly relieve depressive symptoms (Yang et al.
2018), it is used today for the treatment of depression, particularly for treatment-
resistant depression (Aan Het Rot et al. 2012; Katalinic et al. 2013; Rosenblat et al.
2019). Recently, it was also found to be promising for addiction relapse prevention
(e.g., heroin and alcohol addiction) as it reduced symptoms of depression (Ezquerra-
Romano et al. 2018).

A series of pharmacological MRI study examined ketamine’s pharmacological
effects on brain function, mainly to explore its potent and fast-acting antidepressant
effects and uncover the neural mechanisms of psychosis and schizophrenia (as it
produces similar symptoms).

4.1 For Depression

The abuse potential and psychotomimetic effects of ketamine may be linked with
the dopaminergic system that also associated with antidepressant effects. Traditional
antidepressants require several weeks to show their therapeutic effects. A single
subanesthetic dose of the N-methyl-D-aspartate glutamate receptor antagonist ket-
amine, however, can produce significant clinical improvement within hours, getting
the approval of Food and Drug Administration (FDA) of esketamine nasal spray for
patients with treatment-resistant depression. Ketamine as a rapid-acting glutamater-
gic antidepressant, its novel treatment mechanisms are emerging a line of research
(Krystal et al. 2013). The antidepressant properties of (R,S)-ketamine have also rel-
evance for the development of next-generation, rapid-acting antidepressants (Zanos
et al. 2016).

Subanesthetic doses of ketamine increase dopamine levels in the frontal cortex,
in the striatum, and in the nucleus accumbens in rodents (Kokkinou et al. 2017).
Applying 1H-MRS to 10 major depressive disorder (MDD) patients, however, did
not observe the association between ketamine infusion with changes in occipital
amino acid neurotransmitter (AANt) content, which indicates that these changes are
not a correlate of ketamine’s antidepressant action (Valentine et al. 2011). A study
using resting-state fMRI to investigate the intrinsic brain networks in MDD patients
with ketamine treatment showed that ketamine significantly increased global signal
regression (GBCr) in the PFC and reduced GBCr in the cerebellum, which may
serve as a putative marker for successful treatment and a target for antidepressants’
development (Abdallah et al. 2017). However, it is important to be aware of ket-
amine abuse and addiction potential, even in MDD patients who received ketamine
for antidepressant purposes (Bonnet 2015). In the future, research should explore
more details about ketamine’s acute and chronic antidepressant effects on neuro-
pharmacological and cognitive levels.
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4.2 For Psychosis and Schizophrenia

On the contrary, several studies indicate that subanesthetic doses of ketamine impair
prefrontal cortex (PFC) function in the rat and produce schizophrenia-like symp-
toms and dissociative states, including impaired performance of frontal lobe-
sensitive tests, which is similar to cognitive impairment (Morgan and Curran 2006),
persistent dissociative, depressive, and delusional thinking (Sassano-Higgins et al.
2016) by long-term ketamine use. It is suggested that ketamine may disrupt PFC
function partly by interacting with dopaminergic neurotransmission in this region.
By increasing the release of glutamate, thereby stimulating postsynaptic non-
NMDA glutamate receptors, it probably impairs cognitive functions associated with
PFC as a result (Moghaddam et al. 1997). Intravenous ketamine (1-min bolus of
0.26 mg/kg) to healthy individuals induced a rapid, focal, and unexpected decrease
of the brain activity in ventromedial frontal cortex, including orbitofrontal cortex
and subgenual cingulate, which strongly predicted its dissociative effects and
increased activity in regions of midposterior cingulate, thalamus, and temporal cor-
tex (Deakin et al. 2008).

Human and animal studies indicate that NMDA receptor hypofunction has been
implicated in the pathophysiology of psychosis and schizophrenia and diminishes
the inhibitory control of PFC output neurons. The findings of the present study sug-
gest that both chronic ketamine users (Narendran et al. 2005) and schizophrenia
patients (Laruelle et al. 2003) display the same endophenotypic trait — upregulated
D1 receptor expression in the dorsolateral PFC, which supports the hypothesis that
this alteration might be secondary to NMDA dysfunction in schizophrenia. For
example, a 4-T 1H proton magnetic resonance spectroscopy (1H-MRS) study with
ketamine administration in 10 healthy subjects found increased glutamatergic activ-
ity in the anterior cingulate, which may associate with acute hypofunctional NMDA
receptor state (Rowland et al. 2005). Animal study also found its NMDA receptor
hypofunction. Thus, reducing this effect may be critical for the treatment of psycho-
sis and schizophrenia (Homayoun and Moghaddam 2007).

5 Conclusion

Brain imaging technology has had a tremendous impact on evaluating the neural
mechanism associated with acute or chronic administration of ketamine. It provided
a basic knowledge of ketamine’s medical use- or abuse-related brain circuits and the
related cognitive and behavior outcomes. However, a major caveat remains in the
uncertainty is its long-term safety, such as how to use ketamine for MDD treatment
while limiting its psychotomimetic and dissociative side effects as well as addiction
and abuse potential. Novel analytical approaches for brain imaging data should also
be developed to facilitate the translation of findings from the research to the clinical
setting, promoting the medical benefits of ketamine’s medical use while preventing
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from its addiction and abuse potential. In the future, the insights provided by neuro-
imaging studies of ketamine could contribute to biomarker development for its
effective treatment of MDD and even other disorders, and to new approaches to
discover better treatment strategies.
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Management of Complications
of Ketamine Abuse

Steffi K. K. Yuen and Anthony C. F. Ng

Abstract Since 1985, ketamine, a frequently used human and veterinary anaes-
thetic, has been listed as an essential medicine by the World Health Organization.
This N-methyl-D-aspartate receptor antagonist has also been used and studied
extensively for its role in the treatment of depression. Owing to its potential impli-
cations on health when used illicitly, at least 60 countries have already put ketamine
under national control. Its illicit use has been reported on a global scale, so are its
delirious complications from chronic abuse. The detrimental effects of ketamine
abuse encompass different organ systems, where long-lasting complications on the
genitourinary, gastrointestinal, hepatobiliary and neuropsychiatric systems stood
out. In this relatively new entity of ketamine-associated complications, the impor-
tance of proper assessment and building of good rapport is emphasized. Abstinence
is the first key for the successful management of its complications. Both medical
and surgical management have its role in the multidisciplinary management.

Keywords Ketamine - Uropathy - Complications - Cystitis - Management

The detrimental effects of ketamine misuse was only evident to the medical world
within the recent decade or so. Despite its initial formal reporting of toxic complica-
tions on genitourinary system by Shahani et al. (2007) from Canada and Chu et al.
(2008) from Hong Kong, the ketamine abuse problem has gravitated farther and was
popularized in Asian countries, particularly in Hong Kong SAR. Ketamine, an
N-methyl-D-aspartate receptor antagonist, whilst being utilized clinically as an
anaesthetic agent, is also being commonly misused as a recreational drug since the
late 1990s.

The detrimental effects of ketamine abuse encompass many organ systems,
where long-lasting complications on genitourinary, gastrointestinal, hepatobiliary
and neuropsychiatric systems stood out. Its alarming burden on health care,
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economic and societal fronts has warranted measures to help cracking down the
problem.

1 Why Is Managing Complications an Important Topic?

Ketamine-associated complications revealed as a relatively new entity to the medi-
cal world. It primarily affects young to middle-aged ketamine abusers, amongst
whom they popularized ketamine as a “post-clubbing drug” where you can “sit
down and float”. Its handy availability, easy administration and psycho-stimulant
properties render it attractive as a recreational drug. The exact pathophysiology and
effects of ketamine and its metabolites are yet to be completely dissected and laid
out. This poses as both a medical and a social issue to be tackled.

More than 50 countries have reported the presence of ketamine in illicit drug
markets from the annual United Nation Office on Drug and Crime World Drug
Reports. The 2017/2018 Crime Survey for English and Wales reported a twofold
increase in illicit ketamine usage from 0.4 to 0.8% amongst adults aged 16-59
years, equating to 141,000 more using the drug than previous year (Home Office
(U.K.) NS 2018). Such estimate of ketamine usage is the highest since survey first
began in 2006/07 for this drug. The burden of ketamine abuse lies heavily in the
group aged 16-24 years, citing a rise from 1.2 to 3.1%. In Hong Kong, ketamine
was the most commonly abused psychotropic drug during 2008-2014.
Methamphetamine surpassed ketamine to become the most popular psychotropic
substance abused since 2015, followed by triazolam, midazolam, zopiclone and
cocaine in 2017 (Narcotics Division SBTGotHKSAR 2019). Over the years, the
concerted efforts of governmental officials have helped brought the numbers down
by dismantling clandestine ketamine laboratories and decreasing their supply
sources, mainly in East and South-East Asia (e.g. China and Malaysia).

Although the number of reported abusers of psychotropic substances is on the
fall, the complications are still slowly surfacing. Amongst such young population of
ketamine abusers, untreated or suboptimally treated complications will serve as
returning patients when their health and quality of life are detrimentally affected.

A vast majority of ketamine abusers are disguised amongst the community snort-
ing the drug undercover for years unnoticed by closed ones. Only by concerted
efforts from a dedicated team of clinicians, paediatricians, psychiatrists, psycholo-
gists, social workers, teachers, nurses and therapists can we truly evaluate and man-
age the full spectrum of ketamine-associated complications. Family and parental
support, particularly for the teenage abusers, is of paramount importance to keep the
ketamine abuser on track, abstaining from the drug and compliant to follow up and
treatments. Complications involving genitourinary, hepatobiliary, gastrointestinal
and neuropsychiatric systems mark ketamine-associated complications as a com-
plex class of disease entity.
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2 Pathophysiology

Ketamine is converted to active metabolic norketamine via hepatic biotransforma-
tion through the cytochrome P450 and then eliminated via the hepatic route into
conjugated hydroxyl metabolites, which is then excreted renally (Dinis-Oliveira
2017). The damage of ketamine and its metabolites on the genitourinary tract is
proposed as via direct toxic damage, autoimmune reactions and/or microvascular
reactions.

Inflammation of bladder epithelium, denuding of urothelium neovascularization
and petechial haemorrhage of the bladder are all reported. However, the exact
pathophysiology is not fully known. Histologically, four out of nine Canadian
patients in the first series had biopsies revealing denuding of urothelium and inflam-
mation of bladder epithelium with a mild eosinophilic infiltrate (Shahani et al.
2007). The histopathology of bladder biopsies from ketamine cystitis patients shows
features of chronic inflammation with strong resemblance to those in interstitial
cystitis. The predominant type of infiltrating inflammatory cells is lymphocytes.
The severity of histopathology of inflammatory cell infiltration of bladder mucosa
is shown to be associated with clinical symptomatology. Patients with moderate or
severe neutrophils or lymphocytes infiltration in bladder mucosa had significantly
more severe bladder pain and smaller bladder capacity (Jhang et al. 2018). In rat
ketamine cystitis models, it is shown that increasing fibrosis and submucosal apop-
tosis were found according to escalating dose of ketamine. It is postulated that blad-
der fibrotic change contributes to the manifestation of lower urinary tract symptoms
(Song et al. 2016).

3 Complications Related to Urinary System:
Ketamine-Associated Uropathy

Ketamine abuse may affect both the upper and lower urinary tract. In fact, its effects
may go unnoticed until late in stage where irreversible damages have already taken
place. Lower urinary tract symptoms, cystitis, bladder dysfunction, contracted blad-
der, ureteric strictures and secondary renal damage have all been reported in chronic
ketamine abusers. The clinical syndrome of ketamine-associated uropathy is
described as a small, painful bladder, associated with incontinence, upper tract
obstruction with or without papillary necrosis (Shahani et al. 2007; Chu et al. 2008).
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4 Symptomatology

In the largest online survey to date, more than a quarter of ketamine abusers reported
experiencing urinary symptoms to variable extent (Winstock et al. 2012). The onset
of symptoms varies from few days to years. From one of the largest reported series,
the mean duration of ketamine usage was 81 months prior to the presentation of
voiding symptoms (Tam et al. 2014). Ketamine-associated lower urinary tract
symptom is recognized as ketamine-induced cystitis. Painful frequent small volume
void is a classic chief complaint. Irritative symptoms, such as frequency, urgency,
nocturia, dysuria, urge incontinence, pelvic pain and painful hematuria, vary in
severity. Symptomatology could be very debilitating to a young individual. Urinary
frequency could be down to every quarter of an hour, barring the individual from
normal social activities. In more severe cases, the young individuals could be incon-
tinent and dependent on diapers to avoid interruptions to the washroom during work
hours. In a 463 patient cohort looking into both active and inactive ketamine abusers
by Yee et al. (2015), it was shown that active abusers have significant higher pelvic
pain and frequency (PUF) score than inactive ones (23.3 = 6.7 vs. 19.8 + 7.7;
p < 0.0005). Cystitis and bladder dysfunction are the common manifestations.
However, its effects are observed to involve organs beyond the bladder.

Upper tract pathologies may be asymptomatic in many ketamine abusers, or may
manifest most commonly as loin discomfort. In a cohort of 572 ketamine-associated
uropathy patients, up to 16.8% of the patients were found to have unilateral or bilat-
eral hydronephrosis on ultrasonography (Yee et al. 2017), secondary to inflamma-
tory reaction, stricture, vesicoureteric reflux or papillary necrosis (Fig. 1). Functional
bladder capacity (OR 0.997, p = 0.029), serum creatinine > 100 pmol/L (OR 1.238,
p = 0.016) and a deranged serum liver enzyme profile (OR 1.967, p = 0.006) are
predictive factors of hydronephrosis in ketamine abusers from a multi-variate analy-
sis. Obstructive uropathy, renal impairment and end-stage renal disease are uncom-
mon sequalae of ketamine-associated uropathy.

Symptoms are not confined urologically; they extend to the domains of sexual
dysfunction in both female and male patients (Jang et al. 2012; Yang et al. 2018). In
a case-control study of female ketamine abusers by Jang et al. (2012), with the
exception of the sexual desire domain in female patients, the abusers scored lower
on the arousal, lubrication, orgasm, satisfaction and pain domains of the Female
Sexual Function Index score (17.65 + 6.15 vs. 25.87 + 4.16 for controls (p < 0.001).
For the male counterparts, Yang et al. (2018) reported amongst 1056 abusers (993
street ketamine abusers who presented to the urology and 63 who presented to the
hospital), erectile dysfunction (30.8%) is frequently observed with International
Index of Erectile Function (IIEF-5) score <21. Multi-variate analysis revealed age
is >30 years old (OR = 1.765) as a risk factor for male erectile dysfunction; sub-
group analysis revealed abstinence for 3 months or more as a protective factor. A
small study evaluated the effects of ketamine on membrane integrity, DNA frag-
mentation and sperm parameters in humans (Absalan et al. 2014). It is shown to
have significantly lower total sperm motility, decreased sperm viability and
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Fig. 1 shows multiple left ureteric strictures and small contracted bladder on antegrade
pyelogram

abnormal sperm parameters in progressive motility. Since this is a relatively young
patient group where individuals may have not settled down, families may not be
completed. Whether infertility will pose an important issue remains a question to be
answered. Both urinary symptoms and sexual dysfunction certainly are shown to
have adversely impacted on this group of patient’s quality of life.
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S Assessment, Diagnosis and Investigation

Diagnosis is often easily made clinically.

5.1 History Taking

History taking is an important step that should not be underestimated in the manage-
ment of ketamine abusers. It helps develop doctor—patient rapport, draws patient’s
compliance and often reveals the fundamental societal or personal psychological
reasons that steer the individual down the illicit substance pathway. A detailed his-
tory taking of symptomatology, duration and frequency of recreational ketamine
usage, social support and background is an important step of assessment. Of note
during history taking, the reported consumption frequency by patients may not be
as reliable as the monetary value spent on street illicit ketamine purchase. Misuse of
ketamine >3 times per week is associated with significantly lower voided volumes.
Pelvic pain, frequency and urgency are reported to be significantly higher in those
with chronic ketamine abuse >24 months, compared to those with shorter durations
(Mak et al. 2011).

5.2 Initial Assessment and Workup

In the largest prospective cohort of ketamine-associated uropathy, Yee et al. (2015)
proposed a standardized management protocol at a dedicated urological clinic.
Invasive investigations too early on in the assessment process may deter this group
of patients from adhering to the programme and follow-up schedules.

5.2.1 Standardized Questionnaire

Apart from the commonly used International Prostate Symptom Score (IPSS),
IIEF-5 and frequency/volume charts, symptom assessment can be objectively per-
formed by means of pelvic pain and urgency or frequency (PUF) symptom scale,
the EuroQol visual analog scale.

Pelvic pain and urgency/frequency (PUF) symptom scale, a tool initially used in
the assessment of interstitial cystitis, correlates with worse symptomatology (Yee
et al. 2015). The questionnaire comprises seven questions: daytime and night-time
frequency, whether the pain affects or is present during sexual intercourse, pelvic
pain and its severity, urgency and its degree of severity. It includes a symptom score
and a bother score, totalling 35 points maximum. Its Chinese version has been vali-
dated and used in the assessment of patients with ketamine abuse (Ng et al. 2012).
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This entity has strong resemblance between interstitial cystitis and ketamine-
associated cystitis, hence PUF symptom scale has demonstrated its role in the
assessment of such patient groups.

The EuroQol visual analog scale (EQ VAS) is a visual scale marked 0-100 for
patients’ subjective assessment of own health state. The lower the score, the worse
the patients self-perceive their own health state. Such standardized questionnaires
are important in the assessment and follow-up of patient’s progress.

5.2.2 Initial Workup

Initial workup should be kept non-invasive, including uroflowmetry, urine micros-
copy and culture and serum creatinine, which will help to build the rapport and trust
between the patients and the health care providers. As many patients already suf-
fered from painful urination, invasive investigation might frighten them and lead to
poor compliance and also delay in treatment. Functional bladder capacity can be
calculated by the summation of the voided volume and post-void residual urine
volume during uroflowmetry assessment. In a cross-sectional prospective cohort,
the mean voided volume of ketamine abusers is reported up to 111.5 mL, with a
mean bladder capacity of 152.5 mL (Tam et al. 2014).

Ultrasonography of the urinary system can be performed to screen for any sign
of obstructive uropathy. Hydronephrosis can be found in 8.1-51% (Chu et al. 2008;
Yee et al. 2017; Tam et al. 2014) amongst which 10.4-30.7% may have concomitant
renal impairment. Small bladder volume and wall thickening are also common fea-
tures (Mason et al. 2010).

Computer tomography with urogram phase is also very useful because upper
tract involvement is not uncommon in this group. The common CT findings include
diffuse bladder wall thickening, small bladder volume and perivesical inflamma-
tion. Moreover, they can also pick up upper tract involvement, such as unilateral/
bilateral hydronephrosis and ureteric wall thickening (Huang et al. 2014).

Cystoscopy is invasive and not essential in the diagnosis and initial management
of ketamine cystitis, as the diagnosis is based mostly on clinical condition. Unless
there are clinical suspicious of other pathology, or failed response to initial therapy,
endoscopy might be considered. Endoscopy findings vary from normal-looking
bladder mucosa to contracted bladder with erythematous cystitis (Tam et al. 2014),
ulceration, neovascularization and petechial haemorrhage (Chu et al. 2008).

Video-urodynamic study can be reserved for patients who require in-depth eval-
uation of bladder condition and detection of vesicoureteric reflux. It is a particularly
useful tool as part of the preoperative planning when all conservative and medical
measures fail. Typical findings include diminished bladder compliance or presence
of detrusor overactivity with or without urinary leakage when the bladder is filled to
a small capacity of 30-50 mL (Chu et al. 2008) (Fig. 2).

With appropriate investigations, prompt detection and management of ketamine-
associated uropathy can be carried out.
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Fig. 2 shows small contracted bladder with size of a Foley’s catheter balloon and bilateral vesico-
ureteric reflux on cystogram

Investigations

e Uroflowmetry, functional bladder capacity
e Urine microscopy and culture

e Serum creatinine

* Liver function test

e Ultrasonography of urinary system

e Computer tomography with urogram phase
e Cystoscopy

* Video-urodynamic study

5.3 Management

Multidisciplinary approach is of paramount importance in successfully treating
both the clinical and psychological aspects of the disease entity.
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5.3.1 Abstinence of Ketamine

First and foremost, abstinence of ketamine is emphasized to patients during their
first visit to health care. There is a dose and frequency response relationship between
ketamine use and urinary symptoms. Symptomatology score is improved with a
direct positive relationship with the length of abstinence from the drug. There is
potential to normalize functional damages beyond 1 year of ketamine cessation.
More than half reported improvement of urinary symptoms upon abstaining
(Winstock et al. 2012). Those abstained have a lower symptom score (19.3 vs. 24.1;
p <0.001), a larger voided volume (126 vs. 85 mL; p < 0.001) and a larger bladder
capacity (204.8 vs. 126.7 mL; P < 0.001) compared with active abusers (Tam et al.
2014). Reduced benefits from ketamine abstinence is observed if the drug was mis-
used at higher frequencies or longer duration.

Abstinence is easier said than done. Working hand in hand with a dedicated team
of social worker, psychologist, psychiatrist, teacher, parents and family could result
in higher rates of success. Local support from drug and addiction services can also
play a decisive role in abstinence and treatment success.

5.3.2 Treatment Ladder

The four-tier treatment protocol has been developed and implemented at the dedi-
cated Youth Urological Treatment Centre reported by Yee et al. (2015), in hope of
offering standardized treatment multidisciplinary care to these batch of patients
(Hong et al. 2018). The stepwise approach proposed is as follows:

Tier one: NSAIDS/ COX-2 inhibitors/anti-cholinergics

Tier two: Pregabalin or a short course of opioid analgesics

Tier three: A course of intravesical instillation of sodium hyaluronate
Tier four: Surgical intervention

5.3.3 Medical Treatment

Symptoms are often refractory to treatment with antibiotics, simple analgesics and
anti-cholinergics alone. First-line oral medications include nonsteroidal anti-
inflammatory drugs (e.g. diclofenac and etoricoxib) and anticholinergic agents (e.g.
solifenacin). Beta-3 adrenoceptor agonists can be another option.

Phenazopyridine and paracetamol are used for pain control. The aim is to cover
the possible increase in pain experienced during the initial abstinence period. If
first-line treatment fails to provide sufficient analgesic relief, the second-line treat-
ment is introduced and added onto the cocktail of medications — pregabalin or a
short course of opioid group of analgesics (e.g. tramadol). Regular follow-up and
reassessments are carried out to ensure abstinence and adherence to the treatment
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regime. Outcome is assessed with functional bladder capacity, pelvic pain and
urgency or frequency (PUF) symptom scale and the EuroQol visual analog scale.
Both abstinence from ketamine usage and the amount of ketamine consumed are
factors predicting the improvement of PUF scores. For patients who required
second-line oral therapy in that cohort, 67.7% reported improvement in symptoms.

5.3.4 Intravesical Instillation of Sodium Hyaluronate

There have been case reports with complete resolution of symptoms, as well as
significant improvement in voided volume for the patients after intravesical treat-
ment with sodium hyaluronic acid.

5.3.5 Surgical Treatment

Urinary tract reconstruction has proved a surgical challenge for ketamine-associated
uropathy. Even when managed in tertiary high-volume reconstructive units, this
group of patients are still at high risk of significant perioperative complications
(Sihra et al. 2018). Meticulous preoperative assessment and multidisciplinary
approach to optimize treatment strategies are recommended.

Surgical correction is reserved for patients with confirmed abstinence from ket-
amine use. Whenever indicated, nephrostomy or ureteric stents are inserted to pre-
serve renal function until definitive surgical correction is allowed. There is no
optimal time recommended for abstinence from ketamine abuse before major
reconstructive use can be carried out.

Common indications for surgical reconstruction include:

e Small contracted bladder

e Medically uncontrolled pelvic pain or lower urinary tract symptoms
* High-pressure, low-bladder compliance

Reported options for surgical intervention:

 Intra-detrusor botulinum toxin injection

* Hydrodistension

* Augmentation cystoplasty with or without Mitrofanoff channels
* Ileal conduit urinary diversion

e Cystectomy with neobladder

Ureteric stricture

e Metallic stents

e Ureteric dilatation

» Ureteric reimplantation
* Autotransplantation

There are reports where intra-detrusor onabotulinum toxin injection was ineffec-
tive in symptom relief. Because ketamine cystitis shares similar features with inter-
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stitial cystitis, hydrodistension was carried out in small case reports with
unsatisfactory outcomes.

Surgical correction was the most commonly reported in the literature with evi-
dent outcomes. The number of reported surgical corrections is small, where compli-
cation rates are high, even in high-volume tertiary centres. A retrospective cohort
where 44 patients spanning over a decade were reviewed at a high-volume tertiary
reconstructive unit, 14 patients underwent major reconstruction with indications
including intractable symptoms, high-pressure compliance loss with upper tract
damage and ureteric obstruction (Sihra et al. 2018). Surgical intervention included
ileal conduit urinary diversion, augmentation cystoplasty with or without Mitrofanoff
channels, ureteric re-implantation and cystectomy with neobladders. Complications
included anastomotic leaks, ureteric strictures, adhesive small bowel obstruction,
renal failure and sepsis.

Another cohort of patients where augmentation cystoplasty was performed was
reported by Ng et al. (2013), where it reached the same conclusion on high compli-
cation rates and the high tendency of resuming ketamine abuse after surgery.
Although augmentation cystoplasty is a very effective way of increasing bladder
capacity and relieving storage lower urinary tract symptoms (Figs. 3 and 4), it was
discussed that the option of simple non-continent urinary diversion (e.g. ileal
conduit) may be a better option as it has faster recovery. However, it may not be
acceptable and appealing to this young population of patients. The extremely high

Fig. 3 shows an early post-operative cystogram of a patient who received ileal interposition for
right ureteric stricture and augmentation ileocystoplasty
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Fig. 4 is a cystogram revealing a patient who have received augmentation ileocystoplasty

rates of indulging back into ketamine abuse should caution urologists offering sur-
gical definitive treatment in discretely selective groups that have abstained from
ketamine abuse and have social support in continuing the abstinence so that all
efforts will not go waste.

Ketamine-associated uropathy is an evolving disease entity, patient centred tai-
lored management will provide the best outcomes.

6 Complications Involving the Gastrointestinal
and Hepatobiliary Systems

There are also reports on gastrointestinal changes in ketamine abusers including
epigastric pain, hepatic dysfunction and impaired gallbladder activity. Many ket-
amine abusers are often disguised amongst the community. They may not present to
clinicians until unbearable symptoms or complications arise. Clinicians may seize
the opportunity to identify disguised abusers when being consulted for non-specific
symptoms such as epigastric discomfort and lower urinary tract symptoms.

Up to a quarter, amongst 611 patients who have sought medical consultation for
ketamine-associated uropathy in a cross-sectional study by Liu et al. (2017),
reported upper gastrointestinal symptoms. There may be up to 5 years lag from
ketamine abuse to symptoms’ onset. Symptomatology may vary from epigastric
pain (25.4%), recurrent vomiting (7.9%), anaemia (5.9%) and gastrointestinal
bleeding (3.3%). As upper gastrointestinal symptoms usually precede the presenta-
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tion of voiding symptom, direct enquiry on substance usage in young non-
helicobacter gastritis or ulcer might help to identify potential hidden abuser and
allow earlier intervention to them.

Distinct biliary anomalies on magnetic resonance cholangiography patterns have
been reported (Seto et al. 2018). Magnetic resonance cholangiography showed bili-
ary tract anomalies in up to 61.9%, where an elevated alkaline phosphatase level
was observed. Three distinct radiological patterns were reported: (1) diffuse dilata-
tion of extrahepatic ducts; (2) fusiform dilatation of extra-hepatic ducts with distal
tapering and (3) intrahepatic duct dilatation or bleeding and strictures with normal
extrahepatic ducts. Elevated alkaline phosphatase level and lack of concomitant
drug are predictive of biliary anomalies. Such biliary anomalies are reversible after
ketamine abstinence. Biliary sepsis and decompensated cirrhosis are rare sequalae.

Recreational ketamine inhalation serves as a dualistic challenge on health care
and social fronts worldwide. Early recognition and detection of ketamine-associated
uropathy allows timely management. A combined approach of medical treatment
and psychosocial support is of paramount influence in successful abstinence.
Surgical intervention is only indicated when abstinence is confirmed and deemed
appropriate timing.
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Abstract Ketamine, an antagonist of N-methyl-D-aspartate receptors (NMDARS),
produces rapid and sustained reduction of symptoms in patients with treatment-
resistant depression. NMDARs are critical for neural network formation, neuronal
plasticity, higher brain functions, and pathophysiology of neurodegenerative and
psychiatric disorders. Recent studies have identified functional domains of diverse
NMDAR subunits, as well as the site of ketamine action on NMDARs. The site of
ketamine action overlaps with the site of physiological voltage-dependent Mg**
block. Furthermore, different NMDAR GluN2 subunits contribute differentially to
the sensitivity of ketamine. High-resolution analyses of the structure of the action
site of ketamine on NMDARSs and the mechanisms of ketamine action in vivo will
contribute to the development of novel and effective antidepressant drugs.
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PFC Prefrontal cortex
TMD Transmembrane domain

1 Introduction

The World Health Organization provides the following overview of depression:
Depression is a common illness worldwide, with more than 300 million people
affected. Depression is different from usual mood fluctuations and short-lived emo-
tional responses to challenges in everyday life. Especially when long-lasting and
with moderate or severe intensity, depression may become a serious health condi-
tion. It can cause the affected person to suffer greatly and function poorly at work,
at school and in the family. At its worst, depression can lead to suicide. Close to
800,000 people die due to suicide every year. (https://www.who.int/en/news-room/
fact-sheets/detail/depression).

The depressive state is observed in bipolar (mania and depression) and major
depressive disorders, and its underlying causes are the subject of ongoing intensive
research. The monoaminergic hypothesis of depression predicts that depression is
rooted in decreased levels of serotonin, norepinephrine, and/or dopamine in the
central nervous system (CNS). Some antidepressants that target monoaminergic
transmission, such as selective serotonin reuptake inhibitors (e.g., fluoxetine, sertra-
line, and paroxetine), induce rapid biochemical effects but require several weeks to
exert clinical effects (Rush et al. 2006). In contrast, ketamine, an N-methyl-D-
aspartate (NMDA) receptor (NMDAR) antagonist, produces rapid (within hours)
and sustained reduction in depressive symptoms in patients with treatment-resistant
depression (Berman et al. 2000; Zarate et al. 2006). The focus of this chapter is the
site of ketamine action on NMDARs from the view of molecular biology.

2 Ketamine

Ketamine, 2-(O-chlorophenyl)-2-methylamino cyclohexanone hydrochloride, is a
structural analog of phencyclidine (PCP), which was originally developed as a gen-
eral anesthetic. Although PCP can be used as a safe and reliable anesthetic without
respiratory suppression, some patients experience severe and prolonged postsurgery
delirium. Thus, the use of PCP has been largely avoided in human surgery
(Graifenstein et al. 1958; Johnstone et al. 1959). Ketamine was developed as a result
of efforts to synthesize new, shorter-acting general anesthetics with fewer side
effects (including delirium). Ketamine has about one-tenth the potency of PCP, with
minimal side effects and no occurrence of severe delirium. Thus, ketamine is safer
than PCP and preferred for clinical use. Ketalar (ketamine hydrochloride) was first
approved by the Food and Drug Administration for human use in 1970. In human
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studies, high doses of ketamine (1-2 mg/kg, I.V. (Domino et al. 1984; De Simoni
etal. 2013)) induced general suppression of the CNS and produced general anesthe-
sia. In contrast, subanesthetic doses of ketamine (0.5 mg/kg L.V. over 40 min
(Domino et al. 1984; De Simoni et al. 2013)) induced psychotomimetic effects. Low
doses of ketamine induced a dissociative state, in which patients who receive noci-
ceptive stimuli do not experience pain (Garfield et al. 1972; Kohrs and Durieux
1998; Bergman 1999). Auditory and visual hallucinations are common with ket-
amine treatment in humans; thus, ketamine was used to develop a pharmacological
model of schizophrenia in animals (Olney et al. 1999; Kehrer et al. 2008). Although
the causes of schizophrenia are largely unknown, the glutamate hypothesis posits
that the underlying mechanisms are linked to glutamatergic signaling via NMDARs
(Zhou and Sheng 2013). Furthermore, lower doses of ketamine have stimulant
effects and produce mild dissociation with hallucinations and a distortion of time
and space. Thus, ketamine is widely used a recreational, and often abused, drug
(Morgan et al. 2009). In contrast, low doses of ketamine treatment can provide relief
from chronic bipolar disorders and chronic depression (Berman et al. 2000; Zarate
et al. 2006). Thus, ketamine is expected as a novel drug against these psychiatric
disorders. Ketamine is a mixture of (R)- and (S)-enantiomers (Fig. 1). To understand
the molecular mechanisms underlying the effects of ketamine, the critical finding
that ketamine is a selective antagonist of the NMDA-type glutamate receptors
(GluRs) was reported in 1983 (Anis et al. 1983).

(S)-Ketamine (R)-Ketamine Phencyclidine
O O A
HsC
CHs CH, 3 @\Nm
(+)-MK-801 (-)-MK-801 Memantine

Fig. 1 Structure of open channel blockers of NMDARs. Structures of ketamine enantiomers
(S-ketamine and R-ketamine), phencyclidine (PCP), MK-801 (+ and — forms), and memantine are
shown
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3 The NMDA Receptor

The NMDA-type GluRs are members of the glutamate-gated ion channels.
Glutamate is a major excitatory neurotransmitter in the mammalian CNS and binds
to receptors called GluRs. The binding of glutamate to its receptor induces excit-
atory neurotransmission and intracellular signal transduction. GluRs are classified
as either ionotropic (iGluR) or metabotropic, based on their speed of neurotransmis-
sion or signaling mechanisms, respectively. iGluRs are further pharmacologically
classified into three major subtypes: a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA), kainate, and NMDA receptors.

NMDARs were first isolated pharmacologically using the highly selective ago-
nist NMDA and the competitive antagonist D-2-amino-5-phosphono-valerate
(APV), synthesized by Curtis and Watkins (1963). These specific ligands were used
to identify the function of NMDARs and to discriminate between the roles of
NMDA- and non-NMDA-type GluRs in the CNS, both in vitro and in vivo. The
activation of NMDARSs requires binding of an agonist (i.e., glutamate) and a co-
agonist (glycine or D-serine) and release from voltage-dependent Mg?* blocking.
Using APV and hippocampal brain slices, Collingridge et al. (1983) identified a
critical role for NMDARSs in the induction of synaptic plasticity (long-term poten-
tiation, LTP), which is thought to be a cellular mechanism of learning and memory.
Furthermore, Morris et al. (1986) showed an impairment of spatial learning in rats
after treatment of the hippocampus with APV. Attenuation of LTP and learning fol-
lowing treatment with APV indicated a critical role for NMDARSs in learning and
memory. Furthermore, many physiological and pathological roles of NMDARs
have been examined using selective agonists and antagonists. Because NMDARs
are ion channels, many open channel blockers (uncompetitive antagonists) of
NMDARSs have been identified, including ketamine, PCP, MK-801, and memantine
(Fig. 1). In 1991, the first NMDAR subunit was identified by molecular biological
approaches (Moriyoshi et al. 1991).

3.1 Molecular Diversity of NMDARs

The NMDAR subunit names used here are based on nomenclature from the
International Union of Basic and Clinical Pharmacology, namely, GluN1, GIuN2A,
GluN2B, GluN2C, GluN2D, GIuN3A, and GluN3B. These subunits are also named
on the basis of genetic nomenclature as GRIN1, GRIN2A, GRIN2B, GRIN2C,
GRIN2D, GRIN3A, and GRIN3B.

The first-identified NMDAR channel subunit, GluN1, was cloned and function-
ally expressed using a Xenopus oocyte expression system in 1991 (Moriyoshi et al.
1991). Subsequently, eight splice variants of the GluN1 subunit have been identified
(Yamazaki et al. 1992; Sugihara et al. 1992; Hollmann et al. 1993). These splice
variants show different spatiotemporal expression patterns, suggesting different
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regulatory mechanisms for splicing (Zhong et al. 1994; Laurie and Seeburg 1994).
The GIuN1 splice variants have four different cytoplasmic carboxy-terminal
domains (CTD) derived from alternative splicing. These four CTDs are involved in
functional modification, transport, surface expression, and membrane localization
of the GIuN1 subunit (Lau and Zukin 2007). The CTD variants are also involved in
the interaction of NMDAR with many postsynaptic scaffold proteins and signaling
molecules (Husi et al. 2000). The ligand-binding domain (LBD) of GluNI recog-
nizes D-serine or glycine, but not glutamate.

Members of a second NMDAR subunit subfamily (GluN2A, GluN2B, GluN2C,
and GluN2D) were subsequently identified (Meguro et al. 1992; Kutsuwada et al.
1992; Ikeda et al. 1992; Monyer et al. 1992; Ishii et al. 1993). The GIuN2 subunits
recognize glutamate. Combining GluN1 with one member of the GluN2 subfamily
can reconstitute highly active NMDAR channels, suggesting that active NMDAR is
composed of GluN1 and GluN2 heteromers. Native NMDARs include at least two
GluN1 subunits and two GluN2 subunits. Thus, NMDAR is an assembly of GluN1
and GIuN2 subunits (GluN1/GluN2) that constitute a dimer of heterodimers (het-
erotetramer) (Furukawa et al. 2005; Traynelis et al. 2010; Salussolia et al. 2011). A
triheteromeric tetramer composed of two GluN1 subunits, one GIuN2A subunit,
and one GluN2B subunit (GluN1/GluN2A/GluN2B) has also been observed (Sheng
et al. 1994). The molecular cloning of four distinct GIuN2 subunits reveals the
molecular diversity of NMDARSs. The properties of NMDARs composed of differ-
ent combinations of GIuN1 and GIuN2, such as their affinities for ligands, sensitivi-
ties to antagonists and modulators, and modulations of channel properties, are
dependent on the GIuN2 subunit. The intracellular CTD of the GIuN2 subunit is
also involved in interactions of the subunit with many postsynaptic scaffold proteins
and signaling molecules. The GluN2A subunit has two alternatively spliced carboxy
termini (Salussolia et al. 2011).

A third subfamily of NMDAR subunits (composed of GIuN3A and GluN3B)
was identified by PCR-based homology cloning (Ciabarra et al. 1995; Sucher et al.
1995; Matsuda et al. 2002). GluN3 subunits recognize glycine or D-serine. The
combination of GluN1, GluN3A, and GIluN3B constitutes glycine-gated cation
channels in mammalian cells (Smothers and Woodward 2007). In combination with
GluN1 and GluN2 subunits, the GIuN3 subunit decreases NMDAR channel activity.
Thus, GIuN3 is considered the inhibitory subunit of NMDAR (Smothers and
Woodward 2007). The coexpression of GluN3B with GluN1/GluN2A and GluN1/
GIluN2B heteromeric channels in Xenopus oocytes does not alter their sensitivities
to Mg?*, ketamine, isoflurane, NO, or ethanol (Yamakura et al. 2005). Recently,
functional GluN1/GIuN3A heteromeric channels are identified in mouse medial
habenula as an excitatory glycinergic NMDARs controlling of negatively valued
emotional associations (Otsu et al. 2019).
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3.2 Distribution of NMDAR Subunits

Knowledge of NMDAR localization in vivo is informative in the study of systemic
ketamine treatment. The spatiotemporal expression patterns of each NMDAR sub-
unit suggest the functional diversity of NMDARs in vivo. The GluN1 subunit is
expressed ubiquitously in the CNS from the embryonic to adult stages (Watanabe
et al. 1992, 1993). In the embryonic mouse CNS, GluN2B is expressed ubiqui-
tously, and GIuN2D is predominantly expressed in the brainstem (Watanabe et al.
1992, 1993). After birth, the expression of GIuN2B is restricted to the forebrain, and
expression levels of the GluN2D subunit markedly decrease. The expression of
GIluN2A is ubiquitous in the brain and enhanced after birth, and expression of
GIluN2C is restricted mainly to cerebellar granule cells. In the adult forebrain, tri-
heteromeric NMDAR (GIuN1/GluN2A/GIuN2B) has been identified (Sheng et al.
1994). Microscale analyses revealed distinct trafficking mechanism and functions
of the GluN1/GIluN2A and GluN1/GluN2B NMDARs to synaptic and extrasynaptic
regions (Hardingham and Bading 2010; Zhang et al. 2015). The expression levels of
GIluN3A are higher at younger stages and decrease later in life in many brain regions
(Wong et al. 2002). Expression levels of GluN3B are higher at younger stages of life
than later and are detected specifically in the pons, midbrain, medulla, and spinal
cord (Matsuda et al. 2002). The molecular mechanisms regulating these unique
expression patterns of NMDAR subunits have not been clarified. In addition to
expression of NMDAR subunits in the CNS, some NMDAR subunits have been
detected in peripheral tissues, such as the islets of Langerhans in the pancreas
(Moriyama and Hayashi 2003; Marquard et al. 2015), heart (Gill et al. 1998), bone
(Szczesniak et al. 2005), and cancer cells (Li and Hanahan 2013).

3.3 Structural and Functional Domains of NMDARs

GluR subunits possess a four-part modular domain structure. The amino-terminal
domain (ATD) and the LBD reside in the extracellular portion of the receptor. The
transmembrane domain (TMD) contains four hydrophobic membrane regions (M1
to M4) and defines the ion channel pore that is the site of action for open channel
blockers. Finally, there is an intracellular CTD.

3.3.1 ATD

Members of the GIluR channel family have 400- to 450-amino-acid-long ATDs
(Fig. 2). The ATDs of NMDAR subunits are not essential for channel activity but are
involved in the control of pharmacological and kinetic properties (Yuan et al. 2009).
The ATD has a clamshell-like structure composed of two R1 and R2 domains
(Karakas et al. 2009). The ATDs of GIuN2A and GIuN2B possess the sites for
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GIluN1 GIluN2
ATD ATD
LBD

+ Mg?*, Ketamine, Memamtine

Fig. 2 Schematic structures of heteromeric NMDARSs. Schematic structures of heterodimeric
GluN1/GluN2 NMDAR channels. Extracellular amino-terminal domains (ATDs), ligand-binding
domains (LBDs), transmembrane domains (TMDs), and intracellular carboxy-terminal domains
(CTDs) are indicated. Locations of the binding sites of endogenous ligands (glutamate and p-
serine/glycine), Mg?, and open channel blockers are shown. LBDs is formed by two extracellular
structures referred as S1 and S2. TMDs contain four hydrophobic membrane regions M1 to M4

inhibitory Zn?** binding and GluN2B-specific ifenprodil binding, respectively
(Karakas et al. 2009).

3.3.2 LBD

The endogenous neurotransmitter agonist for NMDARs is glutamate, but the full
activation of NMDAR requires concomitant binding of glutamate with a co-agonist,
glycine or D-serine (Kleckner and Dingledine 1988), to the LBDs of
NMDAR. Glutamate binds to the GluN2 subunit, and glycine or D-serine binds to
the GluN1 subunit. Thus, both the GluN1 and GluN2 subunits are essential for acti-
vation of NMDARs. Although glycine is abundant in the CNS, the co-agonist-
binding site of NMDARSs is not saturated with glycine because extracellular glycine
is actively taken up by highly expressed glycine transporters in the CNS (Zafra et al.
1995). A significant amount of free D-serine, which cannot be used for protein syn-
thesis, has been detected in the forebrain (Hashimoto et al. 1992). p-Serine is pro-
duced by the enzyme serine racemase (SRR) in the CNS (Wolosker et al. 1999).
Enzymatic degradation of D-serine reduces both spontaneous and evoked NMDAR
currents (Mothet et al. 2000), suggesting that D-serine is the predominant endoge-
nous co-agonist of NMDAR. The differential roles of the two co-agonists, glycine,
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and D-serine in the regulation of NMDARSs have been discussed extensively (Mothet
et al. 2015). The LBD is highly conserved in different GIuR families, and the LBD
of GluR is formed by two extracellular structures referred to as S1 and S2 (Stern-
Bach et al. 1994). S1 is located on the extracellular amino-terminal side near M1,
and S2 is located on the extracellular side between M3 and M4 (Fig. 2). Structures
of LBD show a clamshell-like conformation.

3.3.3 TMD

NMDAR channels have unique properties compared with non-NMDAR channels.
The activation of NMDAR requires the binding of two ligands (an agonist and co-
agonist) and release from extracellular Mg?* blocking in the channel pore. The posi-
tive charge of Mg?* causes Mg?* blocking of NMDAR by the electronic force of the
negative charge of a neuron under the physiological membrane potential of about
—70 mV. NMDAR is activated by the depolarization of membrane potential. Thus,
NMDAR:s are ligand-gated and voltage-dependent ion channels. Both properties are
necessary for detecting the coincidence of presynaptic excitation (glutamate release)
and postsynaptic activation (membrane depolarization). In order for this coinciden-
tal detection to function properly, Mg?** blocking is critical. With the opening of
NMDAR ion channels, the monovalent cations Na*™ and K* can enter and permeate
the channel, depending on their electronic and concentration gradients. In contrast
to non-NMDAR channels, Ca’* can selectively enter NMDAR channels and induce
intracellular Ca?*-dependent signal transduction in neurons. A low level of Ca’*
influx into neurons is necessary for the survival of neurons; however, excessive Ca**
influx induces neuronal damage and death.

The process by which agonist binding leads to channel opening of NMDARs
consists of three sequential steps: (1) agonist binding; (2) conformational changes
such as the clam shell closure of the LBD; and (3) further conformational change of
the ion channel pore to an open configuration. Introduction of mutations in the sec-
ond hydrophobic region (M2) of the TMD affects ion channel properties. Thus, M2
is critical in the formation of the ion channel pore. M2 possesses a critical aspara-
gine (N) residue that determines Mg** blocking and permeability to Ca** (Mori et al.
1992; Burnashev et al. 1992) (Fig. 3). The replacement of this N residue by gluta-
mine (Q) or arginine (R) was shown to reduce sensitivity to Mg and the open
channel blocker MK-801, suggesting that the binding site of MK-801 overlaps with
the Mg?*-binding site (Mori et al. 1992). Subsequent analyses suggested that the
topology of NMDAR subunits has a structure of three transmembrane helices (M1,
M3, and M4) and one loop (M2) (Fig. 2), and the M2 loop lines the inner cavity of
the ion channel pore. The functionally critical N residue in M2 of NMDAR is also
involved in channel blocking by NMDAR-specific open channel blockers (ket-
amine, PCP, MK-801, and memantine, as shown in Fig. 1), polyamines, and protons
(Yamakura et al. 1993; Kashiwagi et al. 2002).
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334 CTD

The GluN1 subunit of NMDAR can have four distinct carboxy-termini derived from
alternative splicing, and the GIuN2 subunit has a long carboxy-terminal region. The
CTD of NMDAR affects membrane targeting, stabilization, and degradation (Vissel
et al. 2001; Hayashi et al. 2009) and is modified by phosphorylation and palmi-
toylation. The CTD of NMDAR also provides interaction sites for many intracel-
lular proteins important for signal transduction and synaptic formation and is
involved in the formation of NMDAR complexes at the postsynaptic site (Husi
et al. 2000).

3.3.5 Crystal Structure of NMDAR with Open Channel Blockers

The expression of intact heteromeric NMDARSs is challenging because of the tech-
nical difficulties associated with overexpression, purification, and assembly of het-
erooligomers. With many methodological improvements in X-ray crystallography
and electron cryo-microscopy (cryo-EM), studies have revealed the structures of the
NMDAR subunit domains of Xenopus and rat (Karakas and Furukawa 2014; Lee
et al. 2014). The sites of action for ketamine, MK-801, and memantine might all
overlap in the TMD, as described previously. Neither crystal nor cryo-EM struc-
tures of heteromeric NMDARs in complex with ketamine have been reported, likely
due to the low affinity of ketamine for NMDARs. In contrast, cryo-EM density
maps and electron density maps from X-ray crystallography of the TMD have iden-
tified the site and mode of MK-801 and memantine binding (Song et al. 2018). The
M3 helix is a critical structural determinant linking agonist binding to channel
opening. The M3, M2, and the pore loop (P-loop) have shown well-defined densi-
ties (Lu et al. 2017). A complex with MK-801, the M3 helix, and the tip of the
P-loop forms a pyramidal vestibule harboring an elliptical density feature represent-
ing a trapped MK-801 molecule, with its two aromatic rings positioned toward the
M3 helices of the GluN2 subunits (Song et al. 2018; Lu et al. 2017). The amine
group of MK-801 formed stable hydrogen bonds with the two P-loop asparagine
(N) residues in M2 (Song et al. 2018) (Fig. 4). Memantine also binds at a location
nearly identical to the binding site of MK-801. Because of the 100-fold lower affin-
ity of memantine for NMDAR compared with MK-801, fine mapping of the
ketamine-binding site in the crystal structure of NMDAR is expected in the future.
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Fig. 4 Schematic representation of open channel blocking of NMDARs. Representation of the
putative ketamine-binding site in the pore and vestibular regions based on the crystal structures of
NMDAR with MK-801 and memantine modified from (Song et al. 2018). Loop (line) and helix
(bar) in M2 and helix in M3 are indicated with the critical asparagine (N) residues. Channel block-
ers induce channel closure (arrows)

4 Site of Ketamine Action on NMDARs

4.1 In Vitro Studies

The effects of ketamine and other open channel blockers on the activity of recombi-
nant heteromeric NMDAR channels expressed in Xenopus oocytes and mammalian
cells have been examined. The sensitivities to ketamine and PCP of four NMDAR
channels (GluN1/GluN2A, GluN1/GluN2B, GluN1/GluN2C, and GluN1/GluN2D)
expressed in Xenopus oocytes are similar (Yamakura et al. 1993). The GluN1/
GluN2A and GluN1/GIluN2B channels were more sensitive to MK-801 than the
GluN1/GluN2C and GluN1/GIluN2D channels. Because the affinity for MK-801 is
higher than that for ketamine or PCP, the suppressive effects of ketamine and PCP
on recombinant heteromeric NMDARSs are reversible, but the effects of MK-801 are
not. As mentioned above, the effects of mutation of a critical N residue in M2 on
Mg?* blocking, inhibition by ketamine, PCP, and MK-801 are similar. These results
suggest that Mg?*, PCP, ketamine, and MK-801 act at a common site on NMDARs.
Furthermore, the suppressive effects of ketamine on recombinant heteromeric
NMDARs expressed in mammalian cells are dependent on the presence of Mg?*. At
an extracellular Mg?* concentration of 1 mM, ketamine concentration—inhibition
curves of recombinant heteromeric NMDARSs were right shifted. Under these con-
ditions, the GluN1/GIluN2C channel is the most sensitive to ketamine among GluN1/
GluN2 channels (Kotermanski and Johnson 2009). The sensitivity to memantine,
another NMDAR open channel blocker, is also affected by the presence of Mg?*.
These results suggest that (1) the sensitivity of NMDAR blocking sites to Mg?*,



58 H. Mori

ketamine, PCP, and memantine is dependent on the constituent GluN2 subunit and
(2) these blocking sites are overlapped.

4.2 In Vivo Studies

Antidepressant phenotypes and the effects of ketamine have been examined using
NMDAR gene-manipulated mouse strains. Because the GluN1 subunit is expressed
in the entire brain from the embryonic stage and is necessary for NMDAR channel
activity, GluN1-knockout (KO) mice die immediately after birth due to respiratory
failure (Forrest et al. 1994; Li et al. 1994). The contribution of GluN1 to depressive
or antidepressive phenotypes is unknown. Cre-recombinase-mediated conditional
(spatiotemporally selective) GIuN1-KO mice have been established (Tsien et al.
1996; McHugh et al. 1996; Iwasato et al. 2000; Nakazawa et al. 2002), and condi-
tional KO strains will be useful for assessing behavioral effects of ketamine
treatment.

GluN2A-KO mice are viable and grow normally but show impaired synaptic
plasticity, spatial learning, and motor learning in the adult stage (Sakimura et al.
1995; Kiyama et al. 1998; Kishimoto et al. 2001). Furthermore, GIuN2A-KO mice
show some schizophrenia-like phenotypes (Miyamoto et al. 2001), supporting the
hypo-NMDAR function hypothesis of schizophrenia. The effect of ketamine treat-
ment on GIuN2A-KO mice was evaluated with a righting reflex test. The GluN2A-
mutant mice were more resistant to ketamine than control mice, suggesting
involvement of the GIuN2A subunit in ketamine sensitivity in vivo (Petrenko et al.
2004). Furthermore, GIuN2A-KO mice are resistant to inflammation-induced
depression (Francija et al. 2019).

The GluN2B subunit is predominantly expressed throughout the brain at embry-
onic and neonatal stages. GIuN2B-KO mice die immediately after birth because of
impaired neural network formation and loss of the suckling response (Kutsuwada
etal. 1996). Principal cortical neuron-specific GluN2B conditional KO mice showed
decreased despair-like (antidepressive) behaviors and showed no effects from ket-
amine treatment (Miller et al. 2014). Furthermore, treatment of wild-type mice with
the GluN2B-selective antagonist Ro 25-6981 induced an antidepressive state (Miller
et al. 2014). These findings support the “direct inhibition hypothesis™ of the anti-
depressive effects of ketamine, as described later.

As described above, GIuN2C-containing heteromeric recombinant NMDAR
channels in vitro show higher affinity to ketamine under the more physiological
condition of 1 mM Mg?* (Kotermanski and Johnson 2009). GluN2C-KO mice show
hypo-NMDAR and schizophrenia-related behaviors, but the effects of ketamine
treatment have not been reported (Hillman et al. 2011).

Expression of GIuN2D has been observed in GABAergic interneurons, suggest-
ing a distinct function of this subunit (Yamasaki et al. 2014). GluN2D-KO mice
show normal development and breeding but show some indications of an impaired
emotional state (Ikeda et al. 1995; Miyamoto et al. 2002). PCP-induced
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hyperlocomotion, motor impairment, and increased dopamine levels were not
observed in GluN2D-KO mice (Yamamoto et al. 2013; Hagino et al. 2010).
Ketamine-induced locomotor sensitization, increased brain activation (detected
with the uptake of 2-deoxyglucose), and increased cortical gamma-band oscillatory
power were also not observed in GluN2D-KO mice (Sapkota et al. 2016; Yamamoto
et al. 2016). Ketamine is an arylcycloalkylamine that exists as a racemic mixture of
S and R isomers (Fig. 1). Purified (S)-ketamine has a higher affinity to NMDAR
than the R isomer (Hashimoto 2019). Interestingly, (R)-ketamine induces sustained
antidepressive effects in control mice but not in GluN2D-KO mice (Ide et al. 2017,
2019). These data suggest a critical role for the GluN2D subunit and its expressing
neurons in the antidepressive effects of ketamine.

As mentioned above, D-serine produced by SRR is an endogenous co-agonist of
NMDARs. SRR-KO mice showed reduced p-serine (about 10% of control) in fore-
brain regions and hypo-NMDAR functional states (Inoue et al. 2008; Basu et al.
2009). Although the effects of ketamine in SRR-KO mice were not examined,
SRR-KO mice showed antidepressive phenotypes against chronic social defeat
stress (Dong et al. 2018).

The above analyses using NMDAR-specific and -related gene-manipulated
mouse strains suggest (1) differential roles of GluN2 subunits and their expressing
neurons in ketamine action; (2) hypo-NMDAR states induce schizophrenia-like
behavioral changes like ketamine treatment; and (3) some hypo-NMDAR states are
related with antidepressive phenotypes, as with ketamine-induced antidepressive
phenotypes.

4.3 Possible Network Mechanisms of Antidepressant Effect
of Ketamine

Single- and low-dose ketamine treatments result in fast-onset and continuous anti-
depressant effect. Ketamine treatment induces activation in the prefrontal cortex
(PFC) of the brain. fMRI and FDG-PET studies have revealed accumulation of
FDG, suggesting activation of the brain regions with the treatment. In experimental
animals, antidepressive phenotypes induced by ketamine treatment are associated
with an increase in translation of proteins, including brain-derived neurotrophic fac-
tor (Autry et al. 2011).

There are two hypotheses for the mechanisms of action of ketamine at the neural
level (Miller et al. 2016). The first is called the “direct hypothesis” because the
direct inhibition of NMDARs on cortical pyramidal (excitatory) neurons by ket-
amine is thought to induce homeostatic and compensatory activation of the excita-
tion. This hypothesis is supported by evidence from a model mouse in which the
GIluN2B subunit is selectively removed in cortical pyramidal neurons (Miller et al.
2014). One target brain region for the antidepressant effects of ketamine is the
PFC. This mouse model showed enhanced protein synthesis rates and increased
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excitatory drive in pyramidal neurons of the PFC. Furthermore, this mouse model
mimics and occludes the behavioral action of ketamine. Infusion of a GluN2B-
selective NMDAR antagonist into the PFC also mimics the antidepressant effects of
ketamine. In contrast, the “indirect hypothesis” proposes that low doses of ketamine
selectively suppress NMDARs on cortical inhibitory interneurons, leading to disin-
hibition and indirect excitation of excitatory pyramidal neurons. This then leads to
protein synthesis, activity-dependent synaptic plasticity, and increased excitatory
synaptic drive. This hypothesis is supported with the evidence that parvalbumin-
positive inhibitory interneurons in the PFC are fast-spiking (high frequency of
action potentials) and NMDARs on interneurons are tonically active and more sen-
sitive to the NMDAR open channel blocker ketamine than excitatory pyramidal
neurons (Li et al. 2002). In addition to the findings mentioned above, there are many
studies both supporting and contradicting each of these hypotheses (Miller et al.
2016). Furthermore, a critical role for neural networks in the lateral habenular has
been proposed in the antidepressive effects of ketamine (Cui et al. 2019).

5 Other Possibilities

5.1 Target Molecules of Ketamine Other Than NMDARs

In addition to being an NMDAR open channel blocker, ketamine also acts on other
targets such as L-type voltage-dependent Ca** channels (Yamakage et al. 1995),
hyperpolarization-activated cyclic nucleotide channels (Chen et al. 2009; Zhou
et al. 2013), the serotonin reuptake system (Martin et al. 1982), and large-
conductance K¢, channels (BK channels) (Hayashi et al. 2011). The possible roles
of these targets in the antidepressive effects of ketamine have not been resolved at
present.

5.2 Effects of Ketamine Metabolites

(R,S)-ketamine is metabolized to (2S,6S;2R,6R)-hydroxynorketamine (HNK)
in vivo. One of the enantiomers, (2R,6R)-HNK, showed antidepressant effects in
mice. These antidepressant effects are independent of NMDAR blocking but involve
early and sustained activation of AMPA receptors (Zanos et al. 2016). However, the
antidepressive effects of (2R,6R)-HNK were not observed in chronic social defeat
stress and lipopolysaccharide-induced depression models (Yang et al. 2017).
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6 Conclusions and Perspectives

Ketamine treatment results in a fast-onset and continuous antidepressant effect. The
main targets of ketamine are NMDARs. NMDARs in the brain are spatiotemporal
heterogenous populations. Furthermore, the functions of NMDARSs are modulated
by many endogenous and exogenous substances. Fine crystal or cryo-EM structure
of ketamine-NMDAR complex is yet to be determined. Information from fine crys-
tal and dynamic ketamine-NMDAR structures will potentially lead to the develop-
ment of novel antidepressants for therapeutic applications.
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Synaptic Modulation in the Effect )
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Daisuke Okada

Abstract Our central nervous system constantly instructs movements, generates
recognition, and calculates value and emotion. Constant adaptation to the environ-
ment may be achieved by the integration of emotion/reward and recognition. Some
diseases of mind may come from failure in making integration adaptive to environ-
ment. Neuronal circuits are established by the experience-dependent synaptic plas-
ticity of glutamatergic neurons. Many of such main routes are equipped with the
recurrent inhibition by GABAergic interneurons and regulated by monoaminergic
modulation representing the reward and emotion. Major depression disease is con-
sidered as a state of dysfunction of these circuits which is here referred to as malad-
aptation. Studies of antidepressant mechanisms of ketamine include how stress
induces changes in the original circuit, and how ketamine achieves the recovery of
its function. In this chapter both lines of studies are discussed from the view points
of the excitatory synapse hypothesis of major depression, and mechanisms of tran-
sient and persistent synaptic plasticity including reconsolidation and extinction
learning.

Keywords Ketamine - Enantiomers - Hydroxynorketamine - NMDA receptor -
Neuronal circuit - Synaptic plasticity - Maladaptation - Associativity - BDNF

1 Introduction

This chapter briefly introduces molecular and cellular mechanisms of persistent
memory to discuss their possible involvement in major depression disease (MDD),
and antidepressant actions of ketamine and its related compounds including
metabolites.
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1.1 Ketamine as a Unique Antidepressant

Ketamine has been known as a dissociative anesthetic and an analgesic (Tyler et al.
2017). As a psychotomimetic drug, ketamine elicits both positive and negative
symptoms which bear close resemblance to schizophrenia (Krystal et al. 1994).
Now ketamine is attracting significant attention as a unique antidepressant in many
aspects (Berman et al. 2000). First, ketamine shows rapid and persistent effects as
an antidepressant. Remission appears in MDD patients within 2 h after intravenous
injection of ketamine and lasts for a week (Zarate et al. 2006). Second, ketamine has
wider therapeutic effects on mood disorders. It alleviates refractory MDD which
does not respond to conventional antidepressants such as SSRIs (Zarate et al. 2006).
It also reduces suicidal thought (Wilkinson et al. 2018) and is effective also on bipo-
lar disease (Diazgranados et al. 2010). Extensive efforts have been made to under-
stand the mechanisms underlying the antidepressant effect of ketamine, which will
lead us to invent a better antidepressant without aversive effects of ketamine. The
rapid and persistent effect implies that ketamine attacks the center of the neuronal
mechanisms by which depressive symptoms are produced. Studies further found
that ketamine enhanced synaptic plasticity which is associated with expression of
brain-derived neurotrophic factor (BDNF), another compound known to suppress
depression (Shirayama et al. 2002). Recently, it was found that (2R,6R)-
hydroxynorketamine (HNK), one of the ketamine metabolites, has the antidepres-
sant effect like ketamine (Zanos et al. 2016, 2017; Suzuki et al. 2017). (R)-HNK
at antidepressant-relevant concentrations did not affect N-methyl-D-aspartate
(NMDA) receptor currents (Suzuki et al. 2017; Zanos et al. 2017), indicating that
ketamine interacts with unknown target molecules other than NMDA receptors to
show antidepressant effects.

1.2 Antidepressant Actions of Ketamine and Circuit Behaviors

Ketamine is known as a noncompetitive antagonist of the NMDA-type of glutamate
receptors (Anis et al. 1983). NMDA receptor plays pivotal roles in synaptic plastic-
ity (Collingridge etal. 1983), which is the central mechanism underlying experience-
dependent establishment and maintenance of neuronal circuits in the brain (Neves
et al. 2008). Because ketamine blocks NMDA receptor, it is likely that ketamine
blocks plastic changes in glutamatergic synapses. However, it is reported that ket-
amine facilitates long-term potentiation (LTP), a typical mode of synaptic plasticity
associated with sustained enhancement of synaptic transmission. Ketamine
enhances responses of a-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA) receptors, another and the major glutamate receptors that generate excit-
atory postsynaptic potentials. In addition, ketamine induces the expression of
BDNEF, which happens in persistent LTP (Autry et al. 2011). Furthermore, ketamine
administration enhanced gamma wave oscillation, a phasic brain activity enhanced
during higher brain functions (Nugent et al. 2018). These observations collectively
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indicate that ketamine elicits the activation of neuronal connection through LTP-
like enhancement of glutamatergic synapses.

1.3 Reconsolidation and Excitatory Synapse Hypothesis

Synaptic plasticity has been studied as a cellular basis of activity-dependent forma-
tion and maintenance of neuronal circuit (Bliss and Lgmo 1973). Among higher
functions of the brain, memory can be tested through behavioral tests in human and
laboratory animals. LTP is currently considered as the cellular basis of establish-
ment and maintenance of memory.

Episodic memory is memories of everyday life events, including context such as
space, time order, persons and objects, and novelty, and generated in the hippocam-
pus. Simultaneously, emotional values are calculated in another limbic structure, the
amygdale. Episodic memory is acquired by experience, and its retention periods are
related to the strength of the emotional impact or attention during experience. The
strong memory is “consolidated” after the acquisition and can be recalled long after
the experience (consolidation of the memory) (Wang and Morris 2010).

When the second experience results in a similar consequence to the first, the
memory is enhanced. This reconsolidation is a mechanism of maintenance and even
reinforcement of the original memory after recall (Wang and Morris 2010). On the
other hand, when the second experience results in a different consequence from the
first, recall of the memory of the first experience is inhibited. Sometimes a new
memory is built for the second experience (Phelps et al. 2004). This is extinction
learning. Aversive memories can be reduced by facilitating extinction learning or
inhibition of reconsolidation (Lee et al. 2006; Shiller et al. 2010).

The excitatory synapse hypothesis of MDD (Thompson et al. 2015) considers
the possibility that glutamatergic synapses in the corticomesolimbic reward circuit
are affected by chronic stress. This system includes dopaminergic and serotonergic
modulation of glutamate outputs, in accordance with the effects of many antidepres-
sant drugs. However, this idea by itself does not explain the long-lasting effect of
ketamine, which is a characteristic advantage of ketamine. Memory mechanisms
based on the synaptic plasticity and reconsolidation may explain MDD as learned
maladaptation of the neuronal circuits representing emotion and memory.

Plasticity-dependent maladaptive circuit hypothesis (Fig. 1) may suggest mech-
anisms of ketamine action. When experience is modest, synaptic plasticity makes
the neuronal circuit functions adapted to the environments (Fig. 1a), while succes-
sive stressful experience modulates monoaminergic transmission and generates
maladaptation of neuronal circuit (Fig. 1b). Ketamine blocks the activity of the
malfunctioning circuit by interacting with NMDA receptor or other target mole-
cules. Also, ketamine is considered to elicit a sustained recovery of the healthy
behaviors through a revival of the original, adapted circuit or the activation of sub-
stituting circuits (Fig. 1¢). Antidepressants having affinity to glutamatergic circuits
such as ketamine may inhibit reconsolidation and reduces reinforcement effects of
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continuous stress. Alternatively, they may facilitate extinction learning. The reward
circuit may be the major target, but it includes multiple regions such as the medial
prefrontal cortex, the hippocampus, the nucleus accumbens, the ventral tegmental
area, the amygdala, and the lateral habenula. Furthermore,multiple targets for the
antidepressant action of ketamine (Zanos et al. 2016) are suggested. To evaluate the
hypothesis, region and target molecules of ketamine action should be specified.
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Fig. 1 Plasticity-dependent maladaptive circuit hypothesis. (a) Sensory inputs from environments
and internal conditions in ordinary everyday life (shaded circle at the left) usually establish (thick
arrow) adaptive neuronal circuits (meshed circle in center) through persistent plasticity. Unusual
inputs (open circle at the left) usually fail to establish its circuit (dotted arrow). (b) Stress may give
different types of inputs to the neurons which cause transient changes in behaviors. Prolonged or
recursive stressful life generates persistent plasticity probably through activation of the mono-
amine modulatory inputs of the reward and emotional systems (thick arrow). The neuronal circuit
specifically responding to robust but rare inputs will be established; however, it is not adaptive to
usual environment (open arrow). In MDD, normal adaptive circuit may be masked (dotted arrow).
(c) Ketamine is supposed to have two effects on the maladaptive circuits. First, sensory integration
involving irrelevant signals, which is dominant in MDD, is inhibited by effects of ketamine (a cross
on thin arrow) by means of transient disruption of transmission or inhibition of reconsolidation of
the irrelevant circuit. Second, the adaptive circuit is restored by BDNF-dependent LTP. Two ways
of restoration are considered. Case 1 is substitution (thick arrow from hatched circle that is repre-
sentative of alternative adaptive conditions, at the left), which is achieved by establishment of a
distinct link between sensory and integration systems by consolidation. Case 2 is revival (growing
arrow from shaded circle), which is achieved by reactivation of the original adaptive circuit by
extinction learning. Both possibilities suggest that the ketamine action should be long lasting to
complete the remission. To make appropriate LTP, the context recognition of the patient should be
supported, for example by association of occupational therapy
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2 Persistent Synaptic Plasticity, Consolidation
and Reconsolidation of Memory

Here, I summarize molecular and cellular mechanisms of synaptic plasticity, which
may be critically involved in antidepressant effects of ketamine.

2.1 Synaptic Plasticity and Neuronal Circuit Formation

Brain functions are executed by neuronal circuits in which neurons are connected
by synapses. Presynaptic release of neurotransmitters depolarizes (EPSP) or hyper-
polarizes (IPSP) the postsynaptic cell by binding to postsynaptic receptors.
Amplitude of postsynaptic potentials is variable (graded). When the depolarization
at the initial segment of the postsynaptic axon exceeds the threshold, action poten-
tials are evoked (firing), by which the excitation of the postsynaptic cell is trans-
ferred to the next cells. Thus, a neuronal circuit is composed of neurons linked to
each other by dominant synapses which frequently contribute to firing of the post-
synaptic cells.

Observation of unitary transmission revealed that principal neurons in the central
nervous system (CNS) often fail to evoke EPSP, suggesting that the transmission
has low efficiency. Furthermore, among many EPSP-evoking events, a limited num-
ber of EPSP can contribute to generate action potentials. How a synapse becomes
dominant? Efficacy of synaptic transmission is regulated by several mechanisms,
among which use-dependent plasticity is a mechanism that allows the circuit to
behave in a manner adaptive to the environment. Hebb (1949) proposed a hypothe-
sis in which functional neuronal circuits are established by a rule of “win for the
used.” Namely, a synapse may be dominant and survive if its activity frequently
contributes to postsynaptic firing. Each of the principal neurons in the brain, such as
pyramidal cells in the cerebral cortices, has tens of thousands of synapses receiving
distinct presynaptic fibers carrying distinct activities from a variety of precedent
neurons. Dominant synapse selectively carries one of such activities that frequently
happen in the given environment. Synaptic plasticity is a mechanism by which dom-
inant synapses are made in an activity-dependent manner. Plastic modulation of
projection neurons is likely to contribute in making functional connections between
distant brain areas.

Another possible role of plasticity may be the association. One neuron receives
multiple input signals at different synapses which are mutually independent, while
a neuron has only one output axon. Therefore, a single neuron can participate in
multiple lines of signals through different synapses. This may cause the association
of distinct events. Association of memory may be important to construct the abstract
and collective concepts, our intelligence, and even our personality. Although these
considerations are not supported by experimental evidence, we can imagine that if
such an association accidentally takes place among irrelevant experiences, the brain
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recognizes the experience, or environment, with irrelevant value. In this chapter,
maladaptation of neuronal circuit means misassociation between signals in the
reward system which leads to dysfunction of the system.

2.2 Synaptic Plasticity

LTP was found by Bliss and Lgmo (1973) in perforant path/granule cell synapses in
the rabbit dentate gyrus and seemed to conform to Hebb’s hypothesis. The LTP
establishment includes presynaptic, postsynaptic, and perisynaptic mechanisms,
and a dominant mechanism governing the LTP seems to differ between synapses.
LTP in the hippocampal CA1 pyramidal cell/Schaffer collateral synapses as well as
the dentate gyrus granule cell/perforant path synapses occurs predominantly under
the postsynaptic mechanisms. LTD (long-term depression, a plastic decrease of syn-
aptic transmission) in Purkinje cell/parallel fiber synapse occurs also by the post-
synaptic mechanism. In contrast, LTP in the hippocampal CA3 pyramidal cell/
mossy fiber synapse occurs predominantly under the presynaptic mechanism. It is
noted that synaptic efficacy can be altered by changes in every one of the residents
of synapses, such as transmitter availability, exocytosis kinetics, synaptic cleft
geometry, availability and sensitivity of postsynaptic receptors, and excitability.
Research with superresolution microscopy revealed that presynaptic and postsynap-
tic machinery are allocated so that transmission occurs effectively. For instance,
presynaptic centers of exocytosis and postsynaptic receptor scaffolding proteins are
localized face-to-face in the synaptic membranes (Sakamoto et al. 2018).

Although LTP was found in vivo experiments, its molecular mechanisms were
revealed mainly by electrophysiological and cell biological experiments using acute
brain slices. Transient, short-term LTP was evoked in CA1 of hippocampal slices by
electrical stimulation of presynaptic axons at 100 Hz for 1 s (for example Okada
et al. 1989). Spike-timing dependent plasticity in the cerebral cortex was usually
evoked by brief depolarization of postsynaptic cell together with weak activation of
presynaptic axon (Markram et al. 1997). In CA1 and dentate synapses, these stimuli
activate NMDA receptor, which resulted in an increase in the number of AMPA-
type glutamate receptors (functional plasticity), mainly GluA1 subunits, expressed
in postsynaptic plasma membranes (surface expression) (Shi et al. 2001). It is asso-
ciated with spine head enlargement by actin filament polymerization (morphologi-
cal plasticity) (Matsuzaki et al. 2004). LTD in this synapse is a persistent decrease
in EPSP amplitude and spine shrinkage (Zhou et al. 2004). LTD is a distinct type of
plasticity and should be discriminated from depotentiation which is a counterreac-
tion of LTP (Malenka and Bear 2004). These changes are regulated by the kinase
cascade reactions, including calcium-calmodulin-dependent kinases (CaMKs) and
mitogen-activated protein kinases (MAPKs) (Thomas and Huganir 2004). The
effects of protein phosphorylation are reversible due to dephosphorylation and
ubiquitin-dependent degradation of the protein (Jouvenceau et al. 2003). Thus, the
expression of short-term LTP depends on phosphorylation of preexisting synaptic
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proteins. It is reversible and referred to as transient LTP. Expression mechanisms of
LTP/LTD differ among synapses. For example, the reduction in spine head diameter
is not observed in LTD of cerebellar Purkinje cell/parallel fiber synapses (Sdrulla
and Linden 2010).

2.3 Molecular and Cellular Mechanisms of the Transient LTP

Establishment of transient LTP has three important characteristics: cooperativity,
input-specificity, and associativity. Studies of the molecular mechanisms of LTP
revealed relevance of these features in memory.

1. Cooperativity: Strong input is required for LTP establishment.

Strong input is supplied by repetitive activity at high frequency of the presyn-
aptic cell or robust depolarization of postsynaptic cell by activity of a second
presynaptic axon. Sensory system always receives signals from the outer world
and conditions of the body. Therefore, if LTP arises from tiny excitation of neu-
rons, our sensation may be filled up with noise. Synaptic plasticity with coopera-
tivity guarantees the stable and contrasted sensation, which may be advantageous
for adaptive behaviors.

The magnitude of Ca** influx (peak and duration) is an essential determinant
for direction of the plastic change (Mizuno et al. 2001), suggesting that the coop-
erativity of LTP is regulated by intracellular Ca®* concentrations (Malenka et al.
1988). The spike timing-dependent plasticity protocol revealed that higher intra-
cellular Ca®* concentrations lead to LTP, while LTD appears in lower Ca** con-
centrations (Dan and Poo 2004).

2. Input specificity: LTP is established exclusively in the synapse which received
inputs sufficient for the cooperativity.

LTP in one synapse is known to activate surrounding synapses by diffusion of
activated molecules (Hedrick and Yasuda 2017), which alters the sensitivity of
the neighboring synapse for triggering plasticity, a phenomenon known as meta-
plasticity. However, in general, crosstalk between the original synapse and unre-
lated axons having distinct information is prevented by the input specificity
mechanisms, so that the cooperative activity evokes LTP only in the selected
synapses. The coincidence detection mechanisms such as the depolarization-
induced release of Mg**-blockade of NMDA receptor is known as the input-
specificity mechanisms of short-term plasticity (Tsien 2000). This mechanism
evokes robust intracellular Ca?* influx only when both pre- and postsynaptic
cells are depolarized in CA1 pyramidal cells (Nowak et al. 1984). The postsyn-
aptic Ca”* increase evokes LTP which is confined in these synapses.

Optogenetic experiments with genetically modified mice showed that the
memory of the learned tasks was recalled by reactivation of synapses which had
been activated during learning (training in experiments) (Liu et al. 2014),
whereas specific ablation of the synapses that had been activated during training
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selectively destroyed the memory of the learned task (Hayashi-Takagi et al.
2015). These results strongly support the synapse-dependent formation of neuro-
nal circuit according to Hebb’s hypothesis.

Input-specific LTP supports establishment of the input-relevant circuit.
Failure in the input-specificity mechanism may cause dysfunction of the circuit.
It is possible that the malfunction of input-specificity causes irrelevant coupling
of unrelated experiences. This may cause erroneous or inadequate recognition.
In MDD, confused association of thoughts or emotion may cause irregular
thoughts characteristic of the patients.

. Associativity: When robust depolarization and a weak input come to a neuron

simultaneously, LTP appears in both synapses. The LTP evoked in weakly stimu-
lated synapse in association with strong heterosynaptic activity is called associa-
tive LTP.

Associative plasticity is a cellular model of association memory. Behavioral experi-

ments indicate that associative memory is formed by training using combinatorial
stimuli, a learning protocol known as classical conditioning. Consider that the ““stim-
ulus A” evokes the “behavior A”, while the “stimulus B” evokes the “behavior B”.
Importantly, the “stimulus A” does not evoke the “behavior B” by itself. When
both “stimulus A and ““stimulus B” are given simultaneously, the animal sometimes
learns the connection between two stimuli and then the “stimulus A” becomes to
evoke the “behavior B”. In psychological protocol of the conditioned learning, ““stim-
ulus A” is the conditioned stimulus, and ‘“‘stimulus B” is the unconditioned
stimulus.

To make an associative memory, it is assumed that the synapse commonly activated

by both stimuli A and B should be generated in a neuron participating in the
circuit. Such common synapses are referred to as behavioral tag (Ballarini et al.
2009; Nomoto et al. 2016). Recent study demonstrated that the association of
false memory can be artificially established, suggesting that the behavioral
tag associated two behaviours (Ohkawa et al. 2015). The behavioral tagging
mechanism suggests a hypothesis for MDD, in which the maladaptive neuronal
circuit is formed by irrelevant selection of association pair. Continuous experi-
ence of extreme life events or hard environments may affect emotional circuits
which in turn enhance plasticity to form the behavioral tag in irrelevant synapse
leading to maladaptive behaviors.

2.4 Consolidation of Episodic Memory and Its Molecular

Components

Synaptic plasticity has the possibility to be a major mechanism to establish mal-
adaptive neuronal circuit that can be related to MDD. Although transient LTP or
LTD is reversible, the MDD pathology is long lasting, suggesting that ketamine is
likely to affect the persistent type of plasticity.



Synaptic Modulation in the Effect of Ketamine 77

Long-lasting memory can be recalled by looking back long time after the initial
experience. According to psychology of the memory, long-lasting memories are
consolidated as a stable memory. In the words of neuronal cell biology, memory
consolidation is establishment of a stable neuronal circuit, in other words, synaptic
connections between neurons become stably robust. These neurons are reactivated
synchronously by a cue input of a component of the episode, which is recall of the
memory. Consolidation of memory is considered to be supported by persistent syn-
aptic plasticity which requires the following four cellular events (Reymann and
Frey 2007):

1. Transient plasticity: In the persistent LTP, both functional and morphological
changes evoked in the transient LTP become persistent. Synaptic functions and
structures are changed by transient LTP, which may work as the preparation for
the persistent reforming of synapse by newly synthesized proteins (Inoue et al.
2007).

2. de novo protein synthesis: Persistent LTP requires induction of gene expression
and is blocked by inhibitors of transcription and protein synthesis. Long-term
memory requires reinforcement inputs such as dopamine transmission which
activates cyclic AMP-responsive element (CRE)-dependent induction of tran-
scription (Silva et al. 1998). Although the precise nature of reinforcement inputs
is not clear, persistent LTP enhances CRE binding protein phosphorylation in
the nucleus and new protein synthesis takes place in the soma and dendrites.
Animal experiments reported that expression of about 800 genes was changed
with various time lags according to genes (Ryan et al. 2012). Since newly syn-
thesized protein is the critical for the persistent plasticity, cooperativity of per-
sistent LTP is assigned to protein synthesis-evoking stimulus such as
dopaminergic input.

3. Allocation mechanism of newly synthesized proteins: Newly synthesized pro-
teins function only in the activated synapses. Following two mechanisms are
known to manage this. These mechanisms support input-specificity of the persis-
tent plasticity through localization of the newly synthesized proteins.

“Synaptic tagging and capture” hypothesis assumes that the transient plastic-
ity activates the “synaptic tag” in the activated synapses. A synaptic tag enables
the newly synthesized synaptic proteins to function in the synapse to cause per-
sistent plasticity (Frey and Morris 1997). This hypothesis assumes that the newly
synthesized proteins in soma are unspecifically transported along most of den-
drites, while these proteins function specifically in the synapse where the tran-
sient plasticity took place (Sajikumar and Frey 2004). Molecular mechanism of
synaptic tagging for Homer-la protein was unraveled (Okada et al. 2009).
Protein trafficking is not free between dendritic spine and dendrite (Bloodgood
and Sabatini 2005). Homer-1a protein is synthesized in soma, unspecifically
transported in most dendrites, and then enters spines only where synaptic NMDA
receptor is activated. Thus, the synaptic tag of Homer-1a protein is the activity-
dependent regulation of spine entry of the protein. Synaptic tags are possibly
variable depending on proteins.
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Local synthesis is another allocation mechanism that supplies proteins such
as Ark and GluAl, by translation in dendrites, at the gate of spines or within
spines (Everwine et al. 2001). Local synthesis occurs in a mTORC-dependent
manner, using preexisting translational machinery such as initiation and elonga-
tion factors and ribosomes (Schuman 1999). The dendritic transport of the
mRNA of particular genes is the important component of local synthesis (Wang
et al. 2009). AMPA receptors synthesized in the dendrites are incorporated in the
synaptic plasma membranes (Ju et al. 2004). Experiments suggested that both
local synthesis and synaptic tagging are necessary for persistent associative LTP
and they are likely not mutually exclusive. Ryan et al. (2012) reported that
changes in expression of over 800 genes were detected during 5 and 24 h after
induction of persistent LTP in vivo, which shows different sets of genes are acti-
vated at different time, probably due to the cascade activation of transcription
factors. Therefore, synaptic tagging and local synthesis may regulate allocation
of distinct sets of gene products within the distinct time windows (Okada and
Inokuchi 2015).

4. Reconstruction of the synapse: Persistent LTP enhances AMPA receptor-
dependent current, spine head diameter, and postsynaptic density (PSD) size in a
sustained manner. Newly synthesized proteins are localized in the activated syn-
apses, and believed to reconstruct the molecular architecture of the synapse so
that enhanced numbers of synaptic molecules may function stably. To recon-
struct synaptic molecular complex, the existing complex is destroyed at first.
This scrap-and-build process reforms the enlarged synapse, thereby achieving
stable enhancement of synaptic function and morphology. For example,
Homer-1c makes scaffolding networks in the PSD (Hayashi et al. 2009).
Homer-1a is an immediate early gene activated in persistent LTP in the hippo-
campal CAl and induces breakdown of the Homer-1c-dependent protein com-
plex in the PSD, and this breakdown is necessary for building the enlarged
Homer-1c complex (Inoue et al. 2007).

2.5 Recall and Reconsolidation of Episodic Memory

Neuronal circuit that supports an episodic memory is established by transient plas-
ticity at the moment of experience. It is stabilized (consolidated) by persistent plas-
ticity, which is associated with stable enlargement of postsynaptic protein complex.
However, the memory recall by presentation of cues that remind the original experi-
ence is known to destroy the synaptic molecular complexes by ubiquitin-proteasome
systems (Lee et al. 2008). Nevertheless, a second or a third presentation of the epi-
sode often succeeds recalling the memory, suggesting that the recall cue both
destroys the consolidated synaptic complex and builds it again to hold the memory.
In our everyday life, one can notice that a second memory often differs from the first
impression. Actually, the molecular structure supporting the first memory is
destroyed by recall and rebuilt anew by reconsolidation mechanism. Reconsolidation
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of the hippocampal contextual memory involves activity in the cortex.
Reconsolidation of the emotional memory obtained by conditioning in the amyg-
dale is also regulated by the cortex. Reconsolidation is a memory updating process
which enhances the original memory when a second experience is very similar to
the first (Wang and Morris 2010).

When a second experience differs from the first in its emotion or reward, then the
cortical activity masks the original memory circuit in the amygdala to prevent its
reactivation. The memory circuit continue to exist but cannot be activated, while a
new memory is generated according to the second consequence. Thus, this phenom-
enon is called extinction learning. The original memory often relapse depending on
the magnitude of cortical inhibition. Extinction mechanisms involve many distinct
brain structures such as hippocampus and prefrontal cortex, as well as nucleus
accumbens for reward memory and amygdale for emotional memory. For example,
infralimbic medial prefrontal cortex (ILmPFC) integrates memories and when a
second experience does not involve emotional cue, ILmPFC inhibits amygdale out-
put, resulting in extinction learning of amygdale memory (Quirk and Mueller 2008).

2.6 Modulation of Gamma Oscillation by Ketamine

Gamma wave is oscillatory activity at 30-90 Hz and attracts attention due to its
relationship between higher brain functions such as memory. Changes in gamma
wave oscillation are considered as the brain-wide activity representing depression.
On the other hand, ketamine enhance both gamma power and AMPA receptor cur-
rents, suggesting the antidepressant effect of ketamine comes from LTP of
the gamma oscillation producing pyramidal cells. Studies with mathematical mod-
els suggested that gamma wave requires the recurrent micro-circuit consisted of a
pyramidal neuron which is recurrently inhibited by Parvalbumine-expressing basket
cells (PVBCs) (Bartos et al. 2007). These microcircuits make pyramidal cells fire
synchronously. The calcium-permeable GluA2-absent AMPA receptors are the
dominant source of Ca?* influx triggering neurotransmitter release from PVBC
(Goldberg et al. 2003). Providing contribution of NMDA receptor is small, inhibi-
tion of NMDA receptors by ketamine in this circuit may not affect the gamma wave
power (Gonzalez-Burgos and Lewis 2012). Thus, relationship between gamma
wave and ketamine action is still not clear.
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3 Possible Target Molecules of Ketamine

3.1 NMDA Receptors

Dizocilpin (MK801), phencyclidine, and ketamine are non-competitive antago-
nist of NMDA receptor channels. They are open channel blockers which enter the
receptor’s open pore to occlude it. MK801 is specific to NMDA receptor and
irreversibly bind to it, while ketamine binding is low affinity (McDonald et al.
1991). Ketamine has dual effects toward excitatory and inhibitory synapses.
NMDA receptor pore in neurons at resting potential is occupied by extracellular
Mg?* ions. Therefore, ketamine inhibits NMDA receptor only when it is open. It
is likely that inhibition of NMDA receptors in excitatory postsynapses sup-
presses LTP.

NMDA receptors are tetrameric and composed of 2 subunits of GIuN1 and 2
subunits of GluN2 or GluN3. Glutamate binds to GluN2 subunits, whereas GluN1
and GluN3 bind glycine and D-serine. GluN2 receptors have 4 isoforms,
GIuN2A, B, C and D. The affinity of ketamine for these receptors is nearly equal
(Paoletti and Neyton 2007). However, NMDA receptors containing GluN2C or
2D elicit inward current by unitary glutamate transmission because their channels
show weaker Mg**-blockade (Larsen et al. 2014). GluN2B/D-containing channels
are expressed in the axonal terminals of the cerebellar stellate cells, which are
inhibitory. GluN2B/D mediates spontaneous activity of these interneurons at rest-
ing potential, which is required for the long-term release of GABA (Dubois et al.
2016). Blockade of NMDA receptors with weak Mg?*-blockade in the axon termi-
nals of inhibitory neurons suppresses the output from resting neurons, causing
disinhibition of the circuit (Akgiil and McBain 2016). Neuronal circuits com-
posed of a main output of glutamatergic principal neuron, recurrent GABAergic
inhibitory neuron, and monoaminergic modulatory inputs are often seen in the
brain as important role players for recognition and diseases (Carlen et al. 2012;
Nakazawa et al. 2012; Ren et al. 2016). Experiments with knockout mice showed
that antidepressant effect of (R)-ketamine required GIuN2D receptor (Ide
et al. 2017).

In the lateral habenula, NMDA receptor is involved in generation of bursting
action potentials in inhibitory neurons such as PVBCs. This bursting is enhanced in
MDD-like conditions (Yang et al. 2018a). Bursting activity of inhibitory PVBC
strongly inhibits projection neurons and the downstream monoamine systems.
Ketamine inhibits NMDA receptors, which blocks the bursting. It is noted that
Kir4.1 channel expression is enhanced in MDD-like state (Cui et al. 2018). Increased
expression of potassium channels causes depolarization of neurons by decreasing
extracellular potassium concentrations, which is the cause of the NMDA receptor-
dependent bursting of the neuron. After all, it seems that the mechanism of enhanced
expression of Kir4.1 is critically linked to MDD pathology, but ketamine seems to
inhibit MDD only transiently. Persistent antidepressant effect of ketamine may sug-
gest involvement of plastic change in this circuit.
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3.2 Dp-Serine and Other NMDA Receptor Ligands

Binding of co-agonists, D-serine, or glycine to the GluN1 subunit is prerequisite of
glutamate-dependent activation of the receptor. Action of these co-agonists depends
on the local extracellular concentrations. D-serine is synthesized by serine racemase
(SR) in neurons. D-amino acid oxidase in astrocyte is responsible for its breakdown
to pyruvate and hydrogen peroxide. D-serine is excreted to extracellular space
through Asc-1 transporter. These molecules control extracellular D-serine concen-
trations. According to Papouin et al. (2012), NMDA receptors localized in pre- and
post-synaptic membranes bind D-serine, while those localized in soma bind glycine.
Decrease in extracellular pD-serine attenuated LTP (Henneberger et al. 2010). p-
serine interacts with other molecules such as cerebellar GluD2 and a7-nicotinic
acetylcholine receptor (x7nAChR). a7nAChR increases SR expression through
mTORCI activation, while (S)-ketamine inhibits «7nAChR and reduces NMDA
receptor activity (Paul et al. 2014).

Kynurenine is a tryptophan metabolite, and its derivative 4-chlorokynurenine is
an NMDA receptor antagonist competitive with D-serine which is reported to show
antidepressant effect (Zanos et al. 2015). An antibody against the glycine site,
B6B21, has the partial agonist activity. Glyxins are peptides having amino acid
sequences resembling the supervariable region of the antibody. Glyxin13 was deliv-
ered across the blood-brain barrier (BBB) and enhanced some forms of learning
performance (Moskal et al. 2005).

MKS801 and AZD6765 are open channel blockers of the NMDA receptor chan-
nel. MK801 showed specific and intense binding to NMDA receptors, while those
of AZD6765 are weak. These drugs showed only transient antidepressant effects
(Zarate et al. 2013; Maeng et al. 2008). By comparing this observation and the fact
that ketamine, known to act at the same locus as MK801, shows persistent antide-
pressant effect, it is suggested that transient and long-lasting effects of ketamine
may be resulted from multiple actions to different targets.

R025-6981 is a selective inhibitor of the GIuN2B containing NMDA receptors.
Its effects were not consistent between studies. Maeng et al. (2008) reported tran-
sient antidepressant effects, whereas Li et al. (2011) observed long-lasting effects
although different behavioral tests were employed to estimate the antidepressant
effects in these reports.

3.3 Enantiomers and Metabolites of Ketamine

Enantiomers and enantiomeric metabolites of ketamine are studied on the potency
for use as antidepressant and results differ among studies (Ide and Ikeda 2018).
Ketamine has high BBB permeability and its bioavailability is high when adminis-
tered via intramuscular injection, but it is low via oral administration, suggesting
that metabolic degradation in the liver is dominant (Ebert et al. 1997).
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N-demethylation of ketamine gives norketamine, which in turn 6-hydroxylated to
give 6-HNK. 6-HNK is also synthesized by 6-hydroxylation first followed by
N-demethylation. Hydroxylation occurs also at 4- and 5-positions, but the major
metabolite is 6-HNK. Ketamine has a racemic center at the second carbon, therefore
consists of (5)- and (R)-enantiomers. Hydroxylation does not change the chirality;
thus, (25,65)- and (2S5,6R)-HNK are derived from (S)-ketamine and (2R,6S5)- and
(2R,6R)-HNK are derived from (R)-ketamine. Among these cis—trans isomers, the
cis types are dominant; therefore, the major metabolites of (S)- and (R)-ketamine
are (25,65)- and (2R,6R)-HNK, respectively (Zanos et al. 2016).

These metabolic reactions are carried out by cytochrome P450 (CYP). According
to Tyler et al. (2017), N-demethylation involves CYP2A6, 2B4, 2C19, 3A4, and
3AS5, while 6-hydroxylation of norketamine involves CYP2A6, 2B6, and 3AS.
However, identification of the CYP isoforms involved in ketamine metabolism var-
ied between studies, though CYP2A6 and 2B6 are reported as the common candi-
dates. CYP has many isoforms and the variety differs among species. For example,
the CYP2B6 gene is found in human, while it is absent in mice which have CYP2B1
as the highest homology. CYPs are expressed mainly in the liver, the adrenal gland,
and the gonad glands. Some CYPs involved in estrogen synthesis (Hojo et al. 2004)
and nicotine metabolism (Miskys et al. 2000) are found to function in the hippocam-
pal neurons. Although HNK and ketamine readily cross BBB, ketamine was not
metabolized in the rat brain homogenate, suggesting the major contribution of the
liver CYPs in HNK production (Moaddel et al. 2016).

Some metabolites of ketamine are known to have antidepressant effects as well
as psychomimetic effects. Ketamine and norketamine are NMDA receptor blockers
and work as anesthetics and analgesics. (S)-compounds are 5 times more intense as
an NMDA receptor blocker than (R)-compounds. Ki values for each compounds for
replacement of [*H] MK-801 bound in rat brain membranes were: (S)-ketamine
0.3 pM vs. (R)-ketamine 1.4 pM, and (S)-norketamine 1.7 pM vs. (R)-norketamine
13 pM (Ebert et al. 1997). (S)-norketamine is more rapidly produced than
(R)-norketamine.

Both enantiomers of ketamine are reported to have an antidepressant effect. Reus
et al. (2015) reported that antidepressant effect of (S)-ketamine against the
depression-like behaviors in the forced swimming test, the splash test, and the open-
field test in adult rat received maternal deprivation. Zhang et al. (2014) reported,
using juvenile mice received neonatal dexamethason exposure, acute antidepressant
effect of both enantiomers of ketamine on the tail suspension test, the forced swim-
ming test, and the sucrose preference test. Interestingly, they observed that (R)-
ketamine selectively showed reduction in the immobility in the tail suspension and
forced swimming tests 1 week after injection, suggesting (R)-ketamine has long-
lasting antidepressant effects. These results suggest the possibility that the acute and
long-lasting effects of ketamine were created by distinct enantiomers.

(2R,6R)-HNK, at lower concentrations than inhibiting NMDA receptor, was
reported to show rapid and persistent antidepressant effects (Zanos et al. 2016,
2017). (2R,6R)-HNK raised the BDNF expression and the AMPA current enhance-
ment in the hippocampus, suggesting that persistent LTP is established at least a
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part. AMPA receptor currents are not enhanced by other NMDA receptor blockers.
These results suggest that (2R,6R)-HNK elicits antidepressant effects through
unknown target molecules other than NMDA receptors. Interestingly, Yang et al.
(2018b) reported that (S)-norketamine showed more intense antidepressant effect
against depressive behaviors induced by inflammation or chronic social defeat
stress than (R)-norketamine. They also reported that (R)-ketamine but not (2R,6R)-
HNK, had significant antidepressant effect.

These studies do not reach a complete agreement. Effects of these compounds
should be tested using a common battery of behavioral test protocols. It is also
important to note that these compounds have a distinct contribution on the acute and
persistent antidepressant effects.

3.4 Raft and BDNF

Orser et al. (1997) suggested that ketamine affects NMDA receptors through two
distinct mechanisms. One is filling in the open channel pore from the extracellular
space and the other is having access to the receptor’s allosteric site facing plasma
membrane. The latter implies a possibility of ketamine action in the membrane.
Wray et al. (2018) reported that in C6 glioma cells, ketamine treatment released
Gas proteins from lipid raft. Gas activated adenylyl cyclase in the cell out of the raft
and facilitated cyclic AMP-dependent events such as CRE-dependent BDNF expres-
sion. This response was not evoked by other NMDA receptor ligands, but (2R,6R)-
HNK evoked similar response. They also showed that Gas release from raft may
involve tubulin acetylation. HDAC6 inhibition and knock out elicited antidepressant
effects (Singh et al. 2018). This work suggests three independent possibilities. First,
ketamine action does not necessarily require actions mediated by neurotransmitter
receptors. Second, acetylation—deacetylation balance in the glial cells may be asso-
ciated with cell biology of the depressed brains. Third, the ketamine targeted on the
glia affects the nearby neurons through action of glia-derived BDNF.
Antidepressant effect of ketamine involves the synthesis and action of BDNF
(Bramham and Messaoudi 2005). Observation of mTORC1 (Autry et al. 2011) and
MAPK (Yang et al. 2018b) activation by ketamine support this idea. Loci of BDNF
synthesis and action are ambiguous in these reports, while neuronal action of glia-
derived BDNF is suggested (Wray et al. 2018). BDNF expression is the key step of
persistent plasticity. CRE-dependent translation is triggered by binding of phos-
phorylated CREB protein onto the CRE (Malburg and Blendy 2005). Many protein
kinases are reported to phosphorylate CREB, such as cyclic AMP-dependent pro-
tein kinase, CaMKII, GSK3p, Akt, and MAPKs. BDNF is released from the produc-
tion cell by exocytosis. Plasma BDNF concentrations are low in MDD. Monoamine
neurotransmitters facilitate LTP and BDNF production through CRE-dependent
translation activation. BDNF production may be an important mechanism of antide-
pressant effects of SSRI. BDNF action is mediated by TrkB receptors, which in turn
activates cascade reactions of kinases composed of MEK (a MAPK kinase), ERK (a
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MAPK), and Akt. The MAPK cascade facilitates major expression mechanisms of
LTP such as GluAl trafficking and CRE-dependent transcription activation. Akt
phosphorylation triggers mTORC]1-dependent protein synthesis, which is involved
in local protein synthesis.
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Behavioral Pharmacology of Ketamine:
An Overview of Preclinical Studies

Naoyuki Hironaka

Abstract The behavioral pharmacological effects of ketamine in animals have
been reviewed. Ketamine does not cause remarkable behavioral changes at doses
effective for the treatment of depressive behavior in animal models. However, a
transient increase in spontaneous motor activity has been reported sometimes.
Ketamine is effective for the recovery of behavior caused by chronic mild stress,
social defeat stress, and so on. Several mechanisms underlying this effect have been
proposed, but a conclusive answer has still not been presented. (R)-Ketamine is
more potent and has longer-lasting antidepressant effects than the (S)-isomer.
Ketamine produces diverse behavioral changes other than antidepressant effects,
such as blunting fear, cognitive impairments, and social withdrawal. Behavioral
changes related to schizophrenia-like symptoms such as impairment of prepulse
inhibition of the acoustic startle response and impairment of latent inhibition have
been reported. However, relatively high doses seem to be necessary to yield these
effects. Several lines of preclinical evidence have also shown the reinforcing and
rewarding properties of ketamine, which are relevant to the abuse liability. To over-
come these side effects and to optimize its clinical efficacy as a rapid-onset antide-
pressant for treatment-resistant patients, detailed preclinical studies targeting proper
dosing regimen for clinical applications will be important.
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1 Introduction

Ketamine, a dissociative anesthetic agent, was developed in the early 1960s as a
substitute for phencyclidine (PCP). The term dissociative means that it differentially
acts on subcortical and cortical regions in the brain. Indeed, it is known that ket-
amine alters the functional connectivity of the human brain (Joules et al. 2015). The
mechanisms of action of ketamine are complex. However, it is well known that the
major target site of ketamine is the N-methyl-D-aspartate (NMDA) receptor.
Ketamine blocks the opening of the channel and thereby reduces mean channel
open time and at the same time decreases the frequency of channel opening via an
allosteric mechanism (Orser et al. 1997). Further, it is also known that ketamine
inhibits monoamine transporters and therefore potentiates monoaminergic neuro-
transmission (Nishimura et al. 1998).

Ketamine has been widely used as an anesthetic, especially for short diagnostic
and surgical procedures since it does not cause muscle relaxation. It is a standard
anesthetic in veterinary medicine. However, the nonmedical use of ketamine has
increasingly been recognized as an abuse-related problem. In Europe, concomitant
use of ketamine with 3,4-methylenedioxymethampehtamine (MDMA) for recre-
ational purposes has become a concern. In 2003, a WHO expert committee on drug
dependence warned that a critical review regarding ketamine is needed (WHO tech-
nical report series, 915, 2003: 15). In Japan, ketamine was designated as a narcotic
drug in the Narcotics and Psychotropics Control Act in 2007.

Recently, the antidepressant action of ketamine has attracted attention. One of
the major drawbacks of traditional antidepressants is the slow onset of their thera-
peutic efficacy. Both preclinical and clinical studies have shown that a single admin-
istration of ketamine is effective for the treatment of depression (see review, Grady
et al. 2018; Zanos and Gould 2018). Although ketamine is expected to be a promis-
ing antidepressant drug, we must deliberately evaluate other behavioral effects.
Ketamine produces diverse behavioral effects on emotion and cognition. It also
causes schizophrenia-like behavioral symptoms. Moreover, ketamine has reinforc-
ing and rewarding properties, which lead to abuse.

In this chapter, I will review the behavioral pharmacological effects of ketamine
in animals. This review focuses on (1) its effects on gross behaviors; (2) the effects
related to its therapeutic efficacy as an antidepressant; and (3) its effects on emotion,
cognition, and those related to abuse liability, which might cause adverse reactions
in clinical settings.

2 General Behavioral Effects

Subanesthetic doses of ketamine do not cause remarkable behavioral changes in
animals. We conducted gross behavioral observations on the effects of ketamine in
rats by means of the functional observational battery (FOB) used in our laboratory.
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The battery covers a wide range of behavioral changes such as tremor, convulsion,
respiration, reactivity to handling, exophthalmos, salivation, piloerection, pupil
size, rearing, posture, urination, defecation, and sensory reactivity to stimuli.
According to our observation, ketamine at 3 mg/kg ip increased the number of rear-
ing from 5 to 60 min after administration. However, this sign was not clear at 10 mg/
kg. No other remarkable changes were observed.

Ketamine at relatively high doses seems to increase spontaneous motor activity.
For example, ketamine at 10—100 mg/kg ip temporarily increased locomotion, sniff-
ing, swaying, and falling. These signs were similar to those of PCP and different
from stimulant drugs (Koek et al. 1987). In mice, ketamine increased motor activity
at 30 mg/kg ip (Hayase et al. 2006; Lin et al. 2016). However, at 100 mg/kg ip motor
activity was decreased after a temporary increase (Hayase et al. 2006). In rats, ket-
amine at 25 mg/kg ip increased activity and stereotypy for 30 min after administra-
tion (Razoux et al. 2007).

The effects of ketamine on steady-state and ongoing behavior have been studied
by means of schedule-controlled behavior for food reinforcement established by
operant conditioning. Ketamine at doses up to 10 mg/kg ip had no effect on the
nose-poking behavior of mice. Doses higher than 30 mg/kg decreased the response
rate maintained by a fixed ratio (FR) 30-s schedule, in which every 30 responses
were reinforced and a relatively high baseline response was maintained. On the
contrary, in responses maintained by the fixed interval (FI) 300-s schedule, in which
the first response occurred 300 s after the previous reinforcement was reinforced
and a relatively low baseline response was maintained. Ketamine at 30—100 mg/kg
ip increased the response rate but decreased the response rate at the highest concen-
tration of 180 mg/kg (Wenger and Dews 1976). The effect of ketamine on schedule-
controlled behavior varies depending on the preadministration baseline rate of the
response. This effect is called rate dependence and is common to various kinds of
psychoactive drugs. The rate-dependent effect of ketamine has also been demon-
strated in S-ketamine at doses above 15 mg/kg ip in rats under the FI 300 s schedule
(Meliska et al. 1980). However, they showed that R-ketamine at doses above 30 mg/
kg ip did not increase the response rate but only decreased it.

3 Behavioral Effects Related to Antidepressant Therapeutic
Efficacy

3.1 Overview

In 1988, Reynolds and Miller reported that tricyclic antidepressants, such as desme-
thylimipramine and imipramine, inhibited [*H]-MK801 binding to the NMDA
receptor. The ICs, value of desmethylimipramine was 7.4 pM and that of imipra-
mine was 22.5 pM (Reynolds and Miller 1988). This in vitro finding was confirmed
in vivo by analysis of the protective action of ketamine against lethality by a large
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dose (up to 80 mg/kg ip) of NMDA in mice (Leander 1989). The fact that antide-
pressant drugs have antagonistic activity on NMDA receptors led to the glutamate
hypothesis of depression (see review Sanacora et al. 2012).

In accordance with this hypothesis, the clinical efficacy of ketamine on depres-
sion patients has been reported in the early 2000s. For example, Berman et al.
(2000) showed that a single administration of ketamine at 0.5 mg/kg iv in patients
with major depression was effective for improving symptoms as measured by the
Hamilton Depression Rating Scale. Although the number of patients in this study
was small, the effect of ketamine was clear compared with the placebo control.
Preclinical studies on the antidepressant effects of ketamine using animal models
have been accelerated after that.

3.2 Findings with Various Models of Depression

In an early study, ketamine at 10 mg/kg ip recovered suppression of sucrose prefer-
ence and novelty-food seeking after chronic mild stress in rats (Li et al. 2011). In
this study, it was also shown that ketamine recovered the expression levels of syn-
apsin-1 and PSD95 and excitatory postsynaptic currents in the prefrontal cortex.

Lipopolysaccharide (LPS) induces cytokines such as interleukin-1f (IL-1p) and
tumor necrosis factor-a (TNF-o) and it is known that these proinflammatory cyto-
kines are elevated in depression patients. Thus, administrating LPS is used to induce
depression-like behavioral changes in animals (Zhu et al. 2010). In the LPS-induced
depression model in mice, ketamine at 6 mg/kg ip recovered sucrose preference and
reduced immobility time in forced swimming test. This effect was thought to be
mediated by antagonism of the NMDA receptor because the effect of ketamine was
blocked by pretreatment with the a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(f)quinoxaline-2,3-dione (Walker et al. 2013).

Social isolation is another method to induce depression-like behavioral changes
in animals (Wallace et al. 2009). Isolated housing for 7-8 weeks caused a decrease
in sucrose preference and prolonged immobility time in the forced swimming test in
male rats, whereas a decrease in sucrose preference was not evident in females
(Sarkar and Kabbaj 2016). In this study, ketamine at a relatively low dose (2.5 and
5 mg/kg ip) improved these symptoms. It was also found that isolated housing
decreased spine density and levels of synapsin-1, PSD95, and GluR1 in the medial
prefrontal cortex and these changes were also restored by ketamine.

Another important aspect of depression is a loss of cognitive flexibility (Castaneda
et al. 2008). Subjecting rats to cold stress (4 °C) daily for 6 h for 14 consecutive
days induced an impairment of cognitive flexibility, as revealed by impairment of
reversal learning in the attentional set-shifting experiment (Fig. 1). A single admin-
istration of ketamine at 10 mg/kg ip improved performance in this test (Patton et al.
2017). This effect may be mediated by the Janus tyrosine kinases and signal trans-
duction activators of transcription proteins (JAK/STAT) signaling pathway.
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Start

Fig. 1 Reversal learning in attentional set-shifting apparatus in rats. Food-restricted rats were
placed in the start box (left) and allowed to select one of the two pods (right). Each pod contained
a different digging medium and a different odor applied to the rim of the pods. In the original
discrimination training, rats had to associate one stimulus dimension (e.g., odor) with food. The
other dimension (e.g., digging medium) was an irrelevant distractor. In the reversal learning, the
cue/reward association was switched. (This figure is originally drawn based on Lapiz and Morilak
(2006))

3.3 Quest for Mechanism

Because the mechanisms of action of ketamine related to its antidepressant effect
will be discussed in detail in another chapter, I will only cover several select topics
relevant to its behavioral effects.

The rapid onset of the antidepressant effects of ketamine has attracted attention.
In an earlier study, it was demonstrated that blockade of the NMDA receptors by
ketamine deactivates the eukaryotic elongation factor 2 (eEF2) kinase and reduces
phosphorylation of eEF2. This induces rapid synthesis of brain-derived neuro-
trophic factor (BDNF), resulting in an antidepressant effect (Autry et al. 2011).

The NMDA receptor in the cortex is a heteromultimeric complex and contains
two GluN1 subunits and two GluN2 subunits. Of the GluN2 subunits, GluN2A and
GIluN2B subunits are dominant. The target site of the antidepressant effects of ket-
amine were studied using cortical neurons from mice with a selective deletion of
GIluN2B (Miller et al. 2014). In these mice, the effect of a single administration of
ketamine at 50 mg/kg ip did not reduce immobility time in the tail suspension test,
suggesting that this subunit is one of the major sites of action of the antidepressant
effects of ketamine. GIuN2B seems to play an important role in the manifestation of
depressive signs because mice having a deletion of this subunit are insensitive to
chronic corticosterone treatment, which usually causes enhanced signs of depression.

Although ketamine is an NMDA receptor antagonist, several biochemical studies
have shown that ketamine increases glutamate neurotransmission in the prefrontal
cortex. As for this seemingly paradoxical effect of ketamine, one study suggested
that ketamine acts on the NMDA receptors in hippocampal GABAergic interneu-
rons as an antagonist and this antagonism activates the glutamate system in the
prefrontal cortex (Donegan and Lodge 2017).

However, mechanisms other than glutamate neuronal transmission can also take
part in the antidepressant effects of ketamine. One candidate mechanism involves
the secretion of proinflammatory cytokines as mentioned in the LPS model. In one
study, chronic unpredictable stress caused upregulation of cytokines such as IL-1,
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IL-6, TNF-a, and indoleamine 2,3-dioxygenase and this upregulation was attenu-
ated by ketamine at 10 mg/kg ip (Wang et al. 2015).

Recently, a relationship between the gut microbiota and depression has been
noted. One study demonstrated that treatment with ketamine at 2.5 mg/kg ip for
5 days markedly amplified Lactobacillus, Turicibacter, and Sarcina. In contrast, the
same treatment decreased Mucispirillum and Ruminococcus, which are considered
to be opportunistic pathogens (Getachew et al. 2018).

3.4 For Better Clinical Applications

Since ketamine has stereoisomers, it is important to know which isomer is potent for
the treatment of depression. At the preclinical level, itis well known that (R)-ketamine
is more potent than (S)-ketamine (Yang et al. 2015). It is also known that
(R)-ketamine is longer lasting than (S)-ketamine (Fukumoto et al. 2017).
(R)-Ketamine is effective in a social defeat stress model and this effect seems to be
related to the gut microbiota—brain axis (Yang et al. 2017). This effect is indepen-
dent of the serotonin system because pretreatment with para-chlorophenylalanine,
which depletes brain serotonin, did not affect the antidepressant effect of ketamine
(Zhang et al. 2018).

The antidepressant effect of ketamine has been proven in preclinical animal stud-
ies. However, there are still questions regarding scenarios that favor the action of
ketamine the most. A recent study using mice highlighted this point. Ketamine at 10
and 30 mg/kg ip showed a reduction in the immobility time in the forced swimming
test only in mice exposed to chronic mild stress. In contrast, ketamine increased the
immobility time in normal unstressed mice (Fitzgerald et al. 2019). The response to
ketamine is quite different in model mice compared to normal mice. This finding
might be important because the effect is different from traditional antidepressants
which are also effective in normal animals in the forced swimming test.

4 Behavioral Effects Related to Putative Adverse Reactions

Ketamine is known to cause schizophrenia-like symptoms in humans. The effects of
ketamine on emotion, cognition, and social behaviors have been mainly studied in
relation to this effect. It is also known to have abuse liability. These effects may
cause adverse reactions in clinical settings. In this section, I will introduce the pre-
clinical findings related to the putative adverse reactions. For convenience, the
major findings are concisely summarized in Table 1.



Behavioral Pharmacology of Ketamine: An Overview of Preclinical Studies 95
Table 1 Behavioral effects of ketamine related to putative adverse reactions
Dose and
Domain Behavior Species | route Major finding Ref.
Emotion Anxiety rt 30 mg/kg No effect in EPM Becker et al.
ipx5d (2003)
Fear It 16 mg/kg, sc | Suppression of Pietersen et al.
conditioned fear (2007)
Fear It up to 15 mg/ | Enhancement of fear | Juven-Wetzler
kgipx3d in EPM after stress etal. (2014)
Fear It 10 mg/kg ip | Enhancement of Honsberger
conditioned fear with | et al. (2015)
pre-reactivation
Fear ms 2.5 mg/kg facilitation of fear Juetal. (2017)
ipx22d extinction with
training
Cognition Memory rt 30 mg/kgip | Impairment of spatial | Moghaddam
short-term memory etal. (1997)
Memory rt 30 mg/kgip | Impairment of spatial | Duan et al.
memory in Morris (2013)
maze
Memory rt 30 mg/kg ip | Impairment of object | Lin et al. (2016)
and location
recognition
Decision rt up to 20 mg/ | Increase impulsive Cottone et al.
making kg ip choice in low impulse | (2013)
individuals
Schizophrenic | PPI of ASR | rt 30 mg/kg No effect Becker et al.
ipx5d (2003)
PPI of ASR | ms 50 mg/kg ip | Impairment at the Featherstone
lowest sound level et al. (2013)
PPI of ASR |1t 30 mg/kg ip | Impairment Duan et al.
(2013)
PPI of ASR |1t 30 mg/kg ip | Impairment Lin et al. (2016)
Latent rt 30 mg/kg Impairment Becker et al.
inhibition ipx5d (2003)
Latent rt 25 mg/kgip | Impairment Razoux et al.
inhibition (2007)
Executive | mk up to 1 mg/ Impairment of task Stoet and
function kg, im switching performance | Snyder (2006)
Social It 30 mg/kg Reduction of Becker and
withdrawal ipx5d nonaggressive social | Grecksch (2004)
contact
Social rt 30 mg/kg Reduction of social Uribe et al.
withdrawal ipx5d contact (2013)

(continued)
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Table 1 (continued)
Dose and
Domain Behavior Species | route Major finding Ref.
Abuse SA mk 0.1 mg/kg/inf, | Reinforcing Winger et al.
liability iv (1989)
SA mk 0.03-0.3 mg/ | Reinforcing Winger et al.
kg/inf, iv (2002)
SA rt 0.5 mg/kg/inf, | Reinforcing van der Kam
iv et al. (2007)
SA rt 0.125-1 mg/ | Reinforcing only in De Luca and
kg/inf. iv novel environment Badiani (2011)
SA rt 0.5 mg/kg/inf, | Reinforcing but Venniro et al.
iv priming is required (2015)
SA rt 0.1 mg/kg/inf, | Reinforcing in males | Wright et al.
iv and proesterus (2017)
SA rt 0.5 mg/kg/inf, | Reinforcing in OB rats
iv
SA rt 0.5 mg/kg/inf, | Reinforcing Caffino et al.
iv (2018)
CPP ms 1-10 mg/kg | Rewarding Suzuki et al.
ip (1999)
CPP ms 3,10 mg/kg | Rewarding Suzuki et al.
ip (2000)
CPP It 2.5,5mg/kg | Not rewarding but Strong et al.
ip sensitization of (2017)
hyperlocomotion
Other It 3.2-10 mg/kg | Not potentiate ICSS Hillhouse et al.
ip (2014)

PPI prepulse inhibition, ASR acoustic startle response, CPP conditioned place preference, SA self-
administration, ra rat, ms mouse, mk monkey, ip intraperitoneal, sc subcutaneous, im intramuscu-
lar, iv intravenous

4.1 Emotion

There seems to be no direct effect of ketamine on anxiety. Ketamine at 30 mg/kg ip
for 5 days did not cause any notable behavioral changes in the elevated-plus maze
test (Becker et al. 2003).

However, ambiguous findings have been reported with respect to the effects of
ketamine on fear memory. The effects seems to be dependent on environmental
manipulations In one study, ketamine at 16 mg/kg sc suppressed freezing due to fear
conditioning in rats, and this effect was antagonized by clozapine but not by halo-
peridol (Pietersen et al. 2007). In contrast, in another study, ketamine at 0.5-15 mg/
kg ip for 3 days did not ameliorate but increased freezing elicited by a predator
(cat)-scent exposure in rats (Juven-Wetzler et al. 2014). In this study, it was also
noted that treatment with ketamine seemed to increase anxiety tested in the elevated-
plus maze and the acoustic startle response.
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If fear memory is reactivated by exposing animals to a conditioned context, ket-
amine at 10 mg/kg ip potentiated retrieval of fear memory in rats (Honsberger et al.
2015). However, if ketamine treatment (0.625-2.5 mg/kg ip for 22 days) is com-
bined with extinction training of fear memory in mice, it reduces freezing and anxi-
ety. This effect was related to the normalization of DNA methylation of the BDNF
gene in the hippocampus and medial prefrontal cortex (Ju et al. 2017).

4.2 Cognition

Ketamine seems to deteriorate memory at relatively high doses. Short-term memory
was impaired in rats administered 30 mg/kg ip as revealed by the delayed spatial
alternation task (Moghaddam et al. 1997). Spatial memory, as tested in the Morris
water maze, was also impaired by ketamine at 30 mg/kg ip (Duan et al. 2013). This
effect was concomitant with hippocampal depression of neural transmission and
these effects were antagonized by the dopamine D1 antagonist SCH23390 or the
AMPA receptor endocytosis interfering peptide Tat-GluR2;y. Short-term memory
as tested by novel object or novel location recognition was also impaired by ket-
amine at 30 mg/kg ip and this effect was recovered by coadministration with N,N-
dimethylglycine (Lin et al. 2016).

Other than memory, impulsivity is related to various psychiatric diseases such as
addiction and depression. Delay discounting is a measure used to evaluate impulsiv-
ity. In this test, preference for obtaining an immediate small reward and a delayed
large reward is compared. Preference for an immediate small reward is considered
an index of impulsivity. In one study, ketamine at 2.5-20 mg/kg ip has been reported
to increase impulsive choices in rats. However, this effect was evident only for low-
impulsive individuals (Cottone et al. 2013).

4.3 Symptomatology Related to Schizophrenia

Several characteristic information process biases relevant to the symptoms of
schizophrenia are known. One of them is a deficit of prepulse inhibition (PPI) of the
acoustic startle response (ASR). Abrupt large sounds elicit the startle response. If a
weaker sound is presented immediately before this large sound, the amplitude of the
ASR decreases. This is the PPI of ASR and is thought to reflect sensory-motor gat-
ing function. The degree of PPI is reduced, i.e., a large ASR is observed despite
presenting a prepulse in patients with schizophrenia (Kunugi et al. 2007).
Although an early study did not demonstrate an impairment of PPI of ASR by
ketamine at 30 mg/kg ip for 5 days for 2 weeks in rats (Becker et al. 2003), a subse-
quent study reported an impairment of PPI in mice, but only at the lowest level of
sound pressure (Featherstone et al. 2013). This effect seemed to be mediated by the
Akt 1 gene because the effect of ketamine was not evident in Akt 1 partially deleted
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mice. Other studies using ketamine at 30 mg/kg ip in rats also showed an impair-
ment of the PPI (Duan et al. 2013; Lin et al. 2016).

Another characteristic related to the symptomatology of schizophrenia is the
impairment of latent inhibition. If a neutral stimulus is presented several times prior
to Pavlovian conditioning, the acquisition of the conditioned response will be
retarded. This phenomenon is known as latent inhibition (LI). It is known that LI is
impaired in schizophrenia patients (Swerdlow et al. 1996). Ketamine at 25 or 30 mg/
kg ip for 5 days impaired LI in rats (Becker et al. 2003). Impairment of LI was also
observed even after a single administration of ketamine at 25 mg/kg ip in rats
(Razoux et al. 2007).

Executive functions, which are known to be deteriorated in schizophrenic
patients, are also impaired by ketamine. In a study using rhesus monkeys, ketamine
at doses up to 1 mg/kg, im, impaired executive function tested by a task switching
experiment (Fig. 2) (Stoet and Snyder 2006).

Social withdrawal, one of the negative symptoms of schizophrenia, is induced by
ketamine. Repeated administration of ketamine at a relatively high dose (30 mg/kg
ip) in rats decreased social interaction; however, this effect was only evident in the
nonaggressive component of social interaction (Becker and Grecksch 2004). This
effect of ketamine was antagonized by clozapine but not by haloperidol. A similar
dosing regimen also reduced social interaction and this effect was reversed by
memantine, a modulator of the NMDA receptor (Uribe et al. 2013).

Congruent trials Incongruent trials

Required choice Left Right Left Right

Fig. 2 Task switching experiment in monkeys. At the beginning of each trial, monkeys were
instructed whether this was a color task or a pattern task by presenting a cue panel. In the color
task, the monkey had to judge whether the color of the square was red or green by pressing two
buttons (in this figure, red = left/green = right). In the pattern task, the monkey had to judge
whether the square was brighter on the inside or on the outside (in this figure, outside = left/
inside = right). In congruent trials, the correct choice side of both tasks was the same. In incongru-
ent trials, however, the correct choice side of each task was different. (This figure is originally
drawn based on Stoet and Snyder (2006))
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4.4 Abuse Liability

Abuse liability, or in other words the dependence producing potential, of ketamine
is discussed extensively in another chapter. In this section, I will summarize only the
behavioral findings related to abuse liability.

One of the common features of an abused drug is its reinforcing property. The
reinforcing property indicates the capability of a drug to act as a positive reinforcer
of drug-taking behavior. In animals and also in humans, this property can be tested
by drug self-administration experiments.

The reinforcing effects of ketamine have been reported in intravenous self-
administration. Ketamine at 1.0 mg/kg/inf was self-administered in rhesus monkeys
with a history of self-administration of cocaine or codeine (Winger et al. 1989). A
subsequent self-administration study using a behavioral economics paradigm
showed that ketamine had equal potency as a reinforcer to PCP (Winger et al. 2002).
The reinforcing effect seems to be mediated by the glutamatergic system because
the reinforcing effect of ketamine at 0.5 mg/kg/inf was decreased by the mGluR5
antagonist 2-methyl-6-(phenylethynyl) pyridine (MPEP) (van der Kam et al. 2007).

However, the reinforcing effect of ketamine was dependent on the environmental
context, drug history, and sex. For example, self-administration of ketamine was
evident only in rats transiently transferred from their home cages to the self-
administration experiment cages. In habitual rats living in the self-administration
experiment cage, the reinforcing effect of ketamine was not observed (De Luca and
Badiani 2011). Moreover, the reinforcing effect of ketamine in drug naive animals
is difficult to show. Pretreatment with ketamine seems to be necessary to initiate
self-administration (Venniro et al. 2015). In rats, intravenous ketamine at 0.1 mg/kg/
inf was self-administered in males and proestrus females. Diestrus females did not
show self-administration (Wright et al. 2017).

The rewarding effect of drugs is closely related to the reinforcing effect. The
rewarding effect is tested by the conditioned place preference (CPP) experiment. In
CPP, it is tested whether environmental stimuli associated with the drug effects
induce an approaching behavior. In a classical study, ketamine at 10 to 30 mg/kg ip
induced a dose-dependent CPP in mice and this effect was antagonized by the 5-HT;
receptor antagonist ondansetron (Suzuki et al. 1999). The rewarding effect was con-
firmed in a subsequent study (3 and 10 mg/kg ip) (Suzuki et al. 2000). However,
lower doses of ketamine (e.g., 2.5 or 5 mg/kg ip) in rats failed to induce CPP
although ketamine causes behavioral sensitization to locomotor stimulating effects
(Strong et al. 2017).

Several studies have been conducted to reveal the neurochemical mechanisms
underlying the dependence-producing effect of ketamine. For example, the rein-
forcing property of ketamine was related to autophosphorylation of «CaMKII in the
ventral striatum, medial prefrontal cortex, and hippocampus (Caffino et al. 2018).
However, the precise mechanism of dependence to ketamine has not been eluci-
dated to date. One of the most important candidates is its action on the brain reward
system, the mesolimbic dopaminergic neurons originating from the ventral
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tegmentum area and projecting to the nucleus accumbens. Although ketamine
increases glutamate release in the nucleus accumbens (Razoux et al. 2007), ket-
amine at 3.2—-10 mg/kg ip did not potentiate the intracranial self-stimulation (ICSS)
response, suggesting that ketamine has no direct effect on dopaminergic neurons in
the brain reward system (Hillhouse et al. 2014).

5 Conclusion

A growing body of preclinical evidence has shown that (R)-ketamine is effective for
the treatment of depression. Ketamine is expected to exert an antidepressant effect
after a single administration in treatment-resistant patients. However, in preclinical
experiments, a single administration of even traditional tricyclic antidepressants and
SSRIs is effective. Thus, its rapid onset should be verified in human clinical studies.
Although preclinical researchers have attempted to develop animal models of
treatment-resistant depression by means of exposing animals to stress, further stud-
ies are needed to verify the efficacy in refractory depression. The precise mecha-
nisms of the antidepressant effects are still under research and diverse mechanisms
have been proposed. If treatment with ketamine is combined with behavioral inter-
vention techniques, it is possible to ameliorate emotional fear responses, which are
typically seen in PTSD. Although psychotomimetic effects and abuse liability may
be cautioned as a source of putative adverse reactions in clinical settings, relatively
high doses seem to be related to these effects. An appropriate dosing regimen for the
treatment of depression should be considered based on the animal model studies.
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Lijia Chang, Yan Wei, and Kenji Hashimoto

Abstract The N-methyl-D-aspartate receptor antagonist ketamine has been widely
used as an off-label medication to treat depression because it elicits rapid and robust
antidepressant effects in treatment-resistant patients with depression. (R,S)-ketamine
is a racemic mixture containing equal amounts of (R)-ketamine (or arketamine) and
(S)-ketamine (or esketamine). On March 5, 2019, the United States Food and Drug
Administration approved an (S)-ketamine nasal spray for treatment-resistant depres-
sion. In contrast, (R)-ketamine has been reported to have a greater potency and
longer-lasting antidepressant effects than (S)-ketamine in rodent models of depres-
sion. However, the precise mechanisms underlying the robust antidepressant effects
of ketamine enantiomers remain unknown. In this chapter, we discuss recent find-
ings on the antidepressant actions of two enantiomers of ketamine.

Keywords Arketamine - Ketamine - Esketamine

1 Introduction

Ketamine is a noncompetitive N-methyl-D-aspartate receptor (NMDAR) antagonist
that has drawn significant attention in recent decades from scientists all over the
world because of its robust antidepressant effects (Cusin 2019; Duman 2018;
Hashimoto 2016b, 2017, 2019). Ketamine was first synthesized at Parke-Davis
(Detroit, MI, USA) by Calvin Lee Stevens in 1962, with a study of ketamine’s
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dissociative anesthetics effects in the prison population quickly following in 1964
(Cohen et al. 2018; Domino 2010; Li and Vlisides 2016). Afterward, ketamine’s
anesthetic effects were subsequently confirmed by other investigators, and the drug
began to be employed as an anesthetic in humans and animals in 1966 (Domino
2010; Stevenson 2005). In view of ketamine’s unique pharmacological properties of
pain relief and sedation (Gao et al. 2016), it was approved formally for use by the
United States (US) Food and Drug Administration (FDA) in 1970 and was placed
by the World Health Organization (WHO) in 1985 onto an essential medicines list
as an intravenous anesthetic (Gowda et al. 2016; WHO 2011).

Berman et al. (2000) first conducted a placebo-controlled study of ketamine
application in eight patients with major depressive disorder (MDD), who were
given a dosage of 0.5 mg/kg over 40 min; their depressive symptoms significantly
improved within 3 days, while feelings of perceptual disturbances or euphoria
occurred in the same patients after treatment (Berman et al. 2000). More generally,
in these individuals, the drug produced rapid-acting and sustained antidepressant
effects although psychotomimetic effects were also reported after a single infusion
of ketamine (Berman et al. 2000). Subsequent studies replicated the noted robust
antidepressant effects of ketamine in treatment-resistant patients with MDD and
bipolar disorder (BD) (Zarate et al. 2006; Newport et al. 2015; Kishimoto et al. 2016).

Despite ketamine’s powerful antidepressant effects in humans, there are some
potential drawbacks that cannot be neglected. When used as an anesthetic for anes-
thesia in surgical procedures, acute and chronic pain management, and critical care
(Kurdi et al. 2014), side effects such as hallucinations, agitation, confusion, and
psychotomimetic effects resembling schizophrenia can follow (Domino 2010; Gao
et al. 2016; Krystal et al. 1994; Kurdi et al. 2014). For some patients, ketamine also
brings about cognitive impairments (Molero et al. 2018; Szlachta et al. 2017), uri-
nary tract inflammation (Sihra et al. 2018), liver enzyme abnormalities (Zhao et al.
2018), and other symptoms such as an increase in the heart rate or blood pressure
(Sheth et al. 2018). Further, considering the effects reported during recreational
usage or the euphoric “dissociated” state caused by higher doses, there exists a
potential for abuse no matter what the drug’s original intended purpose in a situation
is (Heal et al. 2018; Ivan Ezquerra-Romano et al. 2018; Liao et al. 2017; Morgan

LG

[o]

(R,S)-Ketamine (R)-Ketamine (S)-Ketamine
(Ki = 0.53 uM) (Ki = 1.40 pM) (Ki =0.30 uM)

Fig. 1 Chemical structure of ketamine and its two enantiomers. The values in the parenthesis are
the Ki value for the NMDAR (Hashimoto 2019)
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and Curran 2012; Tracy et al. 2017). At present, however, there are no superior anti-
depressants to ketamine that show robust antidepressant effects in patients with
MDD (Duman 2018).

Ketamine is a racemic mixture containing equal amounts of (R)-ketamine (or
arketamine) and (S)-ketamine (or esketamine) (Fig. 1) (Domino 2010). Different
affinities and potencies of these two ketamine enantiomers exist. (S)-ketamine has
about a three- to fourfold greater affinity for the NMDAR as compared with (R)-
ketamine (Fig. 1). Conversely, (S)-ketamine holds approximately a three- to four-
fold greater anesthetic potency and shows greater undesirable psychotomimetic side
effects in comparison with (R)-ketamine (Domino 2010; Hashimoto 2016b, c). In
prior research, (R)-ketamine showed a greater degree of potency and longer-lasting
antidepressant effects than (S)-ketamine in several rodents model of depression
(Fukumoto et al. 2017; Yang et al. 2015, 2018a; Zhang et al. 2014), and (R)-ketamine
also did not present side effects on psychotomimetic actions or abuse liability in
contrast with (S)-ketamine (Chang et al. 2019a; Yang et al. 2015). Third, (R)-
ketamine is expected to constitute a safer choice than either (R,S)-ketamine or (S)-
ketamine in consideration of its antidepressant actions (Chang et al. 2019a;
Hashimoto 2016b, c). However, the precise molecular and cellular mechanisms
underlying ketamine’s antidepressant effects remain to be elucidated. To date, there
is much debate ongoing about the molecular mechanisms underlying ketamine’s
antidepressant effects in humans and rodents alike. Therefore, it is necessary to
summarize the current findings on ketamine’s antidepressant effects to further the
understanding of the neurobiology of ketamine’s actions.

2 (R,S)-Ketamine’s Antidepressant Effects

2.1 Sumary of (R,S)-Ketamine’s Antidepressant Effects

Data from the WHO indicate that more than 300 million people of all ages are suf-
fering from depression, which is the leading cause of disability worldwide, leading
to a great expenditure of medical and health resources (WHO 2017). Currently
available antidepressants have a delay period of approximately 3—4 weeks before
they begin working, and about 30% of patients with depression are resistant entirely
to these antidepressants (Zhang and Hashimoto 2019). Moreover, other NMDAR
antagonists except ketamine have failed in clinical trials (Hashimoto 2019).
Therefore, it is unlikely that NMDAR inhibition plays a key role in the antidepres-
sant actions of ketamine.

(R,S)-Ketamine’s antidepressant effects have been studied for almost 20 years
after Berman et al.’s seminal report (Berman et al. 2000). In the following decade,
most studies on patients with MDD have revealed promising prospects for the use
of (R,S)-ketamine’s antidepressant effects. Furthermore, clinical trials conducted on
the subjects of ketamine’s administration dosage, timing, route, curative effect,



108 L. Chang et al.

tolerability, safety, and antisuicidal effects have also been investigated. Even its use
in different types of depression, including treatment-resistant depression, posttrau-
matic stress disorder (PTSD), and bipolar depression, has been explored in more
recent studies (Bobo et al. 2016; Liriano et al. 2019; Schwartz et al. 2016; Zhang
and Hashimoto 2019). Further, several rodent models of depression [i.e., the learned
helplessness (LH) model, chronic unpredictable mild stress (CUMS) model, and
chronic social defeat stress (CSDS) model] have been established for the purpose of
testing (R,S)-ketamine’s antidepressant effects (Krishnan and Nestler 2011). In
short, an array of research modalities including original investigations, clinical tri-
als, systematic reviews, and meta-analyses have been used to study (R,S)-ketamine’s
antidepressant effects (Krishnan and Nestler 2011; Sanacora et al. 2017; Short et al.
2018; Singh et al. 2017; Veraart et al. 2018).

2.2 (R,S)-Ketamine’s Antidepressant Effects in Humans

In clinical trials, interventional studies have been adopted for evaluating the benefi-
cial effects of (R,S)-ketamine. A number of randomized single-/double-blind pla-
cebo-/drug-controlled studies have been performed by many researchers to observe
the antidepressant effects of (R,S)-ketamine in patients with MDD, who were often
infused with only a single intravenous dose of 0.5 mg/kg. Berman et al. (2000) first
reported the double-blinded and placebo-controlled study of (R,S)-ketamine. Then,
Zarate et al. (2006) replicated that a high number (71%) of participants showed
significant improvements in depressive symptoms within 24 h of drug administra-
tion, and 25% of the study subjects showed antidepressant effects for at least 1 week
after a single dose of ketamine as part a randomized, placebo-controlled, double-
blind crossover study.

A review of the ClinicalTrials.gov database found that about 160 applications
from around the world for studying (R,S)-ketamine’s antidepressant effect on
patients with depression existed by the end of June 2019. Study subjects mainly
included those with MDD with or without suicide ideation, treatment-resistant
depression, BD, and PTSD. Studies chiefly involved a randomized single-blind or
double-blind design and were placebo-controlled or midazolam-controlled inter-
ventions. Collectively, it seems that (R,S)-ketamine is viewed as a promising antide-
pressant for the treatment of severe depression. Systematic reviews and meta-analyses
have also been adopted as investigational means by scientists for evaluating the
impact of the antidepressant effect of (R,S)-ketamine. Such meta-analyses often
include treatment-resistant patients with MDD or BD, and their data are mainly a
collection of those from randomized controlled trials (RCTs) (Coyle and Laws
2015; Kishimoto et al. 2016; Newport et al. 2015; Serafini et al. 2014; Wilkinson
et al. 2018).

(R,S)-Ketamine appears to exhibit rapid antidepressant and antisuicidal ideation
effects in treatment-resistant patients with depression. Two midazolam-controlled
randomized clinical trials conducted in depressed patients with low levels of suicidal
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ideation (Grunebaum et al. 2018; Murrough et al. 2013a) demonstrated rapid reduc-
tions in suicidal ideation and depressive symptoms within 24 h after treatment with
(R,S)-ketamine as compared with in the midazolam treatment group (Grunebaum
et al. 2018; Murrough et al. 2013a). (R,S)-Ketamine has similarly demonstrated
early emerging evidence of having antisuicidal effects in depressed patients with
suicidal ideation in other research that last from 1 day to 1 week (Bartoli et al. 2017;
Reinstatler and Youssef 2015; Wilkinson et al. 2018).

In special studies on treatment-resistant depression, (R,S)-ketamine has been
proposed as an effective antidepressant, but there is a lack of long-term data on
sustained depression remission in patients (Serafini et al. 2014; Papadimitropoulou
et al. 2017). When considering bipolar depression, (R,S)-ketamine was found to be
an effective antidepressant (Parsaik et al. 2015), but there is also limited evidence to
support the maintenance of a response for up to 24 h following a single intravenous
dose of ketamine in bipolar depression, and (R,S)-ketamine did not show a statisti-
cal advantage in remission of bipolar depression (McCloud et al. 2015). Therefore,
more RCT studies are needed to verify (R,S)-ketamine’s antidepressant effect in
different types of depression.

2.3 Routes of Administration of (R,S)-Ketamine

An understanding of the route of administration of (R,S)-ketamine is required to
confirm its antidepressant effects. There exist a number of studies on routes of
administration of (R,S)-ketamine, including intravenous, intramuscular, intranasal,
subcutaneous, oral, sublingual, transmucosal, and intrarectal, and the bioavailability
of these forms of administration varies widely as determined by the absorption of
pharmacokinetics although the intravenous route is the most commonly used in
patients with depression at this time (Andrade 2017; Hashimoto 2019; Zanos et al.
2018; Zhang and Hashimoto 2019). The bioavailability of intranasal administration
of (R,S)-ketamine is lower than that of either intravenous or intramuscular adminis-
tration (Hashimoto 2019; Zhang and Hashimoto 2019). In an effort to assess the
safety and efficacy of (R,S)-ketamine, Andrade (2017) suggested that the infusion of
ketamine by the subcutaneous, intranasal, and oral routes is worth further study
based on their clinical practicability. Retrospective data from 22 patients given oral
ketamine at a dose of 50 mg per 3 days, which was titrated up by 25 mg per 3 days,
showed that 30% of patients with treatment-resistant depression responded to the
oral (R,S)-ketamine and approximately 70% patients had no improvement in mood
symptoms (Al Shirawi et al. 2017). Rosenblat et al. (2019) published a systematic
review involving a small number of clinical studies that suggested that oral ket-
amine could produce significant antidepressant effects, but the drug’s antisuicidal
effects and efficacy remain undetermined in patients with treatment-resistant
depression. Andrade (2019) suggested that oral ketamine should be evaluated by
higher-quality studies in the future. Elsewhere, intranasal administration of a single
dose of 50 mg of (R,S)-ketamine in a 2014 randomized, double-blind crossover
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study led to depressive symptoms being significantly improved in 44% of patients
(8/18) after 24 h, with minimal psychosis and dissociation observed in the study
(Lapidus et al. 2014). Thus, multiple routes other than the intravenous infusion of
ketamine are under consideration in research.

2.4 (R,S)-Ketamine’s Antidepressant Effects After Repeated
Infusion

Repeated ketamine infusion is very important for maintenance therapy of patients
with treatment-resistant depression (Murrough et al. 2013b; Strong and Kabbaj
2018). In a randomized controlled trial, the infusion of ketamine with three meth-
ods, including single, repeated, and maintenance, was performed to observe (R,S)-
ketamine’s antidepressant effects in treatment-resistant patients; results suggested
that a single intravenous dose (0.5 mg/kg) over 40 min significantly improved
depressive symptoms after 24 h of infusion. Elsewhere, six repeated infusions
worked for a time in 59% of participants whose response criteria met the clinical
needs, while these participants had no further benefit from weekly maintenance
infusions based on the Montgomery—Asberg Depression Rating Scale (MADRS)
scores (Phillips et al. 2019). In addition, the efficiency of (R,S)-ketamine’s antide-
pressant effects were also investigated in patients with PTSD treated by eight
repeated ketamine infusions done over 4 weeks (Abdallah et al. 2019) and in those
with unipolar and bipolar depressive disorder with current suicidal ideation treated
by six repeated ketamine infusions performed during a 12-day period (Zhan et al.
2019; Zheng et al. 2018); these studies supported that the rapid and robust antide-
pressant effects of (R,S)-ketamine can be cumulative and sustained following
repeated infusion. Despite ketamine’s potential for abuse and psychotomimetic
effects, it represents a new drug option for antidepressant treatment. Thus, further
investigation of (R,S)-ketamine’s antidepressant effects is necessary.

2.5 (R,S)-Ketamine’s Antidepressant Effects in Rodents

Animal models of depression were adopted by researchers to investigate (R,S)-
ketamine’s antidepressant effects. Animal models of depression have previously
been used for the development of new antidepressants (Fernando and Robbins 2011;
Pittenger et al. 2007). In a shock-induced depression model, Chaturvedi et al. (1999)
reported that the antidepressant effects of (R,S)-ketamine at a dose range of
2.5-10 mg/kg significantly increased ambulation and rearing in the open field test
and attenuated the immobility time during the forced swimming test as compared
with control mice who received shock. In a rat LH model, Koike et al. (2011)
reported that (R,S)-ketamine (10 mg/kg) exerted rapid and sustained antidepressant
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effects for at least 72 h after treatment, in which the number of escape failures sig-
nificantly decreased in the LH paradigm and the immobility time during the tail
suspension test was significantly reduced in comparison with in the vehicle-treated
group. In a CUMS model of either mice or rats, (R,S)-ketamine at a single dose of
10 mg/kg elicited rapid-onset and long-lasting antidepressant effects as evaluated
by the behavioral tests of forced swimming, tail suspension, and sucrose preference;
even the ameliorated anhedonia lasted for 8 days in this model (Ma et al. 2013; Sun
et al. 2016). Hollis and Kabbaj (2014) suggested in their research that CSDS model
is a valuable research tool for investigating possible causes and treatments for
human depression. In a CSDS model, as compared with the TrkB agonists
7,8-dihydroxyflavone and TrkB antagonist ANA-12, (R,S)-ketamine showed longer-
lasting antidepressant effects for 7 days (Zhang et al. 2015). In contrast, however,
Donahue et al. (2014) reported that a single administration of ketamine (10 mg/kg)
showed a rapid antidepressant effect in a CSDS model, attenuating social avoidance
in the social interaction test but having no effect on anhedonia in the intracranial
self-stimulation test (Donahue et al. 2014).

In addition, inflammation-induced mice or rat depression models, such as those
using lipopolysaccharides or complete Freund’s adjuvant, can also be useful in
observing (R,S)-ketamine’s antidepressant effects, in that depression-like behaviors
were often determined by forced swimming test; sucrose preference test; and the
pro-inflammatory cytokine levels of interleukin (IL)-1p, IL-6, and tumor necrosis
factor-a (Ji et al. 2019; Remus and Dantzer 2016; Reus et al. 2017; Zhang et al.
2016). However, (R,S)-ketamine’s potential psychotomimetic and other unwanted
side effects have also been well-documented in these animal models, prompting
behaviors such as hyperlocomotion, prepulse inhibition deficits, conditioned place
preference, schizophrenia-like psychotic symptoms, and novel object recognition
impairment (Becker et al. 2003; Chan et al. 2013; Chang et al. 2019a; Giorgetti
etal. 2015; Imre et al. 2006; Lahti et al. 1995; Ma and Leung 2018; Yang et al. 2015;
Zanos et al. 2017), which may pose a major barrier to further clinical study in
patients with MDD.

3 (S)-Ketamine’s Antidepressant Effects

3.1 Summary of (S)-Ketamine’s Antidepressant Effects

(S)-Ketamine is an isomer of (R,S)-ketamine, which was introduced for medical use
in analgesia and anesthesia in the early 1990s (Esketamine 2006; Trimmel et al.
2018). The US FDA originally stated that the stereoisomers of (R,S)-ketamine had
not received enough attention for its commercial development in 1992 (Luft and
Mendes 2005). Now, (S)-ketamine has been brought into greater focus over (R,S)-
ketamine for its antidepressant effects in patients with treatment-resistant depres-
sion, due to its incorporation into a nasal spray approved by the US FDA on March
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5, 2019 (Canady 2019; US Food and Drug Administration 2019). The evaluation of
the (§)-ketamine nasal spray was conducted by way of four phase III RCTs, includ-
ing three short-term (4-week) clinical trials and a withdrawal maintenance-of-effect
trial, where patients experienced many side effects including disassociation, dizzi-
ness, nausea, sedation, vertigo, anxiety, and lethargy (US Food and Drug
Administration 2019). Therefore, there are many challenges in the study of (S)-
ketamine, which cannot meet the needs of all patients with MDD, and even the
antidepressant efficiency and the side effects of (S)-ketamine are still under discus-
sion. On the other hand, the existing literature or studies concerning the use of (5)-
ketamine in patients with MDD number far less than those on the topic of
(R,S)-ketamine, but the latter is still not yet approved by FDA for treatment via any
route of administration.

In a case report, Paslakis et al. (2010) reported their results obtained with using
off-label oral (S)-ketamine (1.25 mg/kg) within 14 days: two patients with treatment-
resistant depression showed rapid and sustained improvement in their psychopa-
thology within the first week, while another two patients did not respond to the drug
throughout the entire treatment period. In addition, several studies have concluded
that (S)-ketamine produces similar antidepressant effects to those of (R,S)-ketamine
(Paul et al. 2009) but is better-tolerated than (R,S)-ketamine, yet severe psychotomi-
metic effects with (§)-ketamine have also been reported (Correia-Melo et al. 2017,
Paul et al. 2009). It is worth mentioning that a case series of repeated (S)-ketamine
(0.25 mg/kg over 40 min) off-label use demonstrated an improvement in depressive
symptoms in 50% of the patients following infusion within 1 or 2 weeks, although
25% of the patients suffered from dissociative symptoms (Segmiller et al. 2013).
Another case series reported that the safety and efficacy of (5)-ketamine were well
demonstrated in patients with treatment-resistant depression (TRD); still, the poten-
tial for associated psychotic symptoms can leave some patients out of consideration
(Ajub and Lacerda 2018). Thus, additional case studies are needed to review the
efficacy and psychosis effects of (S)-ketamine.

According to clinical trials records from ClinicalTrials.gov, about 18 applica-
tions for studying (S)-ketamine’s antidepressant effect in patients with depression
have been uploaded as of April 1, 2019. Some clinical trials have been completed,
while others are currently recruiting patients. The route of administration in these
clinical trials is mainly intranasal injection, for evaluating the efficacy and safety in
patients with MDD or TRD. Therapeutic regimens in these clinical trials also
include single and repeated administration. Singh et al. (2016) found in a double-
blind, multicenter, randomized, placebo-controlled trial involving patients with
TRD that 67% and 64% of the patients, respectively, responded to (S)-ketamine
given at a single dose of 0.2 mg/kg or 0.4 mg/kg over 40 min within 1 day. Another
clinical trial of a head-to-head study compared the antidepressant actions of (S)-
ketamine and (R,S)-ketamine in 96 individuals with TRD given a single dose of
(S)-ketamine (0.25 mg/kg) or (R,S)-ketamine (0.5 mg/kg) over 40 min (Correia-
Melo et al. 2018). The authors considered their study as the best way to evaluate the
efficacy and safety of (S)-ketamine and (R,S)-ketamine, as adverse psychotomi-
metic effects between the two compounds may be different (Correia-Melo et al.
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2018). Clinical trials still need to provide more powerful evidence to assist the clini-
cal application of (S)-ketamine in depression or TRD.

Other research on (§5)-ketamine’s antidepressant effects mainly involves combi-
nation therapy. Bartova et al. (2015) investigated combined intravenous therapy of
(S)-ketamine and oral tranylcypromine in two patients with multi-treatment-resistant
depression, showing a confusing outcome of evident antisuicidal effects but no
detailed improvement in antidepressant effectiveness. Electroconvulsive therapy
(ECT) plus (S)-ketamine has also been applied in three patients with TRD. Kallmunzer
etal. (2016) reported that all subjects showed remission in terms of suicidal ideation
and no serious side effects during treatment. In contrast, another clinical trial sug-
gested that (S)-ketamine (0.4 mg/kg in a bolus) as adjuvant therapy with propofol
made no contribution to the enhanced role of ECT in patients with resistance to
antidepressants, even going as far as to cause adverse effects like posttreatment
disorientation and restlessness (Jarventausta et al. 2013). Although ECT can help to
remedy depression, there is still a lack of clear evidence (Read et al. 2019).
Therefore, there is no valid data to prove the combination of (S)-ketamine and ECT
is beneficial, especially given that the antidepressant effects of (R,S)-ketamine are
more potent than those of ECT (Muller et al. 2016).

In humans, the idea of using (S)-ketamine as an antidepressant is relatively new
and its intranasal treatment modality has recently been receiving a lot of attention.
However, many challenges need to be faced in future study. For instance, how about
its optimal dose and route of administration? How to solve its side effects during
treatment? How long does it sustain antidepressant effects? More importantly, how
does it work as an antidepressant? These questions remain without an answer at
this time.

3.2 (S)-Ketamine’s Antidepressant Effects in Rodents

Animal experiments aimed at elucidating (S)-ketamine’s antidepressant effect and
its underlying mechanisms have also been conducted although no definitive answer
was achieved. The current findings point out that (S)-ketamine works in a very com-
plicated way, in that it can bind to multiple receptors in an organism, such as
NMDAR, opioid receptors, monoamine receptors, adenosine receptors, a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR) receptors, metabotropic
glutamate receptors, L-type calcium channels, and other purinergic receptors (Kohrs
and Durieux 1998; Trimmel et al. 2018). The prevailing view is that (S)-ketamine’s
antidepressant effect is related with the noncompetitive inhibition of NMDAR
through binding to the phencyclidine (PCP) sites (Sinner and Graf 2008), due to its
three- to fourfold higher affinity in comparison with (R)-ketamine (Domino 2010;
Kohrs and Durieux 1998). Yet, (S)-ketamine dominates in the areas of anesthetic
potency and undesirable psychotomimetic side effects over (R)-ketamine, in that
seeing illusions, hearing and vision changes, and proprioception are related to



114 L. Chang et al.

(S)-ketamine, while feelings of relaxation are connected with the actions of (R)-
ketamine (Zanos et al. 2018).

Treccani et al. (2019) suggested that a single dose of (S)-ketamine (15 mg/kg)
can induce acute antidepressant action in a rat model of depression, concluding first
that dendritic spine density rapidly (<1 h) increases in brain structural changes and
also that balancing the relationship between cofilin activity, homer3 levels, and the
NMDAR subunits GIuN2A and GluN2B plays a key role in the antidepressant
effect. However, Ide et al. (2017), upon investigating the role of GIuN2D in the
antidepressant effects of ketamine enantiomers, suggested that such did not play a
key role in the sustained antidepressant effects of (R,S)-ketamine and (S)-ketamine
but rather in those of (R)-ketamine. Recent studies have indicated that (S)-ketamine
elicits its acute and sustained antidepressant-like actions via a 5-hydroxytryptamine
(5HT) receptor-dependent mechanism, which is confirmed via the forced swim-
ming test by comparing the vortioxetine, fluoxetine, and (S)-ketamine in the sero-
tonin system or by using the 5-HTp receptor agonist CP94253 in a genetic rat
model (du Jardin et al. 2016, 2017).

Other studies of note regarding the mechanisms of (S)-ketamine’s antidepressant
actions are as follows. In a rat depression model of maternal deprivation, it was sug-
gested that a single dose of (§)-ketamine showed long-term antidepressant effects
through acting against neural damage induced by oxidative stress (Reus et al. 2015).
In a long-term corticosterone infusion rat model of depression, it was suggested that
(S)-ketamine decreased depressive-like behaviors for at least 4 weeks, but not in a
manner related with rapid maturity of the new hippocampal neurons (Soumier et al.
2016). In a rat hippocampus study, Ardalan et al. (2017) put forward the notion that
a single injection (15 mg/kg) of (S)-ketamine improved the immobility behavior
during the modified forced swim test within 24 h after treatment, proving that astro-
cyte plasticity in the hippocampus has a bearing on the (S)-ketamine antidepressant
effect in a rat genetic animal model of depression.

4 (R)-Ketamine’s Antidepressant Effects

4.1 Summary of the Differences Between (R)-Ketamine
and (S)-Ketamine

With the deepening and development of research, the focus on antidepressant effects
will be quickly shifted toward (R)-ketamine, because its advantages are becoming
more and more obvious. As compared with (S)-ketamine, (R)-ketamine has been
proven to be more potent and have longer-lasting antidepressant effects and was
deemed to be free of psychotomimetic side effects in many studies on rodent mod-
els of depression (Chang et al. 2019a; Fukumoto et al. 2017; Yang et al. 2015,
2016b; Zhang et al. 2014), signifying that (R)-ketamine will be one of the most
promising antidepressants.
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(R)-Ketamine is an isomer of (R,S)-ketamine. (R)-ketamine is a left-handed mol-
ecule, while (S)-ketamine is a right-handed molecule, per the carbon connections in
either one or the other direction of nonsuperimposable mirror images, prompting a
difference in the body metabolism (Calvey 1995; Kharasch and Labroo 1992). As
compared with (S)-ketamine, (R)-ketamine has a lower affinity to the PCP binding
site of the NMDAR, with a lower anesthetic potency (Thomson et al. 1985; White
et al. 1985; Zeilhofer et al. 1992). In addition, (R)-ketamine could also weakly bind
to the sigma receptor sites, without (S)-ketamine binding to these sites (Vollenweider
et al. 1997). Research on the side effects of the two isomers showed that (R)-
ketamine produces a feeling of relaxation or “well-being,” while (S)-ketamine is
mainly responsible for psychotomimetic effects, such as dissociations in hearing,
vision, and proprioception (Hashimoto 2019; Vollenweider et al. 1997; Zanos et al.
2018). Moreover, Marietta et al. (1977) reported acute toxic effects of racemic ket-
amine and its two isomers at the dose of 40 mg/kg in male Sprague-Dawley rats
based on median lethal dose values, indicating that (R)-ketamine is more secure
than (R,S)-ketamine and (S)-ketamine, and its potential advantage is not a fatal drug
according to the high dose and with less posthypnotic stimulation.

4.2 Different Antidepressant Effects Between (R)-Ketamine
and (S)-Ketamine

Our group reported that (R)-ketamine has a greater potency and longer-lasting anti-
depressant roles than (S)-ketamine in rodent models of depression (Yang et al. 2015;
Zhang et al. 2014). In addition, it was suggested that ketamine’s side effects (e.g.,
psychotomimetic behaviors, neurotoxicity, abuse potential) may be associated with
(S)-ketamine but not (R)-ketamine (Chang et al. 2019a; Hashimoto 2016a, b, c).
Subsequently, different kinds of depression models with comparative objects and
their relevant behavioral tests were employed to evaluate and identify the advan-
tages of (R)-ketamine’s antidepressant effects. Fukumoto et al. (2017) reported that
(R)-ketamine can elicit longer-lasting antidepressant effects than (S)-ketamine in
forced swimming and tail suspension tests, and (R)-ketamine showed a sustained
antidepressant effect in a treatment-refractory model while (S)-ketamine did not.
Moreover, Fukumoto et al. (2017) also suggested that (R)-ketamine’s antidepressant
effects may be related with AMPAR by testing the rats of a repeated corticosterone
treatment model with an AMPAR antagonist, NBQX (Fukumoto et al. 2017). In a
conscious positron-emission tomography study, a single infusion of (S5)-ketamine
but not (R)-ketamine caused dopamine release, indicating that (S)-ketamine-induced
dopamine release may be associated with acute psychotomimetic and dissociative
effects in humans (Hashimoto et al. 2017).

In addition, further research on the molecular mechanisms revealed more data
about the differences between (R)-ketamine and (S)-ketamine. Specifically, the
extracellular-signal-regulated kinase signaling pathway may play a role in
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(R)-ketamine’s antidepressant effects, while the mammalian target of rapamycin
signaling pathway plays a role in the antidepressant effects of (§)-ketamine (Yang
et al. 2018a). Nevertheless, glutamate is the primary excitatory neurotransmitter in
the human brain in physiology (Jewett and Thapa 2019) and its participation in the
role of ketamine’s antidepressant effects should not be neglected in the following
study, although we still cannot explain the real difference between (R,S)-ketamine
and its two isomers (Zanos and Gould 2018). Even more important, the causes for
the differences in antidepressant effects between (R)-ketamine and (S)-ketamine
may be related with the gut microbiota—brain axis (Qu et al. 2017; Yang et al. 2017).
As compared with (5)-ketamine, (R)-ketamine significantly attenuated the decrease
in the levels of Mollicutes of susceptible mice in a CSDS model, and (R)-ketamine
presented a stronger advantage than (S)-ketamine in reducing the levels of
Butyricimonas (Yang et al. 2017).

4.3 (R)-Ketamine’s Antidepressant Effects

(R)-ketamine has its own special features of antidepressant effects from the current
study. As compared with the NMDAR partial agonist rapastinel, (R)-ketamine had
longer-lasting antidepressant effects and significantly changed the brain-derived
neurotrophic factor—TrkB signaling in a CSDS model (Yang et al. 2016a). Recent
Ph3 data of rapastinel were negative (Hashimoto 2019).

In the light of the complex physiology and particularity that of NMDAR for
regulating the electroneurographic signal in depression by voltage-gated ion chan-
nel influx, including calcium, sodium, and potassium (Cui et al. 2018; Yang et al.
2018Db). Tian et al. (2018b) reported that the low-voltage-sensitive, T-type calcium
channel blocker ethosuximide did not produce rapid or sustained antidepressant
effects in a CSDS model, although (R)-ketamine showed rapid and sustained anti-
depressant effects in the same model (Tian et al. 2018b). Furthermore, Xiong et al.
(2019) reported that the Kir4.1 inhibitors quinacrine and sertraline did not improve
the depression-like behaviors during the tail suspension test and forced swimming
test in a CSDS model, while (R)-ketamine produced rapid and sustained antidepres-
sant effects in this model (Xiong et al. 2019).

Treatment with the 5-HT inhibitor para-chlorophenylalanine methyl ester hydro-
chloride also did not impact the antidepressant effects of (R)-ketamine in s CSDS
model (Zhang et al. 2018). Furthermore, dopamine D; receptors may not play a
major role in the antidepressant actions of (R)-ketamine, because pretreatment with
the dopamine D, receptor antagonist SCH-23390 did not block the antidepressant
effects of (R)-ketamine in the CSDS model (Chang et al. 2019b).

Given the role of gamma-aminobutyric acid receptors in depression (Zanos et al.
2017), both (R)-ketamine and MRK-016 (full inverse GABA, agonist) displayed
rapid antidepressant effects, while only (R)-ketamine produced a longer-lasting
antidepressant effect in a CSDS model (Xiong et al. 2018).
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In addition, (R)-ketamine’s antidepressant effects had regional differences in rat
brains. A single bilateral infusion of (R)-ketamine was injected into the brain in a rat
LH model of depression, showing that the infralimbic cortex of the medial prefron-
tal cortex (mPFC), dentate gyrus, and CA3 subregions of the hippocampus are
related with (R)-ketamine’s antidepressant effects as compared with other injection
site areas including the mPFC subregion PrL, subregions of the shell and core in
NAc, and BLA and CeA subregions of the amygdala, which had nothing to do with
the antidepressant effects of (R)-ketamine (Shirayama and Hashimoto 2017). No
toxicity was shown in the brain after repeated, intermittent administration with (R)-
ketamine, with no loss in parvalbumin immunoreactivity in the brain region of
mPFC and hippocampus observed, which was the opposite finding to those of (S)-
ketamine (Yang et al. 2016b). Additionally, another interesting finding regarding
neuropathological changes revealed that the neuronal injury marker heat shock pro-
tein HSP-70 was expressed in the rat retrosplenial cortex not because of (R)-
ketamine but instead due to (R,S)-ketamine and (§)-ketamine (Tian et al. 2018a).

Based on the above findings, (R)-ketamine shows the rapid-acting and long-
lasting antidepressant effects in rodents although its precise mechanism underlying
these effects is still uncertain. A clinical trial of (R)-ketamine in humans is currently
underway (Hashimoto 2019).

5 Conclusion

The discovery of the robust antidepressant actions of (R,S)-ketamine in depressed
patients is serendipitous (Krystal et al. 2019). However, (R,S)-ketamine has not been
approved by the US FDA for antidepressant treatment in clinical application because
of a lack of patent. An (§)-ketamine nasal spray was approved by the FDA on March
5, 2019, although its side effects are known and it must be administrated under super-
vision in a certified doctor’s office or outpatient clinic after treatment. It seems that
antidepressant effects of (S)-ketamine in patients with MDD are less potent than
those related with (R,S)-ketamine in clinical studies. Although there is no clinical trial
of (R)-ketamine in patients with MDD, many preclinical data show its more potent
antidepressant effects without side effects, suggesting that (R)-ketamine could be a
safer antidepressant alternative to (R,S)-ketamine and (S)-ketamine. Due to its lower
adverse side effects, we are looking forward to seeing more data on (R)-ketamine’s
antidepressant effects in patients with MDD and other psychiatric disorders.
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The Role of Gut Microbiota “m
in the Antidepressant Effects of Ketamine @

updates

Yue Wang, Xiaolin Xu, Ailin Luo, and Chun Yang

Abstract In recent years, the prevalence, mental disability, and suicide rates of
depression have been increasing without a corresponding significant change in cure
rate, making depression the second largest disease burden worldwide. There is an
urgent need to find more effective drugs and other therapeutic strategies.
Accumulating evidence has revealed that ketamine elicits a fast-acting and sus-
tained antidepressant effect, but the potential mechanisms underlying its antidepres-
sant effects are not yet fully clear. Previous studies have indicated that ketamine’s
mechanism of action involves the inhibition of presynaptic and postsynaptic
N-methyl-D-aspartate receptors (NMDARs) in GABAergic interneurons and the
activation of postsynaptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) and the brain-derived neurotrophic factor-tyrosine kinase
receptor B (BDNF-TrkB) signaling pathway. Additionally, there is growing evi-
dence that the gut microbiota may play a crucial role in the antidepressant effects of
ketamine. In this chapter, we will discuss recent findings regarding the correlation
between gut microbiota and the antidepressant effects of ketamine and their poten-
tial mechanisms of action. Further understanding of these pathways will likely lead
to the development of novel and more effective treatments for depression.

Keywords Gut microbiota - Ketamine - Depression - Gut—brain axis - Probiotics

1 Depression Status

Depression is a common mood disorder illness characterized by low mood and loss
of interest, usually also combined with anxiety (Malhi and Mann 2018). According
to the World Health Organization in 2007, more than 300 million people suffer from
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depression worldwide and, as of 2017, new data showed that approximately 800,000
of those will commit suicide yearly. Depression incidence is rising (World Health
Organization 2017), and since 2014, it has been found to account for the largest
disease burden worldwide as measured by years lost to disability (Smith 2014). The
incidence of depression in Asian countries such as China is about 3.02%, relatively
low when compared to 22.5% in Afghanistan, 6.16% in Switzerland, and 4.45% in
the United States (Smith 2014). This observation may be explained by the differen-
tial methods of diagnosis used in different countries masking real incidence rates,
for example, by missed diagnosis due to symptoms being described as stomach-
aches or headaches (Smith 2014). Despite long-standing awareness of this disease,
depression has recently gained more attention from society due to its high morbid-
ity, rate of recurrence, disability, suicide rate, and low cure rate (Warden et al. 2007).

2 Depression Treatment

A number of drugs have been studied so far for the treatment of both fast-acting and
long-lasting depression, especially in refractory disease (e.g., major depressive dis-
order (MDD) and bipolar disorder). Monoamine oxidase inhibitors (MAOISs), tricy-
clic antidepressants (TCAs), heterocyclic antidepressants (HCAs), and others were
typically used for the treatment of depression. As new drug development evolved,
antidepressants such as selective serotonin reuptake inhibitors (SSRIs) and selective
norepinephrine reuptake inhibitors (SNRIs) became a more popular choice for the
treatment of depression. It is well recognized that these drugs are effective to treat
MDD, acting typically by increasing the levels of serotonin and norepinephrine.
There is, however, a clear time lag of weeks to months from initial drug uptake to
achieve therapeutic effects. Thus, these drugs are not effective in the treatment of the
suicidal patients (Trivedi et al. 2006). Additionally, approximately 33% of depressed
patients do not respond adequately to the currently available antidepressant drugs
(Trivedi et al. 2006). Therefore, there is a pressing need for further investigation into
this disease and for the development of more effective antidepressant drugs.
Preclinical and clinical studies have found that TCAs and SSRIs have neuro-
chemical and behavioral similarities to N-methyl-D-aspartate receptor (NMDAR)
antagonists, suggesting that the decrease in function of the NMDAR may be the
major contributor to their antidepressant effect (Skolnick et al. 1996; Peyrovian
etal. 2019). In 2000, Berman et al. conducted the first clinical study on the efficacy
of subanesthetic ketamine in patients with major depression in a double-blinded
study when compared to placebo controls and demonstrated that ketamine signifi-
cantly reduced depression symptoms within 72 h of administration (Berman et al.
2000). Thus, ketamine, a neurotoxic and addictive non-barbiturate intravenous
anesthetic, attracted the attention of the medical community. The rapid-acting and
sustained antidepressant effect of ketamine were later confirmed in a larger, double-
blinded, placebo-controlled study (Zarate et al. 2006). Since then, many other stud-
ies have reached similar conclusions on the effective antidepressant outturn of
ketamine (Zarate et al. 2012; McGirr et al. 2015; Xu et al. 2016; Lee et al. 2015a;
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Goitsuka et al. 1987; Murrough et al. 2013). More importantly, data also suggest
that ketamine has a potent anti-suicide effect (Price et al. 2009; Murrough et al.
2015; Bartoli et al. 2017; Grunebaum et al. 2018).

The exact molecular and cellular mechanisms behind ketamine treatment are still
not well understood. Ketamine is a racemic compound consisting of equal amounts
of (R)-enantiomer and (S)-enantiomer (Hashimoto 2019). It is well known that the
inhibition of NMDAR is a crucial step for its potent antidepressant effects, and it
was demonstrated that (S)-ketamine has approximately three- to four-fold greater
affinity for the NMDAR than (R)-ketamine. Hence, (S)-ketamine is generally con-
sidered as a better acting antidepressant. Despite (S)-ketamine nasal spray being
approved by the Food and Drug Administration (FDA) in the USA for the treatment
of depression, its conspicuous side effects due to the high affinity to NMDAR can-
not be ignored, and this drug should be solely available from a certified doctor’s
office or clinic (Hashimoto 2019; Reardon 2019; U.S. Food and Drug Administration
2019). At present, there is no report of a clinical trial for (R)-ketamine in humans but
several preclinical studies have shown that (R)-ketamine has a more potent antide-
pressant effect and lower psychotomimetic side effects than (S)-ketamine (Zhang
etal. 2014; Yang et al. 2015; Fukumoto et al. 2017). These studies also demonstrated
that (R)-ketamine is safer, suggesting that (R)-ketamine may be a more effective
antidepressant (Yang et al. 2015). In addition, other emerging studies are finding that
ketamine’s metabolites (e.g., (S)-norketamine and (2R,6R)-hydroxynorketamine)
may also show antidepressant effects (Yang et al. 2018a; Chou et al. 2018).

3 The Mechanisms of Action of Ketamine

Although the exact mechanisms of action ketamine and its metabolites are yet to be
determined, current knowledge will be described below. (S)-ketamine and its
metabolite (S)-norketamine mainly activate NMDAR and subsequently upregulate
the brain-derived neurotrophic factor (BDNF)-TrkB-mTORCI signaling pathway
(Yang et al. 2018b). However, the antidepressant mechanism of (R)-ketamine and
its metabolite (2R,6R)-hydroxynorketamine (HNK) is believed to induce a different
pathway. (R)-ketamine can also activate NMDAR, but following its activation, it
subsequently activates either the BNDF-TrkB or ERK signaling pathways, thereby
promoting the synthesis of postsynaptic proteins (Yang et al. 2018b). Interestingly,
(2R,6R)-HNK exerts its antidepressant effects by activating AMPAR and increasing
the release of BNDF (Chou et al. 2018). Additionally, vascular endothelial growth
factor (VEGF), hyperpolarization-activated cyclic nucleotide—gated channel 1
(HCN1), protein pl1, and microRNAs can also play a role in the antidepressant
effects of ketamine (Clark-Raymond and Halaris 2013; Deyama et al. 2019; Zhang
et al. 2016; Sun et al. 2016; Bortolozzi et al. 2014).

As well as activating the glutamatergic system, ketamine’s mechanisms of action
could potentially also include the monoaminergic (e.g., 5-HT, dopamine and norepi-
nephrine) and opioid systems (Williams et al. 2018; Zhang and Hashimoto 2019).
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Ketamine does increase the release of 5-hydroxytryptamine (5-HT), dopamine
(DA), and norepinephrine (NE), thereby promoting its antidepressant effects (Ago
et al. 2019). Moreover, Williams et al. demonstrated that ketamine’s acute antide-
pressant effect requires opioid system activation (Fig. 1) (Williams et al. 2018).

4 Changes in Gut Microbiota Can Influence
the Antidepressant Effects of Ketamine

Gut microbiota is the name given to the trillions of microorganisms that coexist in
the digestive tract of humans. It is formed by around 1000 different bacterial species
and carries approximately 150 times more microbial genes than the human genome
(Yang and Yu 2018), thereby being described as “the second genome” (Qin et al.
2010). There is growing evidence that gut microbiota plays a key role in depression
(Dinan and Cryan 2019; Pennisi 2019; Stower 2019; Zhang et al. 2017). Hoban
et al. reported significant depression-like behavior in rats following treatment with
chronic antibiotics to deplete the gut microbiota (Hoban et al. 2016). Interestingly,
ketamine was able to reverse some of the symptoms and further showed preventive
effects, accompanied by changes in the composition of the gut microbiota (Yang
et al. 2017b; Qu et al. 2017; Getachew et al. 2018; Mastrodonato et al. 2018).

We reported that phylum Actinobacteria, class Coriobacteriia, order
Clostridiales, family Prevotellaceae, and genus Alloprevotella are independently
correlated with forced swimming test (FST) immobility time, suggesting that these
microorganisms could be responsible for the antidepressant effects seen in rodents.
Subsequent to this study, phylum Actinobacteria and class Coriobacteriia were
shown to be potential biomarkers for the antidepressant effect of ketamine in an
inflammation model that used receiver operating characteristic (ROC) curve method-
ology for their analysis (Huang et al. 2019). We further demonstrated that gut micro-
biota may play a critical role in the antidepressant effects of (R)-ketamine in a mouse
model of chronic social defeat stress (CSDS). Specifically, at the phylum level,
CSDS-susceptible mice showed decreased levels of Tenericutes and elevated levels
of Actinobacteria. At the class level, both ketamine enantiomers significantly damp-
ened the numbers of Deltaproteobacteria that were originally increased in the
CSDS-susceptible mice. Interestingly, (R)-ketamine but not (S)-ketamine signifi-
cantly reversed the reduced numbers of Mollicutes in these mice. At the genus level,
both ketamine enantiomers significantly dampened the reduced levels of
Butyricimonas in susceptible mice, with (R)-ketamine showing higher potency than
(S)-ketamine. We also found that (R)-ketamine significantly dampened the altered
levels of Bacteroidales, Clostridiales, and Ruminococcaceae in CSDS-susceptible
mice. At the genus level, it significantly dampened the increase in the level of
Clostridium (Qu et al. 2017). Getachew et al. replicated these findings in rats, indi-
cating that, at the genus level, ketamine noticeably amplified Lactobacillus,
Turicibacter, and Sarcina by 3.3-, 26-, and 42-fold, respectively. By contrast, oppor-
tunistic pathogens Mucispirillum and Ruminococcus were reduced approximately
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2.6- and 26-fold, respectively, in the ketamine-treated group (Getachew et al. 2018).
Collectively, these data show that the antidepressant effects of ketamine may be par-
tially mediated by the composition of the gut microbiota (Yang et al. 2017b).

Despite these findings, increased fecal bacterial a-diversity was found in patients
with MDD according to the Shannon index. The levels of Bacteroidetes,
Proteobacteria, and Actinobacteria were significantly increased, whereas the levels
of Firmicutes were significantly reduced in patients with MDD when compared
with healthy individuals (Fig. 2) (Zheng et al. 2016; Jiang et al. 2015).

Taken together, the current findings suggest that the composition of the gut
microbiome is associated with the antidepressant effects of ketamine. Further
studies will be necessary to better understand what species of microbiota could be
playing a key role in these mechanisms.

L,
Brain .

Ketamine and s .
its metabolites

microbiota

Phylum: Actinobacteria  Proteobacteria  Bacteroidetes Tenericutes
Y Class:  Coriobacterria Deltaproteobacteria

Order: Clostridiales Bacteroidales
Family: Prevotellaceae  Ruminococcaceae

Genus: Clostridium Alloprevotella  Butyricimonas Ruminococcus
Lactobacillus Turicibacer Mucispirillum  Sarcina

Fig. 2 Changes of gut microbiota in the antidepressant effects of ketamine. The gut microbiota
involved in the antidepressant effect of ketamine are as follows: (1) Phylum level: Actinobacteria,
Proteobacteria, Bacteroidetes, Tenericutes; (2) Class level: Coriobacteriia, Deltaproteobacteria;
(3) Order level: Clostridiales, Bacteroidales; (4) Family level: Prevotellaceae, Ruminococcaceae;
(5) Genus level: Clostridium, Alloprevotella, Butyricimonas, Ruminococcus, Lactobacillus,
Turicibacter, Mucispirillum, Sarcina
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5 Mechanisms Underlying Depression
and the Antidepressant Effects of Ketamine

There is a growing evidence that the microbiota—gut—brain axis plays an important
role in health and disease (Hold and Hansen 2019; Lavelle and Hill 2019). The
bidirectional communication system between the brain and the gut involves the ner-
vous, immune, metabolic, endocrine, and other mechanisms of the body (Borre
et al. 2014). The gut microbiota not only regulates intestinal mechanisms but also
the central nervous system by affecting brain development, stress response, anxiety,
depression, and cognitive function (Mayer et al. 2014; Lee et al. 2015b). In recent
years, investigation into the mechanisms underlying depression and the antidepres-
sant effects of ketamine and how the gut microbiota might be involved in these has
gained momentum, and it has been found that intestinal microbes may affect the
organism’s response to ketamine through inflammation, neuroendocrine imbalance,
and the interference with neurotransmission (Fig. 3) (Vlainic et al. 2016).

5.1 Inflammatory Response Mechanisms

The bacterial metabolite lipopolysaccharide (LPS) has been found to affect the cen-
tral nervous system (CNS) either directly by activating toll-like receptor 4 on
microglial cells leading to the release of the inflammatory cytokines interleukin-1f
(IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) in the CNS or
indirectly through inducing the release of inflammatory cytokines in the gastrointes-
tinal tract (Shi et al. 2006; Kim et al. 2012). One study has found the presence of a
negative correlation between Actinobacteria, Coriobacteriia, Clostridiales, and
FST immobility time in the LPS-induced inflammatory depression mouse model
and a positive correlation between Prevotellaceae, Alloprevotella, and FST immo-
bility time, suggesting that a change in the levels of these microbial communities
may lead to depression in mice through an inflammatory response. Moreover, ROC
curve analysis indicated that Actinobacillus and Actinomycetes, but not Firmicutes,
were potential biomarkers for the antidepressant ketamine in the inflammatory
model of depression (Huang et al. 2019).

5.2 Neuroendocrine Imbalance Mechanism

It is well recognized that the hypothalamic—pituitary—adrenal (HPA) axis plays an
important role in the stress response and in mood and functional disorders. Changes
in the HPA axis have been detected in patients with various mental status and
included elevated levels of plasma cortisol in patients with severe depression,
increased levels of corticotropin-releasing factor in the cerebrospinal fluid, and 24-h
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Fig. 3 Mechanisms underlying depression and antidepressant effects of ketamine. The gut micro-
biota may affect the antidepressant effect of ketamine through inflammatory response, neuroendo-
crine imbalance, and interference with neurotransmitter signals. Specifically, gut microbiota might
play a pivotal role in the occurrence and development of depression by increasing the release of
lipopolysaccharide (LPS) and cytokines. Furthermore, gut microbiota can activate hypothalamic—
pituitary—adrenal (HPA) axis, subsequently increasing the release of cortisol into the blood, thereby
promoting the antidepressant effects of ketamine. In addition, gut microbiota can also interfere
with the transmission of neurotransmitters, and vagus nerve has been found to be involved in the
antidepressant effects of ketamine
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changes in the level of urinary 17-hydroxycorticosteroid (Carabotti et al. 2015;
Barden 2004). Lactobacillus farciminis used as a prophylactic therapy in rats
reduced the levels of the adrenal hormone and adrenocorticotropic hormones that
are typically induced by stress (Ait-Belgnaoui et al. 2012). Treatment with this pro-
biotic was also shown to prevent intestinal barrier injury, reduce circulating LPS
levels, and attenuate the HPA axis stress response (Ait-Belgnaoui et al. 2012). This
suggests that gut microbiota can affect the neuropsychological state of the host by
regulating the HPA axis.

Gut microbiota has also been found to affect the secretion of BNDF. BDNF can
be secreted by neurons in the brain and by their target cells, and its functions include
promotion of nerve fiber growth and regulation of the synaptic plasticity (Jin et al.
2019). Studies have found that when the gut microbiota is modified, the mRNA and
protein level of BNDF decreases, and the expression of BDNF in the hippocampus
concomitantly decreases, leading to changes in the composition and function of
both cortical and hippocampal neurons, which ultimately lead to depression.
Therefore, gut microbiota can contribute to the mechanisms of action of antidepres-
sant drugs by promoting BDNF expression and regulating hippocampal neuron
plasticity (Magsood and Stone 2016).

5.3 Neurotransmitter Signaling

Gut microbiota can promote the synthesis and release of a variety of hormones. For
example, bacteria such as such as Lactobacillus rhamnosus and Bifidobacterium
produce gamma-aminobutyric acid (GABA), Bacillus and Saccharomyces produce
norepinephrine, Escherichia coli and Enterococcus are capable of producing 5-HT,
Bacillus can produce dopamine, and Lactobacillus produces acetylcholine (Lyte
2013, 2014). These substances secreted by gut microbiota are involved in the regu-
lation of the circadian rhythm, sexual behavior, arousal, and anxiety (Wren and
Bloom 2007). Long-term treatment with Lactobacillus rhamnosus has been found
to induce region-dependent changes in the expression of GABA receptors in the
brain and to reduce stress-induced corticosterone release and anxiety and depression-
like symptoms through vagus signaling (Bravo et al. 2011). Microorganisms in the
gut can also affect the metabolism of tryptophan, a precursor of serotonin (5-HT).
On the one hand, microbes can deplete tryptophan through the kynurenine pathway
by activating indoleamine 2,3-dioxygenase, resulting in decreased levels of 5-HT
and ultimately depression (Abildgaard et al. 2017b). On the other hand, tryptophan
metabolism produces quinolinic acid and other neurotoxic metabolites that lead to
neuronal damage (McLean et al. 2007; Weilburg 2004). Thus, there is a clear cross-
talk between the substances synthesized and released by the gut microbiota and
those synthesized in the host and that crosstalk can play a major role in the occur-
rence of central nervous system diseases.
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6 Outcome of Probiotics Usage on the Antidepressant Effects
of Ketamine

Traditional depression therapy typically includes the use of antidepressants and/or
psychotherapy. However, there is a low recognition rate for this disease leading to
be lated or non-existent medical treatment or prevention of depression, and there-
fore, it still presents with a high recurrence rate (Smith 2014). The use of probiotics
in the field of clinical psychiatry is sparse, but it may open a new pathway for the
prevention and treatment of depression as in-depth knowledge of the mechanisms
for probiotic action and how they affect depression emerges. Previous studies have
shown that an unhealthy diet and environmental cues can lead to a poor physical and
mental state, triggering or maintaining existent depression (Tannock and Savage
1974). Probiotics can cause changes in the gut microbiota of depressed patients and
significantly reduce the symptoms of depression (Liu et al. 2019).

Probiotics typically refer to a group of active microorganisms beneficial to the
host through its colonization that can improve general immunity, maintain structural
balance of the gut microbiota, inhibit intestinal inflammation, protect the intestinal
mucosal barrier, and promote a better digestion and absorption of nutrients (Vlainic
etal. 2016). Probiotics such as Lactobacillus and Bifidobacteria can noticeably acti-
vate phagocytosis by macrophages, induce the production of interferons, promote
cell division, lead to the production of antibodies, and generally promote cellular
immunity. Additionally, probiotics can colonize the intestine and form a natural
immune barrier. Standardized mixtures of probiotics mainly include edible strains
of yeast, Lactobacillus acidophilus, Bifidobacterium, Clostridium butyricum, etc.
All of these have been previously shown to alleviate depression symptoms in labo-
ratory animals (Sudo et al. 2004; Yang et al. 2017a; Liang et al. 2015).

Studies have explored the benefits of the probiotic Bifidobacteria in germ-free mice
and found that after supplementation with infant Bifidobacteria, the anxiety and
depression behaviors in these mice were significantly reduced. Moreover, the typically
abnormal HPA axis found in germ-free mice was restored after treatment, the mRNA
expression of BDNF increased, and the release of pro-inflammatory IL-6 decreased
(Sudo et al. 2004). Plasma concentration of tryptophan and urinary quinolinic acid was
increased in Sprague—Dawley rats that were administered with infant Bifidobacterium
for a prolonged time, while the concentration of 5-hydroxyindoleacetic acid (5-HIAA)
in the frontal cortex and 3,4-dihydroxyphenylacetic acid (DOPAC) in the amygdala
was decreased, factors that typically correlate with the pathogenesis of depression.
The decreased pro-inflammatory immune responses (decreased IFN-y, TNF-«, and
IL-6) and increased serotonin precursor tryptophan induced by Bifidobacteria therapy
support the hypothesis that these bacteria can show antidepressant properties
(Desbonnet et al. 2008). Bifidobacteria supplements may then prevent or minimize the
recurrence of depression induced by either inflammation or stress (Yang et al. 2017a).

Lactic acid bacteria (LAB) is a generic term for bacteria that use fermentable car-
bohydrates to produce large amounts of lactic acid. LAB counteracted depression-like
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behavior induced by poor diet such as high-fat and low-fiber diet in rats, and an
increase in white blood cell count was found in the brain tissues of depressed rats that
did not receive LAB treatment (Abildgaard et al. 2017a). It has been suggested that
Lactobacillus can exert antidepressant effects by inhibiting tryptophan-kynurenine
metabolism disorder and by producing large amounts of reactive oxygen species.
Further, additional supplementation with Lactobacillus helveticus NS8 in chronic
restraint-stressed rats regulates gut microbiota, improved general anxiety, depression,
and memory, increased hippocampal serotonin levels and BDNF expression, and
reduced cortisol and IL-10 levels (Liang et al. 2015).

Clinical exploratory experiments have shown that the use of probiotics impacts
patient’s anxiety and depression-like symptoms. Following Bifidobacterium and
Lactobacillus supplementation for 30 days in healthy adults, these probiotics were
found to reduce and alleviate psychological stress, including depression (Messaoudi
etal. 2011). In another similar study, subjects were given probiotic yogurt or a com-
bination of probiotic capsules for 6 weeks, and their mental health status was mea-
sured prospectively with an overall health questionnaire that scored depression,
anxiety, and stress. Subjects receiving probiotic supplements had shown signifi-
cantly lower psychological stress levels and depression scores (Mohammadi et al.
2016). Further to this, the effects of probiotic supplementation on depressive symp-
toms were analyzed by metabolic profiling, and measurement of serum high-
sensitivity C-reactive protein (hs-CRP) and oxidative stress biomarkers was
performed in patients with MDD. Following intake of probiotics for 8 weeks (lacto-
bacillus acidophilus, lactobacillus casei, and two kinds of Bifidobacterium), the
Beck depression scores in patients were significantly reduced with a corresponding
beneficial effects in insulin, insulin resistance index, hs-CRP concentration, and
glutathione levels, but not in fasting blood glucose, steady-state model evaluation of
[-cell function, quantitative insulin sensitivity check index, lipid spectrum, and total
antioxidant capacity levels (Akkasheh et al. 2016).

Presently, investigation of the effects of probiotics has focused mainly on infec-
tion, gastrointestinal dysfunction, and on their potential reduction of the risk of
colon cancer. With the increasing usage of probiotics, their toxic and other negative
side effects have started to emerge. The most common side effects of uptake of
probiotics are infection, gene transfer, promotion of harmful metabolic activities,
and other serious complications including mycosemia. Therefore, individualized
use of probiotics that has been based on medical evidence could in future be an
auxiliary method to the treatment of depression.
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Effects of Ketamine on Pain
and Depression Comorbidity

Xiao-Hui Tang and Jian-Jun Yang

Abstract Major depressive disorder is one of the leading causes of disability in the
world, with an incidence rate of 16%, causing a heavy social and economic burden.
Moreover, pain and depression often coexist, and the factors that need to be consid-
ered to understand this coexistence are more complex. A deeper understanding of
the mechanisms behind the coexistence of pain and depression is likely to find a
more effective way to treat depression in the context of pain. In this chapter, we
outline the prevalence of pain and depression comorbidities and the shared neuro-
biological mechanisms between pain and depression. Additionally, we discuss ani-
mal models commonly used in the current study to simulate comorbidities of pain
and depression. Finally, we also present some current therapies based on an under-
standing of the neurobiological changes that occur in pain and depression comor-
bidities, as well as ketamine as a promising approach in the treatment of pain and
depression comorbidities.

Keywords Pain - Depression - Ketamine animal models - Glutamate signaling

1 Relationship Between Pain and Depression

Depression and pain are two highly prevalent and deleterious disorders (Bair et al.
2003), which make detrimental effects on patient health and cause a significant
economic burden to society (Sobocki et al. 2006). There is growing evidence sug-
gests that these two situations commonly coexist and often intensify each other and
may have overlapping symptoms (Li 2015). According to reports, the prevalence
rates of chronic pain in patients with depression is about 59.1%, higher than the
general population (Aguera-Ortiz et al. 2011). According to the Symptom Checklist
(SCL) scale, people with pain symptoms (e.g., back pain, headache, abdominal
pain, chest pain, and facial pain) have a higher depression score than those without
pain symptoms (Von Korff et al. 1988). Meanwhile, the average prevalence rates of
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major depression in patients identified as suffering from pain ranged from 18 to
85%, depending on the study diagnostic criteria (Bair et al. 2003). A 10-year follow-
up found that depressive symptoms can be used as predictors of low back pain and
neck—shoulder pain (Leino and Magni 1993). Therefore, the current consensus is
that pain and depression often present together.

Pain is defined as “an unpleasant subjective feeling and emotional experience
associated with actual or potential tissue damage,” which is an interaction of psy-
chological, emotional, behavioral, and social factors. Among them, chronic pain
means pain persists or recurs for more than 3 months. Pain is a complex that com-
bines sensory, cognitive, and emotional components. The emotional component is
the most important, and depression is the outstanding performance of the emotional
component. Studies suggested that pain and depression were highly intertwined and
may co-exacerbate physical and psychological symptoms. Chronic painful physical
condition (CPPC) is a risk indicator for developing major depressive disorder
(MDD), which exacerbates the severity of depression symptoms, prolongs the dura-
tion of depressive episodes, and increases recurrence rates (Ohayon 2004).
Meanwhile, Means-Christensen et al. observed that patients with pain symptoms
had decreased mental health function and a higher score for depression severity, and
there is a 2.5-10 times increase in depression in patients with pain (Means-
Christensen et al. 2008). Furthermore, in the postoperative period, the severity of
depressive symptoms is closely related to the intensity of pain, as the depression
score increases with increasing pain (Carr et al. 2005). The onset of depression is
associated with an increasing number of pain locations (P < 0.001) and higher
severity of pain (P < 0.001) (Gerrits et al. 2014).

In terms of the temporal relationship between pain and depression, we mainly
discuss the coexistence of such a disease in which pain is in the front and depression
is behind. On the one hand, pain precedes and subsequently triggers depression-like
symptoms, a view that is consistently supported by clinical and animal experimental
data. On the other hand, the state of depression precedes and subsequently changes
the sensitivity of the pain, and the results obtained from the study of this view are
less consistent. In general, it must be pointed out that in the study of the temporal
relation between pain and depression, Hilderink et al. concluded that since pain
precedes the onset of depression, strategies to prevent depression in patients with
chronic pain are necessary. In contrast, no effect of depression on subsequent pain
development was found when adjusting for covariates (Hilderink et al. 2012). In
summary, these findings suggest that we must be aware that pain plays an important
role in depression and that a better understanding of pain and depression comorbid-
ity can be helpful for the treatment of depression.
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2 Mechanisms of Pain and Depression Comorbidity

2.1 Why Pain and Depression Are Associated?

Structure determines function. To understand why pain and depression are related,
it is easy to think about whether there is a connection or overlap in the brain regions
affected by the two. Importantly, functional imaging results confirm this (Hooten
2016). Pain is a complex sensory and emotional experience, and multiple pathways
in the central nervous system (CNS) are involved in the management of pain.
Human brain imaging studies have revealed that the brain areas most commonly
activated include the primary and secondary somatosensory, insular, anterior cingu-
late, and prefrontal cortices (S1, S2, IC, ACC, PFC) and thalamus (Th). Among
them, ACC, nucleus accumbens (NAc), and amygdala are thought to be related to
the emotional component of pain (Apkarian et al. 2005; Bushnell et al. 2013).
Similarly, the most frequently dysfunctional brain regions of depression include
PFC, ACC, NAc, hippocampus, and amygdala (Fig. 1). Interestingly, the brain areas
affected by chronic pain and depression are very similar (Russo and Nestler 2013).
In healthy subjects, patterns of brain activity caused by emotional distress (using
experimental means of social exclusion that leads to depression) are similar to pat-
terns of brain activity caused by experimental pain, including somatosensory and
active areas (Eisenberger et al. 2003).

Preclinical studies support the structural relevance of pain and depression. A
recent study showed that NAc is participated in both pain relief and reward circuitry

— Ascending afferent pathways
— Descending modulatory pathways

@ Pain related brain regions.
Depression related brain regions.

Brain regions associated with

pain and depression

Fig. 1 Brain regions associated with pain and depression comorbidity. Afferent nociceptive infor-
mation (pain) transmitted from the spinal cord to the brain, activating a series of brain regions,
including the primary and secondary somatosensory, insular, anterior cingulate, and prefrontal
cortices (S1, S2, IC, ACC, PFC) and thalamus (Th), whereas depression activates brain regions
involving PFC, ACC, NAc, hippocampus, and amygdala. There is an interaction between the brain
regions involved in the ascending (shown in blue) afferent and descending (shown in yellow)
modulatory pathways
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(Baliki et al. 2013). Moreover, in a mouse model of SNI, the firing rate and bursting
activity in the ACC increased when depressive-like behaviors emerged as a conse-
quence of neuropathic pain, and optogenetic inhibition of the ACC hyperactivity
alleviated the depressive-like behaviors (Sellmeijer et al. 2018). At the same time,
clinical studies also support the structural relevance of pain and depression.
Functional imaging results have showed that, accompanying the progress that acute
pain transform chronic pain, the brain associated with emotion and reward was acti-
vated (Bigman et al. 2017). In addition, compared with healthy subjects, the emo-
tionally relevant areas of depressed patients were transferred to the dorsal anterior
island, which is the area associated with physical pain (Mutschler et al. 2012). All
these studies noted that there are common brain changes (structure level) in pain and
depression comorbidity (function level).

2.2  What Is Involved in Pain and Depression Comorbidity?

The neurobiological mechanisms of pain and depression comorbidity have not been
extensively studied; on the one hand, the simultaneous occurrence of these two
conditions may indicate that there is some common biological mechanism behind it
(Cocksedge et al. 2014), and on the other hand, the difference in the treatment effect
of pain and depression may indicate that the mechanism behind it is also different.
Thus, it is clearly that the mechanism is multifaceted.

2.2.1 Animal Models of Pain and Depression Comorbidity

Although imaging studies suggest a link between pain and depression at the ana-
tomical level, further mechanistic studies need to be explored through rational labo-
ratory animal models. In a widely accepted model of depression, pain often acts as
a source of stress to induce symptoms of depression; therefore, a model for estab-
lishing pain and depression comorbidities can be expected. The most representative
of them is chronic neuropathic pain models, which simulates the depression caused
by chronic pain in the population. Clinical studies have shown that patients with
various pain conditions have an increased susceptibility to depression. Almost all
preclinical studies on depression in the context of pain use models associated with
sciatic nerve manipulation, using nerve ligation or injury. Among them, chronic
constriction injury (CCI), sciatic nerve ligation model (SNL), and spared nerve
injury (SNI) model are commonly used in experiments (Decosterd and Woolf 2000).
Anhedonia and behavioral despair are the two most important features of depres-
sion. The sucrose preference test (SPT) and the forced swim test (FST) were used to
assess the anhedonia and behavioral despair, respectively. Many studies have con-
firmed that both SNI and SNL can induce anhedonia as well as behavioral despair
(Wang et al. 2011; Goffer et al. 2013; Suzuki et al. 2007). In a rat model of CCI,
during day 14 to day 21 after CCI, the immobility (depression-like behavior) time
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of FST increased (Fukuhara et al. 2012). In a mice model of SNL, 15 and 30 days
after ligation, mice developed depression-related behavior, which was demonstrated
by an increase in immobility time of FST (Suzuki et al. 2007). In a rat model of SNI,
rat developed depression-related behaviors, as evidenced by reduced sucrose prefer-
ence in SPT and increased immobility time in FST (Goffer et al. 2013). In addition
to the chronic neuropathic pain model described above, inflammatory model of
pain, like complete Freund’s adjuvant (CFA) model has also been shown to induce
depression-like symptoms (Shi et al. 2010). All of these models, which have been
used and validated, serve as a valuable tool for the study of the comorbidity between
pain and depression. While, in models of pain-induced depression, depression-like
behavior occurs later than pain symptoms, and further study and understanding of
this behavioral synchronization is necessary for a comprehensive understanding of
the comorbid model. Furthermore, because the current type of pain is too single, the
commonly used models are derived from neuropathic pain. Future research should
include more types of pain to establish a depression model, in order to better simu-
late the clinical situation.

2.3 Molecular Mechanisms That Underlie the Pain
and Depression Comorbidity

2.3.1 Glutamate Signaling

Glutamate is the major excitatory neurotransmitter in the nervous system and func-
tions by binding to receptors, among which the common ionotropic glutamate
receptors are a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
N-methyl-D-aspartate (NMDA) receptors. Glutamatergic system as a final common
pathway for the novel effective antidepressant indicated its important role in psychi-
atric pathology (Sanacora et al. 2012). In the rodent models of depression, the levels
of AMPA receptors subunit GluA1 in the PFC were reduced (Chandran et al. 2013).
Corresponding antidepressants can upregulate the expression of GluAl (Li et al.
2010). Similarly, glutamate signaling is involved in the process of pain as well. In
the rat CCI model, the phosphorylation level of the NMDA receptor type 1 (NR1)
subunit in the hippocampus was reduced compared to the control group (Li et al.
2014). In the SNI model for chronic pain, the levels of vesicular glutamate trans-
porter (VGLUT) 1 and 3 levels in the NAc were decreased (Tukey et al. 2013). It is
reasonable to speculate that glutamatergic signaling is also participated in the pain
and depression comorbidity, and some studies have confirmed this. In a rat model of
chronic neuropathic pain, the level of GluA1 in NAc was increased and the calcium-
permeable AMPA receptors (CPARs) was formed. Pharmacologic blockade of
CPARs increases pain-related depression-like behaviors, while enhancement of
AMPA receptor function decreases pain-induced depression-like behaviors (Goffer
et al. 2013). Furthermore, in the SNI model, ketamine, which has been shown to
enhance glutamate signaling can treat depression-like behaviors caused by pain
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(Wang et al. 2011). Meanwhile, injection of AMPAkines (augment AMPA receptor
function) produce analgesic effect in rat models of neuropathic and inflammatory
pain (Li et al. 2014). In patients with irritable bowel syndrome (IBS), increased pain
sensitivity can be blocked by an NMDA receptor antagonist (dextromethorphan),
suggesting that NMDA receptor mechanisms may be involved in the treatment of
pain (Verne et al. 2012). In summary, these studies indicate that glutamate signaling
plays a role in the formation and treatment of pain and depression comorbidities.

2.3.2 Serotonin (5-HT), Dopamine (DA), and Norepinephrine (NE)
Neurotransmitters

Decreased serotonergic activity was recognized as one of the causes of depression,
and classical antidepressants also work by directly or indirectly increasing the activ-
ity of the 5-HT system (Albert et al. 2014). In depressed patients with suicidal
behavior, the level of 5-HT in the cerebrospinal fluid was reduced (Mann and
Malone 1997). At the same time, in patients with fibromyalgia, the maximal uptake
rate of specific serotonin transporter (SERT) was decreased in the platelets (Bazzichi
et al. 2006), and the level of 5-HT in the cerebrospinal fluid was also decreased.
Moreover, the 5-HT system was associated with hyperalgesia and central sensitiza-
tion, which is caused by the descending 5-HT drive from the rostral ventromedial
medulla and the involvement of 5-HT receptors (Okubo et al. 2013). Experimental
studies closer to comorbidities have shown that in patients with both pain and
depression, the level of indoleamine 2,3-dioxygenase 1 (IDO1), a rate-limiting
enzyme associated with a precursor of serotonin, in plasma was elevated.
Furthermore, results show that both nociceptive behavior and depressive behavior
were attenuated when IDO1 gene knockout or pharmacological inhibition of IDO1
activity (Kim et al. 2012). These studies provide evidences that 5-HT signaling is
associated with pain and depression comorbidity, which may be related to the meta-
bolic pathway of 5-HT signaling.

Clinical and basic research findings suggest that NE plays a role in the patho-
physiology of depression. In depressed patients, the level of NE in the cerebrospinal
fluid was reduced. NE depletion can reproduce the clinical symptoms of depression,
and antidepressants can reverse this change (Delgado 2000). Moreover, the levels of
tyrosine hydroxylase (rate-limiting enzyme in NE biosynthesis) and amounts of
binding to NE receptors were increased in depressed suicides compared with the
control group (Ordway 1997). At the same time, chronic stress has been found to
alter the transmission of NE and is further exacerbated by comorbid chronic pain
(Bravo et al. 2014). In patients with complex regional pain syndrome, neuropathic
pain, and cancer pain, the a2-adrenergic receptor agonist clonidine has been reported
to have an analgesic effect (Ackerman et al. 2003). Experimental studies closer to
comorbidities have shown that, in a rat model of CCI, pain leads to depressive-like
behaviors, and the onset of these behaviors are consistent with changes in the NE
system (Alba-Delgado et al. 2013). It should be noted that this change is different,
that is, the changes in the NE system caused by different types of pain, such as



Effects of Ketamine on Pain and Depression Comorbidity 149

neuropathic pain or inflammatory pain, are not exactly the same. More research is
needed in the future to clarify the specific roles played by different pains.

DA is considered to be involved in the pathophysiology and treatment of depres-
sion (Moriam and Sobhani 2013). In healthy individuals and depressed patients, a
lower dopamine genetic risk score (indicating lower dopaminergic neurotransmis-
sion) can predict a higher level of depression (Pearson-Fuhrhop et al. 2014). At the
same time, studies have shown that migraine was characterized by chronic dopami-
nergic deficiency (Barbanti et al. 2013). Experimental studies closer to comorbidi-
ties have shown that, in a rat model of SNI, the burst firing of DA cells in the SNI
group is enhanced compared to that in sham-operated animals (Sagheddu et al.
2015). 5-HT, DA, and NE are all monoamine neurotransmitters. Recently, triple
reuptake inhibitors that simultaneously inhibit 5-HT, NE, and DA reuptake reversed
the neuropathic hypersensitivity in a mouse model of neuropathic pain (Hache et al.
2015). These results accentuate the role of monoamine neurotransmitters in the pain
and depression comorbidity.

2.3.3 Brain-Derived Neurotrophic Factor (BDNF) Signaling

BDNF is a widely expressed neurotrophic protein in the peripheral and central ner-
vous systems that is involved in the regulation of neuronal survival and differentia-
tion and is critical for the regulation of synaptic plasticity. Converging lines of
evidence implicate the BDNF in the pathophysiology of major depression. Clinical
experiments have shown that, in depressed patients, the level of BDNF in serum was
decreased (Karege et al. 2002). Other studies have shown that, after antidepressant
treatment, the improvement of clinical symptoms in drug-free depressed patients is
parallel with the rise of plasma BDNF (Piccinni et al. 2008). At the same time, in
patients suffering from pain (headaches), the platelet levels of BDNF were decreased
(Blandini et al. 2006) (Table 1). Furthermore, BDNF is essential for central sensiti-
zation, which is a major component for persistent pain states, and pharmacological
antagonism of BDNF can treat persistent inflammatory pain (Kerr et al. 1999).
More convincing experiments have shown that BDNF conditionally knockout ani-
mals have a reduced baseline value of thermal pain and show that BDNF plays an
important role in regulating inflammatory pain thresholds (Zhao et al. 2006).
Unlike the results observed in clinical experiments, the results obtained in pre-
clinical experiments have some regional regulatory characteristics that need to be
further clarified. In spinal cord dorsal horn, the expression of BDNF was increased
in a rat model of CFA and reversed by anti-inflammatory drug (Duric and McCarson
2006a). In the dorsal root ganglion, the expression of BDNF was increased in a
mouse model of SNI and reversed by swimming exercise (Almeida et al. 2015).
Differentially, in the hippocampus, the expression of BDNF is reduced in a rat
model of CFA and can be blocked by antidepressants (Duric and McCarson 2006a).
In a rat model of SNL, the level of BDNF mRNA in the hippocampus decreased
7-14 days after SNL, and BDNF treatment restored hyperalgesia behavior (Tateiwa
et al. 2018). This different change in BDNF at the spinal and brain levels suggests
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Table 1 Similar biomarkers between depression and pain

Biomarker Depression Pain
Glutamate (1) Reduced GluAl in the PFC (1) Reduced NR1 subunit in the
hippocampus
(2) Reduced GluAl in the NAc (2) Reduced VGLUT 1 and 3 in the NAc
(3) Reduced GluAl in the NAc
Serotonin (1) Reduced 5-HT in the CSF (1) Reduced SERT in the platelets

(2) Elevated IDOL in the plasma (2) Reduced 5-HT in the CSF
(3) Elevated IDOI1 in the plasma

Norepinephrine | (1) Reduced NE in the CSF (1) Reduced TH in the locus coeruleus
(2) Reduced TH in the locus
coeruleus

Dopamine (1) Reduced DA neurotransmission | (1) Reduced DA in the plasma
(2) Reduced DA cells burst firing (2) Reduced DA cells burst firing
(1) Reduced BDNF in serum (1) Reduced BDNF in platelet

BDNF (2) Reduced BDNF in plasma (2) Elevated BDNF in the spinal cord
(3) Elevated BDNF in the spinal (3) Reduced BDNF in the hippocampus
cord
(4) Reduced BDNF in the
hippocampus

PFC prefrontal cortices, NAc nucleus accumbens, VGLUT vesicular glutamate transporter, SERT
specific serotonin transporter, /DO! indoleamine 2,3-dioxygenase 1, CSF cerebrospinal fluid,
BDNF brain-derived neurotrophic factor

that further experiments are needed to determine what role the peripheral and cen-
tral nervous systems play in a coexisting disease, and what are the connections and
differences between them.

Experimental studies closer to comorbidities have shown that in inflammatory
model of pain, the levels of BDNF mRNAs in the hippocampus were reduced,
which is also related to the pathophysiology of depression (Duric and McCarson
2006b). Moreover, in a rat model of CCI, the lack of BDNF is involved in depression-
like behaviors during chronic pain, while enhanced BDNF can alleviate chronic
pain and depression-like behaviors (Fukuhara et al. 2012). In summary, the evi-
dence leads us to believe that BDNF signaling was involved in the comorbidities of
pain and depression.

3 Treatments of Pain and Depression Comorbidity

In the treatment of pain and depression comorbidity, it must be recognized that the
presence of pain may increase the resistance of depression to treatment. Depressed
patients with severe pain were less likely to achieve remission and partial response
than those without pain at baseline (DeVeaugh-Geiss et al. 2010). Therefore, it is
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more logical to choose a drug to treat pain and depression comorbidity to promote
neurotransmitters that are commonly altered in both diseases.

3.1 Serotonin-Norepinephrine Reuptake Inhibitors (SNRIs)

SNRIs works by dually inhibiting the reuptake of serotonin and norepinephrine,
which has been proven to be a safe, tolerable, and effective antidepressant, as well
as significantly reducing pain symptoms such as headaches and back pain (Arnold
2007). The analgesic effects of SNRIs are also evident in the treatment of depres-
sion, echoing the hypothesis that serotonin and norepinephrine systems are the com-
mon biochemical basis for pain and depression. Among them, many studies have
focused on the possibility that duloxetine can treat both pain and depression (a
SNRIs). In patients concurrent with recurrent MDD and arthritis pain, duloxetine
not only significantly reduced the severity of MDD symptom but also yielded a
significant reduction in pain symptoms (Wohlreich et al. 2009). This result was sup-
ported by Brannan et al. study, which observed that depressed patients with associ-
ated painful physical symptoms produce an effective response to duloxetine (60 mg
once daily) (Brannan et al. 2005). More specific studies have shown that among
depressed patients grouped according to the physical symptoms of pain, depressed
patients with pain symptoms have a higher rate of remission after treatment with
duloxetine than depressed patients without pain symptoms (Sekine et al. 2016). One
possible mechanism is that the transmitter system affected by SNRIs is just a part of
the common changes in pain and depression comorbidities, such as chemical dys-
function and central nervous system changes.

It should be noted that although serotonin reuptake inhibitors (SSRIs) are first-
line drugs for depression, but the efficacy of SSRIs in pain were disappointing. This
difference raises a key question, whether to consider improving pain when treating
depression in the context of pain. Previous studies have found that DA and NE play
similar roles in depression, but NE plays a more important role in pain. On the one
hand, this proves that SNRIs are better than SSRIs in the treatment of pain and
depression comorbidities. On the other hand, in the treatment of depression in the
context of pain, it is necessary to consider whether the drug can also improve the
symptoms of pain.

3.2 Tricyclic Antidepressants (TCAs)

TCAs is a traditional antidepressant that acts by inhibiting the 5-HT transporter and
NE transporter. They are similar to SNRIs in the treatment of depression. At the
same time, there are evidences that TCAs can treat chronic pain, and interestingly,
the types of pain treated by SNRIs and TCAs are very similar. A recent systematic
review noted that the TCA amitriptyline and SNRIs duloxetine are first-line options
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for patients with fibromyalgia syndrome (FMS) (Hauser et al. 2012). Although
SNRIs and TCAs are very similar in treating pain and depression, SNRIs are still
more recommended because of the more serious side effect of TCAs (Attal
et al. 2010).

3.3 Ketamine

Ketamine is a common dissociative anesthetic that has been used as an analgesic for
decades. It is now considered a novel and promising drug for the treatment of
comorbid pain and depression. In recent years, a large body of evidence indicates
that a single low dose of ketamine has a rapid and effective therapeutic effect on
depression and even treatment-resistant depression. The antidepressant effect can
last for at least 24 h in most patients, and some patients can even last up to 7 days
(Berman et al. 2000; Diazgranados et al. 2010; Price et al. 2009). Ketamine has long
been used as an analgesic for acute pain and as an alternative therapy for chronic
pain, and its efficacy in the latter case varies with the level of evidence (Hocking and
Cousins 2003). The pain intensity of complex regional pain syndrome type I (CRPS
I) was improved after the use of a ketamine-containing ointment (Ushida et al.
2002). The effectiveness of ketamine in the treatment of CRPS I was further con-
firmed by subsequent studies (Sigtermans et al. 2009). Although some side effects
(such as hallucinations) have been observed during the treatment, overall it still
outweighs the disadvantages. Importantly, preclinical studies on depression in the
context of pain have shown that, in a rat model of CFA, both mechanical allodynia
and depression-like behaviors were attenuated after a single dose of ketamine
(20 mg/kg) injection (Zhang et al. 2016). It is plausible to assume that ketamine is
a promising candidate drug that can effectively treat the pain and depression comor-
bidity. However, a litter different, in a rat model of SNI, a single subanesthetic dose
of ketamine (10 mg/kg) did not improve the pain hypersensitivity in rats after SNI,
but restored the depression-like behaviors of rats after SNI (Wang et al. 2011). This
difference requires further experimentation to determine what mechanism ketamine
works in both pain and depression.

Clinical studies also provide a promising reference. In one case report, a 14-year-
old female patient suffered from severe depression and neuropathic pain, and mul-
tiple antidepressant treatments (fluoxetine, bupropion, and aripiprazole) and
analgesic methods (ibuprofen, acetaminophen, lidocaine 5% patch, tizanidine, and
oxycodone) failed. In detail, she had reported suicidal ideation and scored 7/10 on
the numerical rating scale (NRS, 0-10 with 10 being the worst pain). However,
1 day after intravenous infusion of ketamine (7 pg/kg/min), depressive symptoms
improved, with an NRS of 6/10 (no significant improvement). On day 5 after ket-
amine (4 pg/kg/min) intravenous infusion, NRS score was 0/10 (significant improve-
ment) and the mood continued to improve. Symptom (pain and depression) relief
persisted for 5 months after the patient’s first intravenous ketamine. No obvious side
effects (dysphoria or hallucinations) during the entire treatment (Weber et al. 2018).
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In other case report, a 46-year-old man suffered from bipolar disorder (suicidal
ideation) and chronic pain (shoulder), with quetiapine and bupropion prescriptions.
On day 2 after ketamine (0.5 mg/kg) intramuscular injection, depressed mood was
dramatically improved (PHQ-9 depression questionnaire score of 2) and pain sever-
ity score was 2-3/10 (Bigman et al. 2017). On the one hand, these two examples
provide a reference for the future clinical use of ketamine to treat pain and depres-
sion comorbidity. On the other hand, it also shows that a reasonable dose of ket-
amine and real-time monitoring outweighs the risks in treatment-specific patients
with pain and depression comorbidity.

A growing number of clinical and preclinical studies have shown that comorbid
pain and depression are a complex problem with complicated and confused mecha-
nisms. The imaging results suggest that there is a common brain region change in
comorbidity. The animal model results suggest that chronic pain can eventually
induce depression-like behavior. Further mechanism studies suggest that there are
common neurotransmitter and neuromodulator changes in the process of comorbid-
ity. As the research progresses, relevant therapeutic drugs continue to emerge, such
as SNRIs and TCAs. Among them, ketamine has become a promising candidate for
the treatment of comorbidities due to its eye-catching performance in both pain and
depression. Ultimately, it may require a multidisciplinary approach and may actu-
ally need to consider and address the physical, psychological, and social factors that
may affect the outcome from a global perspective.
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Distinct Roles of NMDA Receptor GluN2
Subunits in the Effects of Ketamine and Its
Enantiomers
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Abstract The N-methyl-pD-aspartate (NMDA) receptor antagonist ketamine is
known to induce various pharmacological effects. It has attracted attention because
of its rapid and sustained antidepressant effects in depressed patients, although its
side effects have raised some concerns. NMDA receptors are considered to mediate
various effects of ketamine, but other systems may be involved. NMDA receptors
are di-heteromeric complexes that are composed of two GluN1 subunits and two
homomeric GluN2A-D/3A subunits, or tri-heteromeric complexes that are com-
posed of two GluN1 subunits and two heteromeric GluN2A-D/GIuN3A, B subunits.
The involvement of each NMDA receptor subunit in the neural mechanisms that
underlie the various effects of ketamine remains unclear. This chapter focuses on
GluN2 subunits and discusses the involvement of each GIuN2 subunit in various
pharmacological actions of ketamine.

Keywords GIluN2 subunit - NMDA receptor - Ketamine - Phencyclidine (PCP) -
NR2 subunit

1 Ketamine and NMDA Receptors

Ketamine and phencyclidine (PCP) have structural similarity and are classified as
arylcycloalkylamines. They act on N-methyl-pD-aspartate (NMDA) receptors as non-
competitive antagonists. Ketamine has been widely used in humans and animals and
is listed as an essential medicine by the World Health Organization (WHO) as an
anesthetic agent (World Health Organization 2017). The recreational use of ket-
amine (street names: “K,” “Special K,” etc.) has spread in many parts of the world,
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and new problems have emerged, including physical harm and addiction (Morgan
and Curran 2012). Treatment with either ketamine or PCP can mimic symptoms of
schizophrenia, thus promoting genetic, biochemical, and pharmacological research
on the NMDA receptor hypofunction theory of schizophrenia (Coyle et al. 2003;
Kantrowitz and Javitt 2010). NMDA receptors have been suggested to be required
for recognition memory (de Lima et al. 2005; Rampon et al. 2000; Winters and
Bussey 2005). High-dose ketamine or PCP administration is well known to cause
cognitive impairment. Furthermore, recent studies have revealed that subanesthetic
doses of ketamine exert rapid and sustained antidepressant effects (Berman et al.
2000; Garcia et al. 2008; Krystal et al. 2013; Price et al. 2009) and relieve suicidal
ideation (Mallick and McCullumsmith 2016) and symptoms of posttraumatic disor-
ders (Feder et al. 2014).

Major depressive disorder is a serious mental disorder that affects approximately
16% of the population worldwide, causing serious health consequences (Kessler
et al. 2003). Although such interventions as pharmacotherapy and cognitive behav-
ioral psychotherapy are available, most patients remain resistant to treatment.
Furthermore, existing monoamine agonist-based drug therapies often take weeks or
months to exert their full therapeutic effects (Insel and Wang 2009). Thus, antide-
pressants with novel mechanisms are being sought. Ketamine is considered to exert
rapid and sustained antidepressant effects, thus attracting much research attention.
Although many studies have proposed several mechanisms of action, still unclear is
the way in which ketamine produces its various effects.

1.1 Mechanisms of Action of Ketamine

NMDA receptors are thought to mainly mediate the effects of ketamine (Zanos and
Gould 2018), although recent studies suggest the potential relevance of other neu-
rotransmitter systems, including dopamine (Belujon and Grace 2014; Can et al.
2016; Kapur and Seeman 2002), serotonin (Kapur and Seeman 2002), opioid
(Williams et al. 2018; Gupta et al. 2011), sigma (Robson et al. 2012), y-aminobutyric
acid (GABA; McNally et al. 2011), and o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA; Zanos et al. 2016) receptors. Ketamine directly
binds to NMDA receptors as a noncompetitive antagonist. Thus, it may be expected
to block excitatory glutamatergic neurotransmission via NMDA receptor inhibition.
A recent study found that ketamine decreased the NMDA receptor-dependent burst
firing of glutamatergic neurons in the lateral habenula (LHb) that were transiently
activated by aversive stimuli (Hikosaka 2010). This ketamine-induced reduction of
bursting activity in the LHb was associated with an acute antidepressant effect in a
rat model of depression (Yang et al. 2018). With regard to the acute effects of ket-
amine, particularly its antidepressant effects, the blockade of NMDA receptors that
are expressed on LHb neurons may play an important role. Subanesthetic doses of
ketamine were reported to increase the overall activity in the prefrontal cortex in
healthy volunteers (Breier et al. 1997), which was hypothesized to be attributable to
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the inhibition of NMDA receptors that are expressed on GABAergic interneurons
(Moghaddam et al. 1997; Homayoun and Moghaddam 2007). Subanesthetic doses
of ketamine also significantly increased extracellular glutamate levels in rats
(Moghaddam et al. 1997). Based on the higher frequency of interneuron firing com-
pared with pyramidal neurons (Neske et al. 2015), which increases relief of Mg**
blockade in NMDA receptors, ketamine may selectively bind at the channel pore of
NMDA receptors on interneurons (Seamans 2008). The inhibition of NMDA recep-
tors on GABAergic interneurons and concomitant pyramidal cell disinhibition and
the enhancement of excitatory glutamatergic neurotransmission in the medial pre-
frontal cortex and other brain regions may be involved in the mechanism of action
of various effects of ketamine.

Ketamine is also considered to exert its effects through various NMDA receptor
mechanisms. One such mechanism is the inhibition of spontaneous resting-state
neurotransmission via NMDA receptors. Ketamine was reported to block miniature
excitatory postsynaptic currents (mEPSCs), which tonically suppresses protein syn-
thesis (Sutton et al. 2007) and was reported to induce the disinhibition of protein
synthesis and lead to synaptic potentiation in the hippocampus and subsequently
antidepressant effects (Autry et al. 2011; Nosyreva et al. 2013). Ketamine has also
been reported to inhibit NMDA receptor mEPSCs under the conditions of physio-
logical levels of Mg?* (Gideons et al. 2014). Thus, the effects of ketamine are
hypothesized to be expressed partially through the inhibition of spontaneous NMDA
receptor-mediated neurotransmission and the concomitant enhancement of synaptic
neurotransmission through a protein synthesis-dependent mechanism. The direct
inhibition of extrasynaptic NMDA receptors is another possible mechanism of
action of ketamine. The existence of extrasynaptic NMDA receptors that are not
located in the postsynaptic density has been reported in both immunohistochemical
and electrophysiological studies (Hardingham and Bading 2010). Extrasynaptic
NMDA receptors are not activated by typical transient synaptic glutamate release;
instead, they are chronically activated by low levels of ambient glutamate within the
extracellular space (Rothstein et al. 1996). Ketamine is hypothesized to specifically
inhibit extrasynaptic NMDA receptors, thus preventing ambient glutamate-induced
tonic activation of these receptors and the concomitant induction of pyramidal neu-
ron excitation that disinhibits protein synthesis (Miller et al. 2014; Zanos and
Gould 2018).

1.2 NMDA Receptor Subunits

NMDA receptors are di-heteromeric complexes that are composed of two GluN1
subunits and two homomeric GluN2A-D/3A subunits, or tri-heteromeric complexes
that are composed of two GluN1 subunits and two heteromeric GluN2A-D/GIuN3A,
B subunits (Fig. 1a; Paoletti et al. 2013). These subunits are critical determinants of
NMDA receptor heterogeneity and provide the major influence in determining the
biophysical, pharmacological, and signaling properties of different NMDA receptor
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subtypes (Paoletti et al. 2013; Wyllie et al. 2013). Each NMDA receptor subunit is
composed of four discrete semiautonomous domains (Traynelis et al. 2010),
including the extracellular amino-terminal domain (ATD), extracellular ligand-
binding domain (LBD), transmembrane domain (TMD), and intracellular carboxyl-
terminal domain (CTD). Ketamine and PCP are thought to bind to the TMD, which
represents the most highly conserved portion of NMDA receptor subunits (Fig. 1b).
Further details about the site of action of ketamine on NMDA receptors are pro-
vided in another chapter in this book. An in vitro study that used oocytes that
expressed NMDA receptor subunits found that the potencies of compounds that are
classified as arylcycloalkylamines varied between four GIuN2 subunits (Dravid
etal. 2007). Ketamine was reported to be more potent at the GIuN1/GluN2B subunit
than at the GIuN1/GluN2A, GluN1/GluN2C, and GluN1/GIluN2D subunits, whereas
PCP had less potency at the GluN1/GluN2A subunit than at the GIuN1/GluN2B and
GluN1/GIluN2C subunits. (+)-MK-801 was almost equipotent across all four di-
heteromeric GluN2 subunit-containing NMDA receptors. Furthermore, the GluN2
ATD was reported to regulate agonist potency, the deactivation time course, the
channel open probability, and the mean channel open/closed duration of different
GluN2 subunits (Gielen et al. 2009; Yuan et al. 2009). Thus, differences in subunit
compositions of NMDA receptors likely explain the diversity of actions of various
noncompetitive NMDA receptor antagonists, including ketamine.

a) b)
Di-heteromeric NMDA receptors
GluN1 GluN2 -
. - Ifenprodil
> --- Supermine
Zﬂ2'
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-] CNQX
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Fig.1 Diversity and structure of NMDA receptors. (a) Schematic representation of di-heteromeric
and tri-heteromeric NMDA receptors with GluN1 subunits (indicated in white circle) that are
thought to exist in the central nervous system. (b) Schematic of the general structure of NMDA
receptors and multiple binding sites for extracellular ligands. ATD extracellularly located amino
terminal domain, LBD ligand-binding domain, 7MD transmembrane domain, CTD intracellularly
located C-terminal domain



Distinct Roles of NMDA Receptor GluN2 Subunits in the Effects of Ketamine and Its... 161
1.3 Enantiomers of Ketamine

Ketamine is a racemic mixture of equal amounts of the enantiomers R(-)-ketamine
and S(+)-ketamine (hereinafter denoted by [R]-ketamine and [S]-ketamine, respec-
tively). (S)-ketamine has been thought to be an active isomer because of its higher
affinity for NMDA receptors and greater anesthetic potency (Domino 2010; Franks
and Lieb 1994; Murray and Leid 1984). (S)-ketamine was also reported to be more
potent than (R)-ketamine as an analgesic (Klepstad et al. 1990) and in a drug dis-
crimination study (Brady and Balster 1982). A recent clinical trial reported the rapid
onset of robust antidepressant effects of (S)-ketamine in patients with treatment-
resistant depression (Singh et al. 2016). However, (R)-ketamine has also been
reported to exert more potent and sustained antidepressant effects than (S)-ketamine,
without causing such adverse effects as psychotomimetic behaviors, neurotoxicity,
and abuse potential, in animal models (Fukumoto et al. 2017; Yang et al. 2015;
Zhang et al. 2014b). Details of differences in both enantiomers of ketamine are
described in another chapter in this book. The neural mechanisms and role of each
GIuN?2 subunit that underlie these differential effects of ketamine and its enantio-
mers remain unclear.

~ GluN2A GIuN2B GIuN2C GIuN2D
| .
P | EANY < el W
' ¢ i
| .5 P ! :
P7 =N R ﬂ’
| (o4 a ¥ z =
slhe Ny o ~ 3 @
P11 k. % - @kf’
P14 AT | £ D FS ez
ot 3 | o

‘vfc b
Adult §40S: .3 J ooas
1&5’,‘«? . ‘E& ‘ E‘ A R D

Fig. 2 Expression of NMDA receptor subunits. Autoradiograms obtained by in situ hybridization
of oligonucleotide probes to parasagittal sections of rat brain on indicated postnatal (P) days. (The
figure is modified from Akazawa et al. (1994) with permission from Journal of Comparative
Neurology)
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2 NMDA Receptor GluN2 Subunits

GIuN2 subunits exhibit a developmentally and spatially regulated expression pat-
tern (Fig. 2; Akazawa et al. 1994; Monyer et al. 1994; Watanabe et al. 1992). In the
embryonic rodent brain, GluN2B and GluN2D expression is prominent. The latter
is mostly found in caudal regions. Strong GluN2A expression begins around the
second postnatal week of development. GluN2A and GluN2B subunits are the pre-
dominantly expressed NMDA receptor subunits in the adult forebrain. Together
with this progressive increase in GIuN2A expression, GluN2D expression markedly
decreases postnatally and is expressed at low levels in the adult brain, mostly in the
diencephalon and mesencephalon, although functional GluN2D-containing NMDA
receptors are present at older ages, particularly in the basal ganglia (Wyllie et al.
2013). GIuN2C expression appears late in development (postnatal day 10), and its
expression is mainly confined to the cerebellum, thalamus, and olfactory bulb. The
specific expression of GluN2B and GIuN2D subunits early in development suggests
that these subunits are important for synaptogenesis and synaptic maturation. In the
adult central nervous system, particularly in higher brain structures (e.g., hippocam-
pus and cortex), GluN2A and GluN2B are the predominant subunits (Akazawa et al.
1994; Monyer et al. 1994; Watanabe et al. 1992), indicating that they could play
central roles in synaptic function and plasticity. The specific roles of each NMDA
receptor subunit in various effects of ketamine remain unclear. Gene knockout stud-
ies of different NMDA receptor subunits have suggested that each plays a different
role in the pharmacological effects of ketamine (Table 1). Below we discuss the
involvement of each GluN2 subunit in various pharmacological actions of ketamine.

Table 1 Ketamine/PCP-induced changes in GluN2 subunit knockout mice

Dopamine
release in
striatum/
Anesthetic | Antidepressant Cognitive prefrontal
effect effect Hyperlocomotion |impairment | cortex
GIluN2A ! NR Maintain NR Maintain
knockout
GluN2B NR l l l NR
conditional
knockout
GluN2C NR NR T T NR
knockout
GIluN2D NR Maintain® l Maintain® 1
knockout

The data are described in a simple form with reference to the following papers: Sato et al. (2005),
Brigman et al. (2013), Miller et al. (2014), Gupta et al. (2016), Hagino et al. (2010), Yamamoto
etal. (2013, 2016), Sapkota et al. (2016), and Ide et al. (2017, 2019). NR not reported

*Sustained antidepressant effect and cognitive impairment induced by (R)-ketamine were lower
(Ide et al. 2017, 2019)
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2.1 Ketamine and the GluN2A Subunit

NMDA receptors that contain the GluN2A subunit (also known as €1 or NR2A)
have the fastest deactivation time course, higher single-channel open probability,
and higher Mg?* sensitivity compared with other GluN2 subunits (Traynelis et al.
2010; Wyllie et al. 2013). Previous studies have investigated the role of GluN2A
subunits in the anesthetic effect of ketamine. GluN2A knockout mice were resistant
to the hypnotic effect of intraperitoneal ketamine administration, reflected by a
decrease in the loss of righting reflex (Sato et al. 2005). GluN2A knockout mice
were also reported to be resistant to the hypnotic effect of pentobarbital (Petrenko
et al. 2004), which is a barbituric acid derivative that acts via the potentiation of
GABA, receptors. The dysfunction of GABAergic neurotransmission was also
speculated in GluN2A knockout mice because NMDA-stimulated GABA release
was markedly lower in striatal slices from GluN2A knockout mice (Miyamoto et al.
2001). Thus, the decrease in the hypnotic effect of ketamine in GIuN2A knockout
mice is considered to be partially attributable to compensatory changes; thus, the
specific contribution of GluN2A subunit-containing NMDA receptors to the anes-
thetic effect of ketamine is not completely understood (Petrenko et al. 2014).

Although GluN2A-containing NMDA receptors are the major NMDA receptor
subtype in the adult brain (Paoletti et al. 2013), the role of GIuN2A subunits in the
actions of subanesthetic doses of ketamine have rarely been tested. A recent study
found that the rapid enhancement of visual cortical responses and gamma-band
oscillations by subanesthetic doses of ketamine were abolished in GluN2A knock-
out mice (Picard et al. 2019). This study also found that parvalbumin-expressing
interneuron-selective conditional knockout mice exhibited abolishment of the rapid
enhancement of visual cortical responses and gamma-band oscillations by ket-
amine. Although the possibility that compensatory changes occurred in GluN2A
knockout mice cannot necessarily be discarded, GluN2A-containing NMDA recep-
tors, especially on parvalbumin-expressing interneurons, could be involved in some
of the acute effects of ketamine. Moreover, the expression of both GIluN2A and
GIluN2B subunits was reported to be lower in the prefrontal cortex in postmortem
brain samples in major depression patients compared with healthy controls (Feyissa
et al. 2009). GluN2A knockout mice were also reported to present a reduction of
depressive-related behaviors in the forced swim test and tail suspension test (Boyce-
Rustay and Holmes 2006). Thus, the GluN2A subunit may be involved in the onset
or pathophysiology of depression. Further elucidation of the role of GIuN2A sub-
units in the antidepressant effects of ketamine is needed.

2.2 Ketamine and the GluN2B Subunit

NMDA receptors that contain the GIuN2B (€2 or NR2B) subunit have a faster deac-
tivation time course, higher single-channel open probability, and higher Mg?* sensi-
tivity compared with the other GIluN2 subunits (Traynelis et al. 2010; Wyllie et al.
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2013). The GluN2B subunit, together with the GluN2A subunit, is the most abun-
dant subunit in the adult brain. The GluN2A and GluN2B subunits play different
and important roles in synaptic activity in the central nervous system (Bartlett et al.
2007; Kocsis 2012; Anastasio et al. 2009). The systemic administration of selective
antagonists of GluN2B-containing NMDA receptors, such as CP-101,606, ifenpro-
dil, and Ro 25-6981, produced antidepressant-like effects in rodents (Li et al. 2010,
2011; Lima-Ojeda et al. 2013; Maeng et al. 2008) and had therapeutic efficacy in
human patients with treatment-refractory major depressive disorder (Preskorn et al.
2008), although the effects of these antagonists were not as sustained as ketamine.
With regard to the relationship between the GluN2B subunit and depression, gene
linkage analysis in humans confirmed a role specifically for the GluN2B subunit in
bipolar disorder (Martucci et al. 2006). A recent study also reported significant dif-
ferences in allele and genotype frequencies between treatment-resistant depression
and control groups for the rs1805502 polymorphism within the GRIN2B gene that
encodes the GIuN2B subunit (Zhang et al. 2014a). Thus, GluN2B subunits may play
a pivotal role in the antidepressant effect of ketamine. Furthermore, Ro 25-6981 but
not the GIuN2A-preferring antagonist NVP-AAMO77 substituted for PCP in a drug
discrimination test, disrupted prepulse inhibition, and induced hyperlocomotion in
rats (Chaperon et al. 2003). Ro 25-6981 and PCP also substituted for ketamine in
drug discrimination tests in rats (De Vry and Jentzsch 2003). Although some differ-
ences are likely, the pharmacological actions of GluN2B antagonists might be simi-
lar to ketamine. Thus, studies of GluN2B-containing NMDA receptor-selective
antagonists have suggested that this receptor subtype could be involved in the vari-
ous acute effects of ketamine.

Unlike the GIuN2A subunit, genetic deletion of the GluN2B subunit is fatal by
postnatal day O (Kutsuwada et al. 1996). Recent studies of region-specific GluN2B
conditional knockout mice have reported novel findings. Corticostriatal or striatal
GIluN2B deletion and Ro 25-6981-induced GluN2B antagonism in the dorsal stria-
tum impaired choice learning in mice, whereas cortical GluN2B deletion and
GIluN2B antagonism in the orbitofrontal cortex impaired shifting performance
(Brigman et al. 2013). Together with the results of previous studies that evaluated
selective GluN2B antagonists (Dix et al. 2010; Higgins et al. 2005), the GIuN2B
subunit is suggested to be crucial for mediating certain types of cognitive functions
and may play a pivotal role in cognitive impairment that is induced by ketamine and
PCP. Furthermore, cortex- and principal neuron-specific GluN2B knockout mice
have been reported to recapitulate the actions of ketamine on depressive-like behav-
ior, excitatory synaptic transmission, mechanistic/mammalian target of rapamycin
(mTOR) activation, and synaptic protein synthesis. These conditional knockout
mice were also reported to exhibit the loss of these effects of ketamine (Miller et al.
2014). These data suggest a role for GluN2B-containing NMDA receptors in the
rapid antidepressant actions of ketamine, based on their ability to directly suppress
mTOR signaling and limit protein synthesis in principal cortical neurons.
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2.3 Ketamine and the GluN2C Subunit

NMDA receptors that contain the GIluN2C (e3 or NR2C) subunit have a slower
deactivation time course, lower single-channel open probability, and lower Mg>*
sensitivity compared with GIuN2A and GluN2B subunits (Traynelis et al. 2010;
Wyllie et al. 2013). Although the expression of GIuN2C subunits is considerably
more restricted than the GluN2A and GluN2B subunits, ketamine at an estimated
concentration that has psychotogenic actions in humans was speculated to block a
substantial proportion of GluN2C-containing NMDA receptors but has less effect
on GIuN2A and GluN2B subunits (Khlestova et al. 2016). Dravid et al. (2007) sug-
gested that the behavioral effects of ketamine are more likely to be mediated by
GIluN2C- or GluN2D-containing NMDA receptors than by GluN2A- or GluN2B-
containing NMDA receptors, based on an in vitro study of NMDA receptor subunit
expression in oocytes. Ketamine treatment in neonatal rats on postnatal day 7
increased the mRNA and protein expression of the GIuN2C subunit, although these
changes were also shown for other subunits (Han et al. 2010; Shi et al. 2010).
GluN2C knockout mice were reported to present no difference in spontaneous activ-
ity, basal anxiety, immobility in the forced swim test, novel object recognition, pain
sensitivity, or reference memory compared with wild-type mice, but these knockout
mice exhibited deficits in fear acquisition and working memory (Hillman et al.
2011). Additionally, hyperresponsiveness to PCP-induced social and cognitive defi-
cits, alterations of basal neuronal oscillations, and the MK-801-induced augmenta-
tion of neuronal oscillations were observed in GluN2C knockout mice, and these
findings may be relevant to the pathophysiology of schizophrenia (Gupta et al.
2016). Lower GluN2C subunit expression was also observed in the prefrontal cortex
and thalamus in postmortem brains from patients with schizophrenia but not from
patients with major depression (Akbarian et al. 1996; Beneyto and Meador-Woodruff
2008). Thus, GluN2C subunit-containing NMDA receptors could be thought to play
a specific role in producing psychotogenic effects of high-dose ketamine.

2.4 Ketamine and the GluN2D Subunit

NMDA receptors that contain the GluN2D (e4 or NR2D) subunit have the slowest
deactivation time course, lower single-channel open probability, and lower Mg>*
sensitivity compared with GIuN2A and GluN2B subunits (Traynelis et al. 2010;
Wyllie et al. 2013). The expression of GIuN2D subunits is highest during early
development, with a low-level and restricted expression in the adult brain. No selec-
tive agonists or antagonists of GIuN2D subunits are yet available, thus hindering
research on the role of GluN2D subunits in the effects of ketamine. Recent studies
reported the expression of functional GluN2D-containing NMDA receptors at older
ages (Swanger et al. 2015; Tozzi et al. 2016; Zhang and Chergui 2015). The selec-
tive GluN2C/D potentiator CIQ and antagonist DQP-1105 were shown to modulate
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neurotransmission in basal ganglia regions in adult rodents (Swanger et al. 2015;
Zhang et al. 2014c), but no evidence of GluN2C expression has been reported in
these brain regions. GluN2D knockout mice exhibited impairments in spatial mem-
ory acquisition, an increase in depressive-like behavior in the tail suspension test,
lower sucrose preference, and a reduction of parvalbumin-immunopositive neurons
compared with wild-type mice (Sapkota et al. 2016; Yamamoto et al. 2017). We
previously reported that PCP significantly increased locomotor activity, caused
motor impairment, and increased extracellular dopamine levels in wild-type mice
but not in GIuN2D knockout mice (Hagino et al. 2010; Yamamoto et al. 2013). Our
group and others also reported that GluN2D knockout mice did not develop
ketamine-induced hyperlocomotion or locomotor sensitization (Sapkota et al. 2016;
Yamamoto et al. 2016). Sapkota et al. (2016) reported attenuation of the ketamine-
induced increase in cortical gamma-band oscillatory power in GluN2D knockout
mice compared with wild-type mice. Our group also found that the antidepressant
effects of ketamine were preserved in GluN2D knockout mice that exhibited
restraint stress-induced depressive-like behavior (Ide et al. 2017). These results sug-
gest that GluN2D-containing NMDA receptors play a critical role in neuronal oscil-
lation and psychotomimetic effects of ketamine but do not play a role in
antidepressant effects of ketamine.

Unlike the other GluN2 subunits, differential roles of the GIuN2D subunit in the
effects of ketamine enantiomers have been reported. We recently found that the
GIluN2D subunit plays an important role in the sustained but not rapid antidepres-
sant effects of (R)-ketamine, whereas this subunit does not appear to be involved in
the antidepressant effects of (RS)-ketamine or (S)-ketamine (Ide and Ikeda 2018;
Ide et al. 2017). A pivotal role for the GluN2D subunit in cognitive impairment that
is induced by (R)-ketamine but not (RS)-ketamine or (S)-ketamine was also sug-
gested (Ide et al. 2019). Yang et al. (2016) recently showed that the repeated inter-
mittent administration of (S)-ketamine (10 mg/kg once weekly for 8 weeks) but not
(R)-ketamine caused the loss of parvalbumin immunoreactivity in the medial pre-
frontal cortex and hippocampus in mice (Yang et al. 2016). Thus, chronic or repeated
ketamine treatment appears to reduce the number of parvalbumin-positive
GABAergic interneurons in the prefrontal cortex and hippocampus, resulting in
cognitive impairment. Although expression of the GluN2D subunit has been found
in presynaptic axons of many GABAergic neurons, GluN2D mRNA expression is
mainly restricted to diencephalic, mesencephalic, and brainstem structures
(Watanabe et al. 1992). We previously showed that PCP increased the number of
Fos-positive neurons in the striatum and prefrontal cortex in wild-type mice but not
in GluN2D knockout mice (Yamamoto et al. 2013). Therefore, PCP and ketamine
may inhibit presynaptic GIuN2D-containing NMDA receptors on GABAergic
neurons that project to the prefrontal cortex, thus decreasing GABA release and
activating the prefrontal cortex—dorsal striatum pathway. This activation may under-
lie the acute psychiatric effects of PCP and (R)-ketamine. Altogether, ketamine and
its enantiomers appear to induce cognitive impairment, locomotor sensitization, and
rapid and sustained antidepressant effects through different mechanisms, including
a mechanism that involves NMDA receptors that contain the GluN2D subunit.
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Future studies should investigate the specific roles of each GluN2 subunit in the
effects of ketamine and its enantiomers.

3 Conclusion

Ketamine is well known to elicit various pharmacological responses, but the role of
each GIuN2 subunit in these effects is still not well known. Studies that used subunit-
selective NMDA receptor modulators and gene knockout animals suggest that
NMDA receptors that contain GIuN2B subunits are involved in ketamine-induced
antidepressant effects, and NMDA receptors that contain GIuN2B/D subunits are
involved in ketamine-induced psychotomimetic effects, but possible contributions
of other subunits need to be considered. Although ketamine can provide rapid and
sustained antidepressant responses, unclear is why other inhibitors of NMDA recep-
tors do not produce similar effects. In humans and animals, different behavioral
effects are triggered by different doses of ketamine, with different time courses.
Depending on dose, time, and the depolarization state of neurons, different targets
likely participate in different behavioral effects. The differential affinity of NMDA
receptor ligands for NMDA receptors that contain different subunits, combined with
different pharmacodynamics and pharmacokinetics, results in various pharmaco-
logical effects, with the potential involvement of other neuronal systems. Progress
in the development of selective positive and negative allosteric modulators of each
di-heteromeric and tri-heteromeric NMDA receptor will further elucidate the mech-
anism of action of various pharmacological effects of ketamine and its enantiomers
and improve the NMDA receptor-targeted treatment of depression and various other
neuropathological and psychiatric conditions.
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Effects of Adjunctive Ketamine
Intravenous Infusion in Taiwanese Patients
with Treatment-Resistant Depression:
Antidepression, Antisuicidality, BDNF
Val66Met, and Brain Imaging

Mu-Hong Chen and Tung-Ping Su

Abstract About 21% of Taiwanese patients with major depression developed
treatment-resistant depression (TRD) during 1-year follow-up in Taiwan. TRD was
commonly coupled with functional impairment, poor quality of life, suicide ide-
ation and attempts, self-injurious behaviors, and a high relapse rate. From 2012 and
2015, we had conducted the first randomized, double-blind, placebo control trial in
Asian countries to examine the therapeutic efficacy of a single low-dose ketamine
infusion in Taiwanese patients with TRD. Seventy one subjects were evenly distrib-
uted in three dose groups with 0.5 mg/kg, 0.2 mg/kg, and placebo, respectively.
Responder was identified by response (>50% reduction of mood ratings) at any two
daily HAMD measures during the period of 24-96 h (day 2-5) post-ketamine infu-
sion. There was a significant difference in the response rate across the three groups
(0.5 mg/kg: 45.8%; 0.2 mg/kg: 39.1%; placebo: 12.5%; p = 0.03), which is much
lower than that in the Caucasians (70%). Two factors might be related: lower serum
ketamine levels and lower Val/Val allele percentage in BDNF Val66Met genotyping
found in the Taiwanese patients. In addition to the rapid antidepressant effect of
ketamine, a greater antisuicidal effect (59%) was also identified. The former may
only account for 52.7% of the latter, indicating that the antisuicidality may be inde-
pendent from antidepressiveness. Single dose of ketamine only resulted in short-lived
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psychedelic/dissociation adverse effect, which was resolved within 2 h post-infu-
sion. Up to present, no long-term side effects were identified, given a single-dose
administration. Using '®F-FDG-PET scanning and 24 h post-ketamine infusion, glu-
cose metabolism of the prefrontal cortex (PFC), supplementary motor area (SMA),
and dorsal anterior cingulate cortex (AACC) were activated immediately (40 min
post-infusion), and activation of SMA and dACC could sustain for 1 day, which
may contribute to the persistent antidepressant effect of ketamine beyond its half-
life, suggesting that a short activation in the PFC engendered by ketamine infusion
may be a kindler, facilitating the persistent increase in glucose metabolism in the
SMA and dACC; therefore, the PFC may be still considered to play a key role in
improving TRD. These findings were also supported by a simple wearable forehead
EEG monitoring from baseline to 40 min post-infusion, revealing that ketamine
may increase the theta and low alpha power and decrease asymmetry in the
PFC. Finally, a maintenance trial in a double-blind, randomized fashion using a
partial NMDA agonist, b-cycloserine (DCS) vs. placebo, was conducted in the ket-
amine responders. This DCS augmentation treatment was not superior to placebo in
maintaining the initial antidepressant response to ketamine infusion, but DCS did
appear to maintain the antisuicidal effect during the 6-week follow-up study.

Keywords Ketamine - Depression - Suicide - BDNF - Brain imaging

1 Introduction

Major depressive disorder (MDD) is a severe chronic mental disorder that was pre-
dicted to be the leading cause of the disease burden by 2015 (WHO 2008). The
Sequenced Treatment Alternatives to Relieve Depression (STAR«%D) study deter-
mined that up to 40% of MDD patients did not reach symptomatic remission after
at least two trials of antidepressants (Howland 2008). Such patients were then
defined as having treatment-resistant depression (TRD), and approximately 30% of
MDD patients were found to continue to suffer from depression and related symp-
toms, such as insomnia, psychomotor retardation, and suicidal ideation, after four
trials of different antidepressant treatments, including combination therapy and
augmentation therapy (Howland 2008).

In Taiwan, the prevalence of common mental disorders doubled from 11.5% in
1990 to 23.8% in 2010 in parallel with the increase in national rates of unemploy-
ment, divorce, and suicide (Fu et al. 2013). Based on a cohort of 704,265 adults
randomly sampled from Taiwan National Health Insurance Research database,
among 2751 patients with MDD who were treated with antidepressants, approxi-
mately 21% (n = 576) developed TRD, which was defined as the failure to respond
to more than two adequate antidepressant trials, during the 1-year follow-up (Fife
etal. 2017). TRD was commonly coupled with functional impairment, poor quality
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of life, suicide ideation and attempts, self-injurious behaviors, and a high relapse
rate (Al-Harbi 2012).

Between 2012 and 2015, we had conducted the first randomized, double-blind,
placebo control trial, approved by the Institutional Review Board of Taipei Veterans
General Hospital (VGHTPE) and the Department of Health of Taiwan in Asian
countries and in Taiwan to examine the therapeutic efficacy of a single low-dose
ketamine infusion in Taiwanese patients with TRD. Here, we summarized our study
findings and proposed our personal clinical experiences for the application of ket-
amine infusion in TRD treatment in Asian and Taiwanese population.

2 Clinical Response of a Single Low-Dose Ketamine Infusion
in Taiwanese Patients with TRD

Based on the hypothesis that Asian patients with MDD may respond fairly to the
lower dose of antidepressants compared with Caucasian patients (Hong Ng et al.
2006; Lin and Shen 1991), Taiwanese patients with TRD were randomized to
receive an infusion of saline (placebo group) or R/S-ketamine hydrochloride
(Ketalar, Pfizer Pharmacueticals) at doses of 0.2 mg/kg (lower dose group) or
0.5 mg/kg (standard dose group) in our study (UMIN Clinical Trials Registry:
UMINO000016985) (Su et al. 2017a). Hamilton Depression Rating Scale (HAMD)
and Montgomery-Asberg Depression Rating Scale (MADRS) were administered in
person prior to the initiation of test infusions and 40, 80, 120, and 240 min later, and
telephone ratings were conducted 24, 48, 72, 96, 120, 144, and 288 h
post-infusion.

2.1 Treatment Response and Ketamine Infusion in Taiwanese
Patients with TRD

TRD patients treated with 0.5 mg/kg ketamine infusion exhibited more HAMD
score reduction than those with 0.2 mg/kg ketamine infusion and normal saline
(Fig. 1). Responder status was identified by response (=50% reduction of mood rat-
ings) at any two daily HAMD measures during the period of 24-96 h (day 2 to 5)
post-infusion. There was a significant difference in the response rate across the three
groups (0.5 mg/kg: 45.8%; 0.2 mg/kg: 39.1%; placebo: 12.5%; p = 0.03) with a
significant linear trend test for the dose effect (p = 0.01). Post hoc test analyses
indicated that responder rate was greater in the 0.5 mg/kg than placebo (p = 0.01)
and in the 0.2 mg/kg than placebo (p = 0.05) but not between the two ketamine
groups (p = 0.77). However, several studies with a similar study design investigating
the therapeutic efficacy of 0.5 mg/kg ketamine in Caucasian patients with TRD have
demonstrated that the response rate in patients is as high as 70% (Murrough et al.
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Fig. 1 Trajectory of HAMD after ketamine infusion. HAMD Hamilton depression rating scale
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2013; Wan et al. 2015; Zarate et al. 2012). However, we only found approximately
50% response rate in Taiwanese patients receiving 0.5 mg/kg ketamine infusion,
which was much lower compared with response rate in Caucasian patients (Su et al.
2017a). The lower responsiveness was attributed to the following factors: lower
serum ketamine/norketamine levels and different distribution of genotypes of the
BDNF Val66Met polymorphism observed in the Taiwanese subjects.

2.2 Serum Levels of Ketamine and Norketamine After
Ketamine Infusion in Taiwanese Patients with TRD

Ketamine and norketamine levels were dose related (0.5 mg/kg group >0.2 mg/kg
group) in our study. They varied by time point, but there were no significant differ-
ences by responder status. However, we found that both ketamine (115.86 ng/mL
vs. 204.13 ng/mg) and norketamine (33.39 ng/mL vs. 55.52 ng/mL) levels at 40 min
after ketamine infusion were much lower in Taiwanese patients than in Caucasian
patients, which may confound the treatment efficacy of ketamine in Taiwanese
patients (Fig. 2) (Su et al. 2017a; Zarate et al. 2012). However, the mechanisms of
the lower ketamine and norketamine levels at post-infusion remained unknown in
Taiwanese patients with TRD. The pharmacokinetics and pharmacodynamics of
ketamine infusion need further investigation between Asian and Caucasian
population.

2.3 BDNEF and Treatment Response of Ketamine Infusion
in Taiwanese Patients with TRD

The allele distribution of Valo66Met BDNF polymorphism significantly varies across
ethnicities, with the derived Met allele of Val66Met ranging in frequency from O to
72% across populations (Petryshen et al. 2010). Estimation of the Pooled Prevalence

Ketamine blood levels (ng/ml)

Mor-Ketamine blood levels (ng/ml)

Aleing B0ming 120ming 240ming 40mins Blmins. 120mins 280mins

Fig. 2 Levels of ketamine and norketamine across time points
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of the BDNF Val66Met Allele found that the frequency of Val allele was approxi-
mately 80% in Caucasians, but was much lower (<50%) in Asians, which may par-
tially explain the difference of prevalence and susceptibility of mental disorders
between Caucasians and Asians (Gratacos et al. 2007).

In our study, the distribution of genotypes of the Val66Met BDNF polymorphism
was Val/Val (17%), Val/Met (56.3%), and Met/Met (26.8%) (Su et al. 2017a). There
were no significant differences in ketamine treatment response between carriers of
the Met allele and Val/Val patients (responder rate: 33.9% vs. 25.0%, p = 0.55).
Despite Val66Met BDNF is not a biomarker of treatment response to ketamine infu-
sion, we found that low-dose ketamine infusion was only effective for TRD patients
with Val/Val or Val/Met in our study. As for those with Met/Met, the treatment effi-
cacy of low-dose ketamine infusion did not differ between groups. However, the
non-effectiveness of ketamine infusion may be due to limited cases with Met/Met
(Fig. 1). A higher dose (i.e., 0.8—1 mg/kg) of ketamine infusion may be necessary
for patients with TRD carrying Met/Met.

2.4 BDNEF and Antisuicidal Effect of Ketamine Infusion
in Taiwanese Patients with TRD

Traditional antidepressants, such as selective serotonin reuptake inhibitors and sero-
tonin norepinephrine reuptake inhibitors, require 2—3 weeks to achieve antidepres-
sant efficacy. The period between the initiation of antidepressant use and their
optimal efficacy is a crucial period for treatment as well as depression-related con-
sequences, such as suicide. During this period, the risk of suicide remains high;
therefore, choosing antidepressants with rapid efficacy that reduce suicide risk is
crucial in clinical practice and the mental health domain.

A meta-analysis of 10 randomized placebo control trials involving 167 patients
with MDD, bipolar depression, or posttraumatic stress disorder reported that ket-
amine rapidly (within 1 day) and significantly reduced suicidal ideation in terms of
both clinician-administered and self-report outcome measures (Wilkinson et al.
2018). However, the duration of the antisuicidal effects of a single low-dose ket-
amine infusion may not be longer than a week based on previous western studies
(Murrough et al. 2015).

In our study, patients with TRD that received 0.5 mg/kg ketamine infusion exhib-
ited a significantly lower score in item 3 of the HAMD and in item 10 of MADRS
than the groups that received 0.2 mg/kg ketamine or placebo infusion (Chen et al.
2019). Based on item 10 score of MADRS, among those carrying any Val allele of
BDNEF, both 0.5 and 0.2 mg/kg ketamine infusions were effective in the reduction in
suicidal thoughts, but among those with Met/Met of BDNF, only 0.5 mg/kg ket-
amine infusion was effective in the reduction in suicidal thoughts (Chen et al. 2019).
Furthermore, for the higher severity of suicidal thought (item 3 of the HAMD >2
[wishes he or she were dead or any thoughts of possible death to self] or item 10 of
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the MADRS >4 [suicidal thoughts are common, and suicide is considered as a pos-
sible solution, but without specific plans or intention]), we found that 0.5 mg/kg
ketamine infusion was more effective in reducing suicidal symptoms than 0.2 mg/
kg and placebo infusion (Chen et al. 2019). Our findings may suggest a higher dose
of ketamine infusion for Taiwanese patients with TRD carrying Met/Met BDNF
polymorphism and those having the higher severity of suicidal thought.

2.5 Greater Antisuicidal Than Antidepressant Effect
of Ketamine Infusion in Taiwanese Patients with TRD

Reanalysis of our study data (Su et al. 2017a) showed a robust and fast antidepres-
sant and antisuicidal effect with significant reduction of ratings by high dose
(0.5 mg/kg) vs. placebo from 40-min to day 7 after ketamine infusion. Symptom
attenuation in HAMD_17 rating within 1 week post-infusion was not only seen in
depression (43%) but even greater in suicidal ideation (59%) (Su et al. 2017b).
Although there were correlations for these two symptom changes (r = 0.76,
p < 0.05), regression analysis elicited decrease percentage at 240 min accounted
only for 52.7% of reduction in suicidal ideation, suggesting that improvements of
suicidal ideation after ketamine infusion are related to, but not completely driven by,
improvement in depression. There might have other neural substrate influenced by
ketamine to account for decreasing suicidal ideation.

2.6 Adverse Effects of Low-Dose Ketamine Infusion
in Taiwanese Patients with TRD

Psychotomimetic and dissociative symptoms and hypertension were the common,
but temporary, adverse effects during ketamine infusion in Taiwanese patients with
TRD (Su et al. 2017a; Zarate et al. 2012). They always resolved completely within
80-120 min post-infusion. Nausea was another adverse effect (approximately 10%)
that clinicians should pay attention.

3 Cognitive Effect of a Single Low-Dose Ketamine Infusion
in Taiwanese Patients with TRD

Cognitive impairment may be an important concern in the clinical practice when
TRD is treated with low-dose ketamine infusion because animal studies have dem-
onstrated that a single anesthetic dose and repeated subanesthetic doses of ketamine
infusion can impair cognitive function and increase impulsive behaviors (Ding et al.
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2016; Melo et al. 2016; Wang et al. 2014). A Taiwanese study demonstrated that the
ketamine-dependent patients had significantly poorer performance than did the con-
trols in many cognitive tasks, including verbal memory, motor speed, verbal flu-
ency, and attention and processing speed (Wang et al. 2018).

In our clinical trial, working memory task and a go/no-go task were performed at
baseline and at Day 3 and Day 14 post-ketamine infusion (Chen et al. 2018a). We
found no group effect, no time effect, and no group X time interaction effect for
cognitive function among baseline, Day 3, and Day 14 among the three groups,
which may indicate that a low dose of ketamine infusion did not impair cognitive
function in patients with TRD (Chen et al. 2018a). Subanalyses additionally dem-
onstrated that specific cognitive improvement measured using the go/no-go task
was observed only among the responders in the 0.5-mg/kg ketamine infusion group
(Chen et al. 2018a). Furthermore, increasing evidence suggested that the repeated
low-dose ketamine infusion may be more beneficial for the improved treatment
response and the longer antidepressant effect (Singh et al. 2016). In the future, cog-
nitive function changes after repeated ketamine infusion should be investigated for
patients with TRD.

4 Central Mechanisms of the Low-Dose Ketamine Infusion
in Taiwanese Patients with TRD

At low doses, ketamine is believed to preferentially bind to and inhibit NMDARSs on
GABA-ergic interneurons (Ide and Ikeda 2018; Zanos and Gould 2018). The pro-
cess, initiated by ketamine, in GABA interneurons leading to the subsequent
increase in synaptogenesis and BDNF levels has been considered a major biological
mechanism of the rapid antidepressant effect of ketamine (Ide and Ikeda 2018;
Zanos and Gould 2018).

Hypofrontality and hyperactivity of limbic system structures, such as the amyg-
dala, measured according to prefrontal cortex (PFC) glucose metabolism or func-
tional MRI have been reported to be significantly correlated with depression severity
in patients with MDD and were the biosignature of TRD (Drevets et al. 2008; Li
et al. 2015; Phillips et al. 2015). The anterior cingulate cortex (ACC) dysfunction is
another notable biosignature of MDD and TRD. The dorsal ACC (dACC) is a criti-
cal hub that integrates the emotional and cognitive domains of emotional and behav-
ioral regulation, thereby connecting the PFC, supplementary motor area (SMA),
and limbic system (Bush et al. 2000). The dACC synergically works with the dorso-
lateral PFC (DLPFC) in attentional and cognitive control and in emotional regula-
tion through the inhibition of the hyperactive limbic system and subgenual ACC (De
Raedt et al. 2015; Ressler and Mayberg 2007). Furthermore, SMA plays a critical
role in human volition, executive function, and integration of affective, behavioral,
and cognitive functions, which were severely impaired in patients with TRD
(Haggard 2008; Leisman et al. 2016; Nachev et al. 2008). Impairment in attention
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regulation and cognitive control function was correlated with hypoactivation in the
SMA and ACC (Halari et al. 2009).

In our randomized placebo control clinical trial, all patients with TRD were
assessed with F-FDG-PET scan at baseline and 48 with PET scan immediately at
40 min post-infusion for the evaluation of the rapid onset antidepressant effect of
ketamine and the other 24 with PET at 24-h post-infusion for the persistent antide-
pressant effect of ketamine because the half-life values of ketamine and its active
metabolites, norketamine and dehydronorketamine, are approximately 3, 5, and 7 h,
respectively (Chen et al. 2018b; Li et al. 2016). We found that the glucose metabo-
lism of the PFC, SMA, and dACC in patients with TRD provided with the low-dose
ketamine infusion were higher than those in the control group at 40 min post-
infusion (Li et al. 2016). Interestingly, two other PET studies have not observed
increased glucose metabolism in the PFC 2 h after ketamine infusion, but they also
reported that the rapid antidepressant effect of ketamine infusion was mediated by
activation in the dACC (Carlson et al. 2013; Lally et al. 2015). Lastly, we found that
the activation in the SMA and dACC could persist 1 day after a single-dose ket-
amine infusion and may contribute to the persistent antidepressant effect of ket-
amine considerably beyond its half-life (Chen et al. 2018b). Taking the preceding
pieces of evidence together, we hypothesize that the effect of ketamine infusion on
PFC activation rapidly occurred within 1 h and then rapidly disappeared approxi-
mately 2 h later. A short activation in the PFC engendered by ketamine infusion may
be a kindler, facilitating the persistent increase in glucose metabolism in the SMA
and dACC; therefore, the PFC may still be considered to play a key role in improv-
ing TRD (Fig. 3) (Chen et al. 2018b; Li et al. 2016).

5 Identifying Ketamine Responses in Taiwanese Patients
with TRD Using a Wearable Forehead EEG

Electroencephalography (EEG) has been widely used to study antidepressant treat-
ment responses due to its broad availability and cost-effectiveness. Prefrontal EEG
power at baseline was reported to predict the SSRI antidepressant response with
63% (losifescu et al. 2009) and 88% accuracy (Khodayari-Rostamabad et al. 2013),
suggesting that the use of forehead EEG patterns might be a potential for building a
baseline predictor for responses to ketamine treatment. With the development of
sensor technology, an alternative to conventional EEG devices with wet electrodes
and cables has emerged. Wearable wireless EEG device with dry sensors have led to
a reduction in the amount of preparatory work required for a long-term monitoring
and daily use (Lin et al. 2008). Since ketamine has a rapid and robust antidepressant
effect in treatment-resistant depression (TRD), which is paralleling with increased
glucose metabolism in the frontal area by PET-FDG, our study aim is to investigate
the role of frontal EEG as predictor for clinical response to ketamine in TRD via a
wireless EEG device. In our double-blind, randomized trial and placebo control
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study (Cao et al. 2018), 36 patients on active ketamine dose (0.2-0.5 mg/kg) vs. 18
patients on placebo received 5-min electroencephalography (EEG) recording via a
wireless EEG device with four prefrontal dry-contact sensors at baseline (0 min)
and posttreatment (240 min), respectively. The ketamine responses were measured
by EEG signals and Hamilton depression rating scale (HDRS) scores. Responder
was identified (>50% reduction of baseline depression symptoms at 240 min
post-infusion). EEG power and hemispheric asymmetry were calculated in the
delta, theta, low alpha, and high alpha bands. Our results showed that, at baseline,
responders had a significantly weaker EEG theta and lower level of low alpha power
than did nonresponders (p < 0.05). Further, in the responders, we found that ket-
amine increased the low relative alpha power (p < 0.01) and decreased its hemi-
spheric (Fp2-Fpl) asymmetry over bilateral frontals (p < 0.05), which was observed
in neither nonresponders nor placebo controls. The result is consistent with the pre-
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vious studies that decreased frontal EEG asymmetry may be positively correlated
with response to behavioral therapy in depression (Gollan et al. 2014; Jesulola et al.
2015) and is also required for the ketamine-specific fast antidepressant effect.
Moreover, our baseline EEG predictor classified responders and nonresponders
with 81.3 = 9.5% accuracy, 82.1 + 8.6% sensitivity, and 91.9 + 7.4% specificity. In
conclusion, this study provided the evidence of immediate changes of frontal activ-
ity, which may account for rapid clinical response of ketamine, and the pretreatment
frontal brain activity measured by simple EEG device might be a biosignature for
better outcome prediction.

6 The Maintenance of Antidepressant and Antisuicidal
Effect of Low-Dose Ketamine Infusion with p-Cycloserine
in Taiwanese Patients with TRD

Maintaining the initial response of ketamine infusion is the next step in therapeutic
challenge in the psychiatric clinical practice (Iosifescu 2015). The safety and toler-
ability of repeated or long-term ketamine infusion have not been established until
now; particularly, long-term ketamine misuse has been reported to cause various
psychiatric and physical complications and adversities, including cognitive impair-
ment, psychosis, and interstitial cystitis (Wang et al. 2018; Cheng et al. 2018; Chu
et al. 2008).

D-Cycloserine (DCS), a partial NMDA agonist, has been reported to be poten-
tially effective for depression augmentation treatment (Heresco-Levy et al. 2013;
Henter et al. 2018). In our recent clinical trial (UMIN Clinical Trials Registry:
UMINO000023581), patients with TRD (N = 32) who responded to the add-on
40-min intravenous ketamine (0.5 mg/kg) infusions at Day 1 and Day 4 in the phase
1 study were enrolled in the phase 2 double-blind randomized DCS—placebo control
study (Chen, et al, 2019, accepted in Neuropsychopharmacology). In the phase 2
study, patients with TRD were randomly divided into 6-week DCS (Seromycin, Eli
Lilly) treatment (250 mg/day for 2 days, 500 mg/day for 2 days, and 750 mg/day for
3 days to 1000 mg/day for 5 weeks) and placebo groups.

Unfortunately, DCS augmentation treatment was not superior to placebo in
maintaining the initial antidepressant response to ketamine infusion in Taiwanese
patients with TRD. But, interestingly, DCS did appear to maintain the antisuicidal
effect, measured by item 3 of HAMD, of ketamine infusion during the 6-week
follow-up period compared with the placebo (Fig. 4). This finding may imply that
DCS augmentation was helpful for patients with TRD who responded to ketamine
infusion but still had residual suicidal thought. However, the mechanisms underly-
ing the potentially beneficial effect of DCS in depression and suicidality are not
well understood and need further investigation.
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Fig. 4 Trajectory of suicide (item 3 of HAMD) in phase 2 double-blind randomized placebo con-
trol study. HAMD Hamilton depression rating scale, DCS D-cycloserine

7 Conclusion

Our clinical trials and clinical experience supported that the low-dose ketamine
infusion (0.5 and 0.2 mg/kg) was a safe, tolerable, and effective treatment for
Taiwanese patients with TRD although the Met allele of BDNF polymorphism is
predominant in Taiwanese and Asian population. However, the higher dose (i.e.,
0.8-1.0 mg/kg) of ketamine infusion may be necessary for those who carry Met/Met
BDNF polymorphism or have higher severity of suicidality. We also found the
potential maintenance effect for suicidality of DCS after ketamine infusions.
Furthermore, the modulation of PFC-related circuits and increased activation of
PFC, SMA, and dACC may play a crucial role in the antidepressant and antisuicidal
effects of ketamine infusion. Further clinical trial will be required to elucidate the
optimal dose (i.e., 0.5-1.0 mg/kg) and infusion frequency (once or twice per week
for 2-4 weeks) of ketamine infusion for the maximized treatment outcome among
Taiwanese patients with TRD. The therapeutic strategy that may maintain the initial
response of ketamine infusion also needs further investigation.
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