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Abstract

Numerous randomized double-blind clinical trials have consistently shown that that a single 

intravenous administration of a subanesthetic dose of ketamine to treatment-resistant depressed 

patients significantly improved depressive symptomatology rapidly, within two hours, with the 

effect lasting up to seven days. Despite its very promising effects, ketamine has long been 

associated with potential for abuse as it can cause psychotropic side effects, such as hallucinations, 

false beliefs, and severe impairments in judgment and other cognitive processes. Consequently, 

within the last two decades preclinical research has been carried out aimed at understanding its 

mechanisms of action and the brain circuits involved in ketamine’s antidepressant effects, both of 

which are discussed in this review. Furthermore, with the hippocampus being a key target for 

ketamine’s beneficial antidepressant effects, we and others have begun to examine behavioral and 

neurochemical effects of drugs that act selectively on the hippocampus due to the preferential 

location of their receptor targets. Such drugs are negative allosteric modulators (NAMs) and 

positive allosteric modulator (PAM) of the α5-GABAA receptor. Such compounds are discussed 

within the framework of how lessons learned with ketamine point to novel classes of drugs, 

targeting the GABAergic system, that can recapitulate the antidepressant effects of ketamine 

without its adverse effects.
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Introduction

Major depressive disorder (MDD) worldwide is a serious, highly prevalent and disabling 

mental illness associated with high suicide rates as well as high financial costs [1–3]. 

Biogenic amine-based antidepressants (AD) have been widely used to treat MDD for over 

half a century with moderate effectiveness [4]. The major drawbacks associated with such 

drugs are that (1) optimal, not necessarily initial, beneficial effects can be delayed for weeks 

if not months [5, 6]; (2) response and remission rates are low, 50% and 30% respectively [4], 

such that the effect sizes for these drugs are in the modest range of 0.4–0.5 [7]. On average, 

around 20–30 percent of depressed patients are diagnosed as suffering from treatment 

resistant depression (TRD) [8]. The definition of TRD lacks a consensus, but generally is 

that these patients have failed to respond to a minimum of two or three treatment modalities, 

that may include different class of antidepressants of adequate dose and duration minus or 

plus electroconvulsive therapy (ECT) [9, 10].

Transcranial magnetic stimulation and vagal nerve stimulation are FDA-approved means of 

stimulating the brain and are added to treatment as usual as additional options for TRD 

patients. However, although their clinical efficacy is greater than treatment as usual, such 

options are not without limitations, given that significant improvement in depressive 

symptomatology can take many weeks or months to be achieved [11–13]. Therefore, the 

field has long recognized the need for novel treatment options for MDD and TRD with rapid 

onset and robust clinical efficacy.

This review will cover the use of subanesthetic doses of ketamine as a rapid and sustained 

antidepressant for MDD as well as for TRD patients. The mechanisms by which ketamine 

promotes its beneficial effects will be discussed as well as factors that can limit the clinical 

utility of ketamine. Finally, a discussion will be presented of how lessons learned with 

ketamine point to a novel class of drug, targeting the GABAergic system, that can 

recapitulate the antidepressant effects of ketamine without its adverse effects.

Clinical trials with subanesthetic ketamine in depressed patients

The initial literature regarding the involvement of the glutamate NMDA receptor in 

antidepressant effects was a consequence of serendipity, as the NMDA receptor modulator 

D-cyclosporine given to treat tuberculosis was also reported to have antidepressant 

properties in the 1950’s and 1960’s. In preclinical studies, many years later NMDA receptor 

antagonists were reported to have antidepressant-like activity [14–16].

It wasn’t until the year 2000, that a clinical trial with a subanesthetic dose of (R, S)-

ketamine, an NMDA receptor antagonist, in MDD patients was launched by investigators at 

Yale University [17]. Since then, a series of randomized double-blind clinical trials have 

consistently shown that a single intravenous administration of a subanesthetic dose of 

ketamine to TRD patients significantly improved depressive symptomatology within two 

hours with the effect lasting up to seven days [18–20]. Further, clinical trials with ketamine 

have consistently shown its beneficial effects on improving both anhedonia, a core symptom 

of depression, [21] and suicidal ideation [22–24].

Carreno et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2021 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Antidepressant-like effects of ketamine in rodents

The administration of sub-anesthetic doses of ketamine produces antidepressant-like 

behavioral responses in rodents, such as a decreased immobility in the forced swim test 

(FST), and this can persist for up to 1 week [25–27]. The sustained effect is of particular 

interest given the relatively short half-life of the drug in rodents [28]. Further, the sustained 

antidepressant-like response to a single dose of ketamine does not occur with standard 

antidepressants, whose effects are noted only while the drug is present. Preclinical studies 

have also suggested that low-dose ketamine administration acutely induces AMPA-mediated 

currents [29] leading to activity-dependent rapid release of brain-derived neurotrophic factor 

(BDNF) and activation of its cognate receptor, TrkB, leading to neuroplastic changes 

thought to underlie its antidepressant efficacy [25, 26, 30]. Later, we will discuss further the 

current ideas about the mechanisms of action of ketamine.

Chronic stress has long been associated with behavioral deficits in tasks relevant for the 

study of depression, as well as with a loss of dendritic spines in brain areas associated with 

mood regulation [31–33]. In a recent study, a low dose of ketamine reversed the stress-

induced spine elimination, restoring coordinated activity within medical prefrontal cortex 

(mPFC) microcircuits, which in turn was correlated with a positive response in the FST [34].

Sex differences in response to ketamine

In animal models relevant for the study of depression, sex differences in response to 

ketamine have been reported [35]. Normal cycling female rats appear to be more sensitive to 

lower doses of ketamine in the forced swim test than male rats and this increased sensitivity 

is mediated by estrogen and progesterone [36]. However, in male mice, the reported 

antidepressant-like effects of ketamine are more sustained than that in female mice, namely, 

in female mice the AD like effect occurs at 24 h but is lost by 7 days [37]. In another study 

evaluating the effects of repeated ketamine administration, male mice exhibited an 

antidepressant-like effect whereas female mice exhibited anxiety-like and depression-like 

behaviors [38].

Taken together, data from preclinical studies support the assessment of possible sex 

differences in response to ketamine in humans and potential roles of estrogen and 

progesterone in those differences. However, clinical trials in humans fail to support sex 

differences in response to ketamine in TRD, namely, both sexes showed a comparable 

response as well as tolerability [39]. Moreover, there are no significant differences observed 

in response to ketamine between TRD pre- and post-menopause women [39]. It is worth 

noting that this clinical trial was not powered to determine the effects of menstrual cycle at 

time of ketamine injection and did not account for external hormonal treatments. It is 

possible that further clinical trials with larger sample sizes might still reveal sex differences 

in response to some aspects of the response to ketamine.

Potential adverse effects of ketamine

Despite its very promising effects, ketamine has long been associated with potential for 

abuse as it often causes psychotropic side effects, such as hallucinations, false beliefs, and 
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severe impairments in judgment and other cognitive processes [40, 41]. Under its nickname 

“Special K,” ketamine is often sold as a street drug. Long-term effects associated with 

repeated use of ketamine are also a concern. Preclinical studies have shown that repeated 

administration of ketamine promotes neuronal adaptations that are associated with 

development of addiction [42, 43].

Earlier in 2019, the Food and Drug Administration approved the use of intranasal S-

ketamine, namely, esketamine spray (Spravato®) for TRD. This approval was granted as in 

clinical trials Spravato® was shown to be efficacious in significantly improving depressive 

symptomatology including a positive outcome with respect to suicidal ideation [44, 45]. 

Although this approval of esketamine represents the genesis of a glutamatergic-targeting 

approach for TRD, some concerns remain. There have been reports raising concerns about 

rapid relapse after discontinuation of esketamine (40% after about 3–4 months) and potential 

risk for suicide [46, 47].

Pioneering studies led by Hashimoto and colleagues revealed that a single injection of R-

ketamine (arketamine), but not esketamine, to mice pretreated with dexamethasone, 

promoted sustained antidepressant-like effects, measured by a significant reduction in time 

spent immobile in the FST and tail suspension test (TST) [48]. The same group have also 

shown (1) a greater magnitude of response for arketamine in comparison to esketamine in 

normalizing social defeat stress-induced decreases in sucrose consumption, and (2) that 

arketamine, but not esketamine, reversed inescapable shock-induced deficits in the learned 

helplessness paradigm [49]. In the same study, it was shown that esketamine disrupted 

prepulse inhibition of the acoustic startle response, whereas arketamine did not, which 

would imply that arketamine is not associated with psychotomimetic-like effects [49]. 

Similarly, esketamine administration, in a dose dependent manner, has been shown to induce 

conditioned place preference in mice, whereas arketamine administration failed to do so 

[49], which could imply that arketamine has less abuse-like properties. More recent studies 

have replicated and expanded these studies and demonstrated antidepressant-like effects of 

arketamine [50, 51]. Data from clinical trials with arketamine in depressed patients have not 

been published to date.

Further understanding of the mechanisms by which ketamine produces its beneficial versus 

adverse effects should be useful in developing drugs without its adverse effect profile. As 

such, a diagram illustrating many, but not all, of the mechanisms by which ketamine 

promotes its effects reviewed within the next sections are shown in Figure 1.

Acute effects of ketamine – initial targets

1) Disinhibition hypothesis

As mentioned previously, ketamine is an antagonist of the NMDA receptor of the excitatory 

transmitter glutamate. This would imply that the actions of ketamine would result in a 

reduction of excitatory transmission. However, in various brain imaging studies in humans, 

NMDA antagonism was consistently associated with a rather robust increase in cortical 

activity [52–55]. Microdialysis measurement of extracellular glutamate levels in the PFC of 

rats administered different sub-anesthetic doses of ketamine revealed a transient (up to 100 

Carreno et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2021 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



min) enhancement of glutamate release [56]. Electrophysiological recordings in behaving 

rodents receiving systemic dosing with an NMDA receptor antagonist showed enhancement 

of cortical activity [57]. A follow-up mechanistic study demonstrated that NMDA 

antagonism by MK-801 preferentially decreased interneuron function and augmented 

pyramidal cell firing [58]. This paradox associated with elevation of extracellular glutamate 

following NMDA receptor antagonism in vivo led to the so-called “disinhibition hypothesis” 

for the acute action of ketamine, whereby low doses of ketamine selectively block NMDA 

receptors on GABAergic interneurons that inhibit glutamate transmission [31, 59]. This 

selectivity occurs because GABAergic interneurons are fast firing, which results in removal 

of the Mg2+ block from the NMDA receptor channel, allowing ketamine to enter, bind, and 

block the channel. A further corroboration of the disinhibition hypothesis of ketamine acute 

actions is from a study by Widman and McMahon [60] whereby they demonstrated using 

electrophysiology that subanesthetic doses of ketamine decreased inhibition onto pyramidal 

neurons leading to an increase in the excitatory drive of hippocampal pyramidal cells. 

Consistent with the idea that ketamine is resulting in an enhancement of glutamatergic 

transmission are the preclinical observations that AMPA receptor antagonists inhibit its AD-

like effect [29, 61].

2) NMDAR-independent mechanism

A preclinical study by Zanos and colleagues [61] demonstrated that the metabolism of (R, 

S)-ketamine to (2S,6S;2R,6R)-hydroxynorketamine (HNK) is crucial to ketamine’s 

antidepressant effects, and that the (2R,6R)-HNK enantiomer exerts rapid antidepressant 

effects without ketamine’s adverse effects and abuse potential in rodents. Pre-treatment with 

the AMPA receptor inhibitor NBQX abolished both ketamine’s and HNK’s antidepressant-

like effects in animal models [61], thus further corroborating that AMPA receptor 

(AMPAR)-mediated maintenance of synaptic potentiation is crucial to ketamine’s 

antidepressant mechanism as previously demonstrated by Maeng and colleagues [29]. It is 

worth noting that a study by Yamaguchi and colleagues showed that mice pretreated with 

cytochrome P450 inhibitors to prevent the generation of (2R,6R)-HNK, did not prevent the 

antidepressant-like effects of arketamine, suggesting that metabolism of arketamine to 

(2R,6R)-HNK might not be necessary for the antidepressant-like effects of arketamine [62].

3) Mu-opioid-related effects

A study showed that acute antidepressant effects of ketamine are blocked when patients are 

pretreated with oral naltrexone [63], indicating that ketamine’s antidepressant effects are 

mediated, at least in part, by mu opioid agonism. The study did not address whether the 

effect was due to release of endogenous opioids or via direct binding of ketamine to the mu 

opioid receptor (MOR), although its affinity for the MOR [64] is on average 50–60 times 

less than its affinity for the NMDA receptor [65, 66], varying upon species, and other factors 

such as the type of assay utilized to determine the affinity, and the tissue [66].

By contrast, in depressed patients with comorbid alcohol use disorder, pretreatment with 

naltrexone failed to block the antidepressant effects of ketamine [67]. These contradictory 

effects of naltrexone upon ketamine’s antidepressant effects should be interpreted carefully 
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and further randomized larger clinical studies should be launched in order to elucidate the 

involvement of the opioid system in ketamine’s antidepressant effect.

Because of these clinical findings, preclinical research has been initiated to test whether mu 

opioid activation is associated with the antidepressant-like effects of ketamine. A preclinical 

study in mice by Zhang and Hashimoto revealed that pretreatment with naltrexone did not 

prevent the antidepressant-like effects of ketamine in two different stress-induced behavioral 

deficits relevant for the study of depression, namely, the chronic social defeat stress and the 

lipopolysaccharide-induced inflammation model [68]. Very recently though, Klein and 

colleagues showed, in rats, that systemic blockade of opioid receptors by naltrexone 

prevented the antidepressant-like effects of ketamine in the congenitally learned helpless 

(cLH) rat model [69]. In addition to the behavioral deficits measured, cLH rats showed 

hyperactive firing of the lateral habenula (LHb), which was then normalized back to control 

wild type values by ketamine [69], in agreement with the original findings by Yang and 

colleagues [70]. Pretreatment with naltrexone or the specific MOR antagonist CTAP 

prevented the effects of ketamine on normalizing LHb hyperactivity [69]. Most interestingly, 

activation of the opioid system by morphine did not replicate the behavioral antidepressant-

like effects of ketamine on cLH rats [69]. Again, like the behavioral data, activation of the 

opioid system by morphine or the MOR agonist DAMGO was not sufficient to replicate 

ketamine’s effects upon normalization of LHb hyperactivity in cLH rats. Therefore, it seems 

that opioid system may be necessary, but not sufficient for the antidepressant-like effects of 

ketamine. Further research continues to be necessary to assess the involvement of MOR in 

ketamine’s antidepressant effects.

Molecular targets of ketamine leading to sustained synaptic effects

Numerous studies have been carried out in vivo to examine the sustained plastic effects of 

ketamine in brain areas relevant to mood regulation. Two regions consistently implicated in 

depression and antidepressant efficacy are the prefrontal cortex (PFC) and the hippocampus, 

cortical regions intimately associated with the regulation of mood and higher order cognitive 

processing [71–75]. Ketamine induces plasticity in the hippocampus and mPFC. For 

example, ketamine increased GluA1 in the mPFC 24h after a single administration with this 

increase required for its sustained behavioral effects [27]. Initial events that trigger such 

plasticity had previously been reported to be related to activation of the BDNF receptor, 

TrkB as well as deactivation of eEF2, which in turn leads to increases in global protein 

synthesis [25].

Adaikkan and colleagues [76], using an eEF2 kinase knockout mouse, further elucidate the 

importance of eEF2 in the effects of ketamine originally reported by Autry and colleagues 

[25] and show also that ketamine induces phosphorylation of CamKII at distinct residues. 

Ketamine induced a rather transient phosphorylation of CamKII at T305 which causes its 

inactivation. This was followed by CamK phosphorylation at T286 in both mPFC and 

hippocampus. The ketamine-induced CamKII activation returned to basal levels at 180 min. 

Using a CamK II specific inhibitor (tatCN21) the authors showed that blockade of ketamine-

induced CamKII phosphorylation blunted the increase in the AMPA subunit, GluA1, seen 

24h following a single ketamine injection, and it also prevented ketamine-induced 
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behavioral effects in the FST. Moreover, inhibition of CamKII phosphorylation prevented 

the anxiolytic-like effects of ketamine in the Novelty Suppressed Feeding Test (NSFT). The 

results of this study provide a new molecular target, namely CamKII, for novel 

antidepressants.

In the PFC, ketamine induces activation of the mTOR pathway, which is also necessary for 

ketamine’s antidepressant-like effects. This pathway eventually increases the expression of 

synaptic proteins that strengthen synapses in a region-specific way, reducing symptoms of 

depression [27].

Synaptic effects of ketamine in PFC and hippocampus seems to require activation of 

different molecular cascades (mTor and eEFK, respectively) to promote the increase of 

synaptic proteins and plasticity that underly its behavioral effects [27, 77, 78]. In addition to 

sex differences with regard to behavioral effects of ketamine in rodents, there are also 

reports regarding sex differences in response to ketamine-induced increases in synaptic 

proteins and spine density [38, 79]. Moreover, the increased sensitivity of female rats to a 

low dose of ketamine is mechanistically independent of phosphorylation of mTOR or eEF2 

[36].

Neurobiological effects of ketamine (brain circuits targeted by ketamine)

Although preclinical studies have consistently provided a basis for the molecular 

mechanisms of action of ketamine as discussed above, less has been done with respect to the 

brain circuits in which such effects occur. Ventral regions of the hippocampus are connected 

to the limbic system with afferents to key regions including the prefrontal cortex [80, 81], 

nucleus accumbens [82–84], hypothalamus [85] and indirectly to the midbrain dopamine 

system [86]. Furthermore, the hippocampus has been extensively implicated in the actions of 

stress, depression, and antidepressant actions and represents a site of convergence whereby 

the effects of stress and antidepressant drugs may act to regulate HPA axis function and 

mood via connections with the hypothalamus and limbic forebrain, respectively [87].

We reported that a circuit from the vHipp to the mPFC is both necessary and sufficient for 

the sustained AD-like effects of ketamine in rats, with the vHipp being an initial target for its 

effects [26]. Also supporting the disinhibition hypothesis of ketamine’s mechanism of action 

is a study by Donegan and Lodge [88] showing that chemical ablation of the perineuronal 

net surrounding hippocampal fast-firing parvalbumin (PV)-containing interneurons blunted 

the sustained antidepressant-like response to ketamine in the FST.

The ventral hippocampus sends unidirectional glutamatergic inputs to the mPFC [89]. Jett 

and colleagues [90] demonstrated that brief high frequency stimulation of the ventral 

hippocampus-induced plasticity in the mPFC and that such plasticity facilitated behavior 

dependent on mPFC function, i.e, cognitive flexibility. Consequently, we hypothesized that 

acute pharmacological augmentation of ventral hippocampus activity due to ketamine will 

enhance glutamatergic transmission to the mPFC and that this will induce plasticity in the 

mPFC that accounts for its antidepressant-like effects. We provided evidence in favor of this 

hypothesis [26]. Ketamine also induces plasticity in a pathway from the ventral 
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hippocampus to the nucleus accumbens shell and such ketamine-induced enduring changes 

in this circuit are thought to mediate resilience to stress in the learned helplessness paradigm 

[91].

Lessons learned with ketamine and novel targets to treat depression by 

means of targeting the hippocampus

By understanding specific brain circuits responsible for discrete dimensions of an 

antidepressant response, such circuits can be targeted to develop novel antidepressant 

medications while hopefully minimizing off target effects [92, 93]. Given ideas about the 

mechanisms associated with ketamine’s antidepressant-like effects and the notion that 

altered excitatory/inhibitory balance is associated with mood disorders, the field has focused 

on glutamatergic [94, 95] and/ or GABAergic systems as novel targets for treatment of MDD 

and TRD [92]. Based on our study [26], we hypothesized that if we could find a drug that 

did what ketamine did in the vHipp, namely remove GABAergic inhibition of glutamatergic 

pyramidal neurons, but not have direct effects outside the hippocampus, this might produce 

an antidepressant without the adverse effects of ketamine.

Although this idea seems feasible and supported by preclinical data (as detailed in the 

subsequent paragraphs below), it is worth noting that there have also been clinical trials 

suggesting that the dissociative effects of ketamine are mechanistically linked to its 

antidepressant effects as ketamine-induced dissociative symptoms can predict its 

antidepressant response [96, 97]. Therefore, accordingly to this theory, one could argue that 

eliminating ketamine’s side effects would also eliminate its beneficial antidepressant effects. 

Further studies on this topic are clearly needed, but it is also worth mentioning that the 

association between ketamine’s dissociative effects and subsequent antidepressant response 

may also reflect nothing more than the fact that those who have an initial dissociative 

response have received sufficient drug to produce both effects. By contrast, those not having 

a dissociative response may, for individual reasons, not have been administered a sufficient 

does to produce either response.

In the hippocampus, about 25% of the GABAA receptors contain the α5-subunits [98–100]. 

The hippocampal α5-containg GABAA receptors have been reported as mainly 

extrasynaptic [101–104], where it mediates tonic inhibition [98, 105–107], and are located 

abundantly in the dendritic fields of hippocampal CA1 and CA3 pyramidal cells in rats [105, 

108], as well as in humans [109]. Furthermore, α5-containg GABAA receptors have also 

been found in inhibitory synapses modulating phasic inhibition [110–114]. Given the 

relatively specific localization of the α5 subunit of the GABAA receptor to the hippocampus 

and their inhibitory control over hippocampal output, it is an ideal candidate as a target for 

drugs that could act selectively on the hippocampus and recapitulate ketamine’s effect there. 

L-655,708 is a selective negative allosteric modulator (NAM) of the benzodiazepine (BZ) 

site of the α5-GABAA receptor (Fig 1D); its selectivity is based on preferential affinity for 

the α5 subunit in comparison with its affinity for other α subunits [115]. As shown by us 

[116] and by Thompson and colleagues [117], systemic administration of L-655,708 

produces sustained AD-like effects in rodents and this effect is dependent on activation of 
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the ventral hippocampus [116]. Both L-655,708 and MRK-16, another α5-GABA-NAM 

promote sustained antidepressant-like effects in the absence of abuse-like properties [116, 

118]. Moreover, studies by Thompson and colleagues have shown that dysregulation of 

excitatory synapses in the hippocampus and nucleus accumbens in response to chronic stress 

can contribute to anhedonia-like behavior and that treatment with an α5-GABAA-NAM 

rapidly restores synaptic function and behavioral deficits in response to stress [118]. This is 

in agreement with studies showing that ketamine-induced plasticity in a pathway from the 

hippocampus to the accumbens mediates resilience to stress [91].

In addition to this growing work with the α5-GABA-NAM discussed above, there has been 

substantial work showing that positive allosteric modulators of the α5-GABAA receptor 

(α5-GABA-PAM; Fig 1E) also produce antidepressant-like effects in the FST, as well as 

anxiolytic-like effects [119, 120]. Moreover, such α5-GABA-PAMs were able to reverse 

stress-induced deficits in working memory as well as the detrimental effects of age upon 

working memory [120]. It is worth noting that the beneficial effects of α5-GABA-PAMs 

require the presence of the drugs, whereas the antidepressant-like effects of α5-GABA-

NAMs are sustained long after the drugs have been cleared. Further works needs to be done 

in order to identify the mechanisms by which both α5-GABA-NAM and α5-GABA-PAM 

are eliciting the same behavioral result. One possible theory by which both PAMs and 

NAMs would cause the same end-result, namely, be useful to treat MDD, is that both 

manipulations are hypothesized to increase the signal-to-noise ratio of hippocampal 

transmission, albeit via different mechanisms. With regards to the α5-GABA-PAM, chronic 

administration would produce sustained decreases in tonic hippocampal activity (noise), 

without dramatically altering phasic activation of pyramidal neurons (the signal), resulting in 

an increase in signal-to-noise ratio. Conversely, the α5-GABA-NAMs acutely decrease 

hippocampal GABAergic transmission, which is accompanied by a massive glutamatergic 

surge that in turn leads to glutamatergic plasticity. This idea is like the disinhibition 

hypothesis promoted by subanesthetic ketamine administration presented earlier. Such 

glutamatergic plasticity results in a greater signal and, by extension, an increased signal-to-

noise ratio. Thus, it is likely that both PAMs and NAMs increase hippocampal signal-noise; 

however, this remains to be established. Indeed, direct side-by-side comparisons of the 

antidepressant-like effects of both α5-GABA-PAMs and α5-GABA-NAMs in the same 

paradigm is crucial.

By identifying the mechanisms by which systemic administration of compounds targeting 

novel system and/or circuits it is possible recapitulate the therapeutic effects of ketamine 

without its psychotomimetic and abuse-related effects with the hopes to provide novel, safe, 

and effective approaches for treating patients suffering from depression.
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Figure 1: 
(A) Ketamine blockade of NMDA receptors onto GABAergic interneurons decreases 

GABAergic tone onto glutamatergic neurons, thereby causing glutamatergic neuronal 

activation (“disinhibition hypothesis”) and glutamate release. (B) Glutamate -induced 

AMPA receptor activation leads to activity-dependent Brain Derived Neurotrophic Factor 

(BDNF) release, with consequently activation of the BDNF receptor, TrKB, and a 

downstream signaling activation that is linked to synaptogenesis. (C) ketamine blockade of 

NMDA receptors that are normally activated by spontaneous, rather than evoked glutamate 

release, causes phosphorylation of CamKII (pCamKII) and inhibition of the elongation 

factor 2 kinase (eEF2K). The inhibition of eEF2K decreases the levels of the phosphorylated 

form of the elongation factor 2 (peEF2). Both decreases in peEF2 and increases in pCamKII 

are associated with increased protein translation. (D) Negative allosteric modulators of α5-

containing GABAA receptors (NAM) causes depolarization and activity-dependent 
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glutamate release. (E) Positive allosteric modulator of the α5-containing GABAA receptors 

(PAM) causes hyperporalization.
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