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Abstract

For decades, symptoms of depression have been treated primarily with medications that directly 

target the monoaminergic brain systems, which typically take weeks to exert measurable effects 

and months to exert remission of symptoms. Low, subanesthetic doses of (R,S)-ketamine 

(ketamine) result in the rapid improvement of core depressive symptoms, including mood, 

anhedonia, and suicidal ideation, occurring within hours following a single administration, with 

relief from symptoms typically lasting up to a week. The discovery of these actions of ketamine 

has resulted in a reconceptualization of how depression could be more effectively treated in the 

future. In this review, we discuss clinical data pertaining to ketamine and other rapid-acting 

antidepressant drugs, as well as the current state of pharmacological knowledge regarding their 

mechanism of action. Additionally, we discuss the neurobiological circuits that are engaged by this 

drug class and that may be targeted by a future generation of medications, for example, 

hydroxynorketamine; metabotropic glutamate receptor 2/3 antagonists; and N-methyl-D-aspartate, 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and γ-aminobutyric acid receptor 

modulators.
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INTRODUCTION

Depression is a chronic, severe, and often life-threatening affliction. A diverse combination 

of symptoms can characterize depression, including changes in mood (affect), sleep, 

appetite, cognition, and motivation, as well as a decreased capacity to experience pleasure 

(anhedonia) or thoughts of suicide. Major depressive disorder (MDD) is operationally, but 

not biologically, defined as having a sufficient number of these symptoms, and significant 

distress or impairment in functioning, for at least two weeks. This diagnosis occurs in 

approximately 16% of the population over the course of a lifetime (1). For decades, 

depressive symptoms have been primarily treated with medications that target the serotonin 

and norepinephrine brain systems. These drugs include monoamine oxidase inhibitors and 

tricyclic antidepressants, as well as the subsequently developed (in the 1980s) selective 

serotonin and serotonin/norepinephrine reuptake inhibitors (SSRIs and SNRIs), all of which 

result in increased synaptic levels of serotonin and/or norepinephrine. It is generally believed 

that the increase in synaptic monoamines initiates a slowly evolving cascade of changes in 

synaptic strength within mood-regulating brain circuits, resulting in antidepressant actions 

(2–5).

These traditional treatments for depression typically take weeks to exert measurable effects 

in depressed individuals and months to achieve full remission of symptoms. In addition to 

this lag time for treatment effectiveness, up to 30% of depressed patients remain depressed 

despite treatment with multiple structurally distinct medications (6), which is an outcome 

that defines treatment-resistant depression (TRD). The lack of response when subsequent 

medications are used is not altogether surprising considering that the available medications 

all target the same monoamine neurotransmitter systems. In essence, a noneffective 

medication is typically replaced by another medication that exerts similar pharmacological 

effects. A nonpharmacological treatment, electroconvulsive therapy (ECT), is traditionally 

viewed as having the greatest efficacy in TRD, although a significant number of patients 

remain refractory even to ECT (7).

While waiting and hoping for current treatments to take effect, individuals continue to 

experience suicidal thoughts or actions. The potential severe consequences of this lag time, 

as well as the high nonresponse rate, emphasize the need for better, faster-acting medications 

to treat these serious and life-threatening psychiatric manifestations of depression. A new 

class of antidepressant medication that can act rapidly and effectively would offer significant 

advantages. Ideally, a rapid-acting antidepressant drug would exert its effects within hours or 

days, as opposed to weeks or months. Historically, ECT, when efficacious, has a faster onset 

than monoamine-targeting antidepressants (8). Sleep deprivation is another treatment with a 

rapid onset of antidepressant action. One complete night of sleep deprivation results in 

alleviation of depressive symptoms in greater than 50% of patients with TRD (9). Thus, the 
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concept that individuals with TRD can experience rapid remission of symptoms is not 

entirely new. However, practical application of sleep deprivation is limited by the procedure 

itself and, even more so, by the temporary nature of the recovery, as the effect is lost with 

sleep recovery (9). ECT is similarly limited by the time-consuming nature of the procedure; 

requirements for anesthesia, physiological monitoring, and, typically, a specialized clinic; 

cognitive deficits that are a common side effect; the percentage of patients that remain 

refractory after treatment; and the fact that a typical course requires multiple treatments to 

be effective (10).

The discovery of the rapid antidepressant efficacy of (R,S)-ketamine (referred to as ketamine 

below) has resulted in a reconceptualization of how depression could be treated and studied 

in the future. In this review, we discuss clinical data pertaining to rapid-acting antidepressant 

drugs, including ketamine, as well as the current state of pharmacological knowledge 

regarding their mechanism of action. Additionally, we discuss the neurobiological circuits 

that are engaged by rapid-acting antidepressants and that may be targeted by a future 

generation of medications.

CLINICAL STUDIES WITH RAPID-ACTING ANTIDEPRESSANTS

For more than 50 years, ketamine has been safely used to induce anesthesia (11) and for 

procedural sedation in children in emergency medical settings (12). Over the past two 

decades, multiple controlled studies have described rapid, robust, and relatively sustained 

antidepressant responses following a single infusion of subanesthetic ketamine to patients 

with treatment-refractory MDD (13–19). For instance, individuals with TRD were relieved 

of their symptoms following slow intravenous administration of 0.5 mg/kg ketamine; at 4, 

24, and 72 hours, response rates were 50%, 70%, and 35%, respectively (14, 17). Similar 

effects have been noted in individuals with bipolar depression treated concomitantly with 

mood stabilizers (lithium and valproate) (20, 21). A meta-analysis of seven studies 

encompassing a total of 147 patients treated with ketamine found that a single ketamine 

infusion had rapid antidepressant effects. Odds ratios for response and the remission of 

symptoms at 24 hours were 9.87 [95%, confidence interval (CI): 4.37–22.29] and 14.47 

(95%, CI: 2.67–78.49), respectively (22). No other treatment for depression—especially for 

TRD—has demonstrated comparable effects in terms of the magnitude of response 

following a single administration.

Notable from a public health perspective, ketamine has also been found to have rapid and 

significant antisuicidal effects in clinical trials (23–27). Ketamine’s therapeutic action for 

the rapid reduction in suicidal thoughts remained significant when controlling for the effects 

of ketamine on other depressive symptoms (28). Ketamine also rapidly improves anhedonia 

in depressed patients (29, 30). The reduction in thoughts of suicide associated with ketamine 

treatment is correlated with the antianhedonic response, independent of depression 

improvement (31). These data have led to ketamine’s off-label use and the emergence of 

specialized ketamine clinics and emergency room protocols to treat severely depressed and 

suicidal individuals (32). We do note that, to date, most studies with ketamine have only 

documented these rapid effects occurring in TRD. This does not mean that ketamine is not 

an effective antidepressant in non-TRD, but rather reflects the fact that this exploratory 
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treatment has not been thoroughly assessed in non-TRD populations. However, independent 

of efficacy in non-TRD, ketamine may be reserved in its use for those who have failed to 

respond to existing treatments, considering the fact that its side effect profile typically limits 

use to specialized clinics (33). Ketamine, even when administered at antidepressant 

subanesthetic doses, leads to dissociative and psychotomimetic effects, likely mediated by 

its inhibitory actions at the N-methyl-D-aspartate receptor (NMDAR) (34).

In addition to the studies conducted with racemic ketamine [(R,S)-ketamine], several phase 

II clinical trials examining the efficacy of intravenous or intranasal (S)-ketamine (sometimes 

referred to as esketamine) have been completed. One study found that an infusion of either 

0.20 mg/kg or 0.40 mg/kg of (S)-ketamine led to robust, rapid (<2 hours), and sustained (>4 

days) antidepressant effects when compared to placebo (35). In another study, 67 subjects 

with TRD received 28 mg, 56 mg, or 84 mg of intranasal (S)-ketamine. On day 8 following 

treatment, changes in Montgomery Asberg Depression Rating Scale (MADRS) total scores 

were statistically superior to placebo in all three (S)-ketamine treatment groups, with a 

significant ascending dose–response relationship (36).

While ketamine’s antidepressant effects have been consistently replicated over the past 

decade (14), efforts to develop novel or more effective agents that mimic ketamine’s 

mechanism of action have proven difficult. As discussed in the next section, ketamine exerts 

it greatest replicated potency as an NMDAR antagonist, and the drug appears to exert its 

anesthetic, dissociative, psychotomimetic, and rewarding properties at least in part due to 

inhibition of the NMDAR (37). It has been assumed that NMDAR inhibition is the most 

likely antidepressant mechanism of ketamine. As a result, several alternative NMDAR 

antagonists have been studied for antidepressant efficacy.

Memantine is an NMDAR antagonist that, similar to ketamine, acts by blocking the 

NMDAR channel. Memantine was the first alternative NMDAR antagonist studied for the 

antidepressant activities discovered for ketamine. However, memantine has failed to exert 

antidepressant actions in multiple placebo-controlled trials for the treatment of MDD (38–

41). The antidepressant potential of another NMDAR channel blocker, AZD6765 

(lanicemine), was assessed in a study of 22 unmedicated subjects with treatment-resistant 

MDD. A single infusion of AZD6765 (150 mg) resulted in significant improvements in 

MADRS scores at 80 and 110 minutes after administration when compared to placebo but 

was not antidepressant at later time points (42). AZD6765 resulted in no psychotic or 

dissociative side effects, likely due to its relatively rapid dissociation rate, when compared to 

ketamine, once glutamate is no longer bound to the NMDAR (i.e., low trapping within the 

channel pore). However, the response rate was low and was not as robust or sustained as that 

typically observed with ketamine (42). Another placebo-controlled study of repeated 

adjunctive AZD6765 infusions administered daily over three weeks to subjects with 

treatment-resistant MDD found that AZD6765 (given at doses of either 100 mg or 150 mg) 

had antidepressant effects without dissociative side effects but was not rapid acting, as 

measured at early time points (43). However, a larger 12-week course, adjunctive, repeated-

dose study of AZD6765 (50 mg or 150 mg) found that this agent did not separate from 

placebo (44). While this result was confounded by a large placebo response (39% at trial end 

point) the development of AZD6765 for MDD was discontinued.
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In addition, as an approach to increasing antidepressant specificity (see the section titled 

Pharmacology of Rapid-Acting Antidepressants), antagonists selective for the NMDAR 

GluN2B subunit have also been tested as proof-of-concept agents for TRD. CP-101,606 

(traxoprodil) is an GluN2B subtype–selective NMDAR antagonist whose antidepressant 

efficacy as an adjunctive treatment to paroxetine in treatment-resistant MDD was assessed in 

a placebo-controlled, randomized, double-blind study (n = 15/group) (45). A single 

CP-101,606 infusion did not result in rapid effects within 2 days, but it did improve MADRS 

scores at 5 and 8 days post-treatment. Overall, MDD subjects had a 60% response rate to 

CP-101,606, compared to 20% in the placebo group (45). Despite these results, development 

of CP-101,606 was stopped because of potential cardiovascular toxicity. The antidepressant 

efficacy of the oral GluN2B antagonist, CERC-301 (MK-0657), was tested in a 12-day, 

randomized, double-blind, placebo-controlled, crossover pilot study of five patients with 

TRD (46). The study, which administered CERC-301 daily as monotherapy (4–8 mg/day), 

found no improvement in depressive symptoms over placebo as assessed by the MADRS, 

but some improvement was seen using the clinician-administered HAM-D and the self-

reported BDI. However, these effects were not observed until 5 days post–treatment 

initiation and were not consistently observed at time points thereafter. No serious or 

dissociative adverse effects were noted. A subsequent small placebo-controlled trial of 

CERC-301 (12 mg or 20 mg) found that CERC-301 exerted no significant antidepressant 

effects compared to placebo, although significant improvements in depressive symptoms 

were observed at day 2 with the 20-mg dose (47). CERC-301 was also tested as a daily 

adjunctive treatment in patients with severe MDD and recent active suicidal ideation, but 

administration for 28 days had no effect on primary end-point measures (change in HAM-

D17) (48).

To date, there are limited human data regarding rapid antidepressant actions of medications 

proposed to act independently of NMDAR inhibition. Glyxin 13 (GLYX-13; rapastinel) is 

reported to act as a functional partial agonist of the NMDAR (for discussion, see Reference 

49). To date, the observed human clinical effects of GLYX-13 have been ambiguous and 

have yet to be fully reported, but they do suggest potential rapid and sustained antidepressant 

effects (49, 50). Phase III trials are ongoing (51). In addition to drugs that act directly on the 

NMDAR, a few human studies have identified relatively rapid antidepressant actions of the 

muscarinic receptor antagonist scopolamine. An early study found that intramuscular 

administration of scopolamine resulted in an antidepressant effect following the second of 

three administrations (52). More recent controlled studies observed antidepressant actions of 

intravenous scopolamine 3–5 days following a single treatment (53, 54). It was subsequently 

reported that oral, twice-daily scopolamine had a small but superior antidepressant effect, 

compared to placebo, within 4 days of treatment initiation (55). However, scopolamine did 

not significantly relieve more severe or treatment-refractory depression in a more recent 

randomized, placebo-controlled, crossover trial of 23 subjects with MDD (56).

Thus, ketamine is, by far, the most-studied rapid-acting antidepressant treatment. To date, it 

has also proven to be the most effective. Overall, while some modest antidepressant efficacy 

is observed with alternative NMDAR antagonists, these drugs lack the full therapeutic 

profile seen with ketamine (Table 1). Specifically, none of these drugs appear to possess 

ketamine’s combination of rapid onset, robust differentiation from placebo, and sustained 
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antidepressant effects—particularly in subjects with TRD (Table 1)—or its antisuicidal 

properties and antianhedonic effects. While many studies are ongoing, and the many results 

of some studies have yet to be fully reported (51), the available data suggest the distinct 

possibility of additional alternative mechanism(s) for ketamine’s action beyond NMDAR 

inhibition, which has not been sufficiently considered to date. Thus, we focus on the 

pharmacology of ketamine as the prototypical and established antidepressant that exerts 

rapid antidepressant effects in humans.

PHARMACOLOGY OF RAPID-ACTING ANTIDEPRESSANTS

Ketamine was initially synthesized as an alternative dissociative anesthetic to phencyclidine 

(PCP) (57). Compared to PCP, ketamine has less potent dissociative and psychotomimetic 

effects, a broader anesthetic safety window, and a shorter half-life (57). As a result, ketamine 

has become widely accepted and used worldwide as an anesthetic, in contrast to PCP, which 

was removed from the market in 1965 because of these issues.

Ketamine is recognized as an activity-dependent blocker of the NMDAR (58, 59). A 

functional NMDAR in brain cortical regions is most typically composed of two GluN1 

(historically referred to as NR1) subunits and two GluN2 (historically referred to as NR2) 

subunits (60). The two GluN2 subunits may be either GluN2A, GluN2B, GluN2C, or 

GluN2D, or they may, in some cases, be a combination of two of these. In addition to 

binding glutamate, activation of the NMDAR requires binding of glycine to the obligatory 

glycine coagonist site (glycineB receptor) on the GluN1 subunit (60).

Ketamine’s affinity for the NMDAR is in the low micromolar range [Ki between 0.35 and 

3.1 μM; IC50 in brain slices typically approximately 10 μM (37)]. One study reports that 

ketamine exerts greater inhibition of GluN2C- and GluN2D-containing NMDARs than of 

GluN2A- and GluN2B-containing subunits (61). However, other studies suggest no such 

selectivity (62, 63). Ketamine is generally believed to exert anesthetic, dissociative, and 

psychotomimetic actions, largely via its inhibition of the NMDAR (37). Indeed, 

intraperitoneal administration of NMDA to mice impairs the anesthetic actions of ketamine 

(64). However, there is evidence that other targets contribute to anesthetic actions (65), such 

as ketamine blockade of the hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channel (66). Ketamine is abused because of its dissociative and psychotomimetic effects 

(34), and rodents will self-administer ketamine (67, 68).

Multiple possible mechanisms could account for an antidepressant action of ketamine that 

results from NMDAR inhibition (Figure 1). One putative mechanism involves preferential 

ketamine-mediated inhibition of NMDARs localized to inhibitory γ-aminobutyric acid 

(GABA)ergic interneurons (69, 70). This is proposed to result in the disinhibition of 

glutamatergic pyramidal neurons, thereby increasing these neurons’ evoked release of 

glutamate and triggering resultant changes in the postsynaptic activation of mechanistic 

target of rapamycin (mTOR) complex 1 (mTORC1), brain-derived neurotrophic factor 

(BDNF) release, and increases in synaptic strength (71, 72). A second hypothesis proposes 

that brief inhibition of postsynaptic NMDAR activity elicited by spontaneous (nonevoked) 

release of glutamate leads to a cascade of intracellular changes [involving eukaryotic 
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elongation factor 2 (eEF2)] that result in an increase in translation and release of BDNF and 

subsequent synaptic potentiation (73, 74). A third hypothesis proposes a role for 

extrasynaptic NMDARs composed primarily of GluN2B that are tonically activated by 

ambient glutamate and, when inhibited, lead to activation of cellular plasticity cascades (75, 

76). These three hypotheses are proposed to converge on activation of cellular plasticity 

cascades, resulting in the strengthening of excitatory synapses in the brain’s positive valence 

(reward) circuitry (Figure 1), specifically in circuits weakened by the pathophysiology 

underlying depression (Figure 2a) (5, 77). A fourth, more recent, putative NMDAR-

dependent mechanism proposes ketamine inhibition of NMDAR-dependent high-frequency 

burst firing of a specific neuronal population in the lateral habenula, which will result in a 

decreased activity of negative valence brain circuits that are proposed to be abnormally 

enhanced in depression (Figure 2b) (78, 79).

Several lines of evidence indicate that ketamine’s antidepressant actions may be independent 

of NMDAR inhibition. Ketamine exists as equal portions of two stereoisomers, (R)- and (S)-

ketamine. (S)-ketamine has an approximately fourfold higher affinity to, and functional 

inhibition of, the NMDAR compared to (R)-ketamine (37). (S)-ketamine is the more potent 

anesthetic (37). An NMDAR inhibition hypothesis predicts that the antidepressant potency 

of ketamine’s enantiomers correlates with NMDAR potency. However, rodent studies from 

several groups indicate superior antidepressant potency of (R)-ketamine compared to (S)-

ketamine (68, 80–82). These data suggest that the antidepressant actions of ketamine in 

rodents are due to a unique target in lieu of, or in addition to, the NMDAR. It is critically 

important for future human clinical trials to assess the antidepressant efficacy of (R)-

ketamine and to compare the potency of (R)-ketamine to that of (S)-ketamine (83).

Consistent with the limited clinical efficacy of memantine and AZD6765 (Table 1), 

NMDAR channel blockers, such as MK801, have typically not shown the sustained 

antidepressant actions of ketamine in preclinical models (68, 74, 84). Similarly, although 

NMDAR GluN2B–selective compounds consistently exert ketamine-like antidepressant 

actions in preclinical models (71, 84–87), clinical studies with selective GluN2B 

antagonists, while not definitive, do not indicate that they exert complete ketamine-like rapid 

and sustained antidepressant actions (Table 1). The NMDAR glycine site antagonist brain-

penetrant prodrug 4-chlorokynurenine has been shown to exert antidepressant activity in 

preclinical models and is in human phase II clinical trials with results not yet reported (88). 

Overall, these data add to the evidence that ketamine may exert antidepressant actions, at 

least in part, via a mechanism distinct from NMDAR inhibition. Over the decades that 

ketamine has been used as an anesthetic, psychotomimetic, and abused drug, other potential 

targets have been reported, including dopamine, serotonin, opioid, and cholinergic receptors 

and HCN channels (37). However, ketamine has relatively low affinity for the majority of 

these targets, and in most cases, subanesthetic doses of ketamine are not expected to reach 

the brain levels necessary for effective interactions (37, 89, 90).

In addition to the pharmacological effects of ketamine itself, (R)- and (S)-ketamine 

stereoisomers are rapidly and stereoselectively metabolized in the liver by CYP450 enzymes 

to a number of metabolites, including the N-demethylated norketamines [(R)- and (S)-

norketamine], dehydronorketamines [(R)- and (S)-dehydronorketamine], and also the 
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hydroxynorketamines (HNKs) (37). The HNKs are rapidly formed by hydroxylation of the 

norketamine cyclohexyl ring. The 6-HNKs [primarily (2S,6S;2R,6R)-HNK] are the major 

HNK ketamine metabolites found in humans and rodents (Figure 1) (68, 91). Since the 

discovery of the rapid antidepressant actions of ketamine, most studies assessing ketamine’s 

antidepressant effects have been designed, conducted, and analyzed using a commonly 

accepted view that ketamine and, possibly, norketamine are the active agents with clinical 

effects that are due to inhibition of the NMDAR, and that other ketamine metabolites are 

inactive (Figure 1) (59, 92, 93). This focus originates from anesthesia-focused experiments, 

where an early seminal study found that ketamine and norketamine exert anesthetic actions, 

but that the 6-HNKs do not, which parallels the potencies of ketamine, norketamine, and the 

6-HNKs to inhibit the NMDAR (93, 94).

It was more recently demonstrated that the metabolism of ketamine to (2S,6S;2R,6R)-HNK 

contributes to the antidepressant effects of ketamine in mice when the drug is administered 

peripherally (68). The (2R,6R)-HNK metabolite [formed exclusively from (R)-ketamine] 

exerts rapid and sustained ketamine-like behavioral and cellular actions in vivo (68, 95, 96). 

It was also reported that the (2S,6S)-HNK metabolite has antidepressant actions but 

possesses ketamine-like side effects (68). (2R,6R)-HNK, like ketamine, also produces an 

increase in electroencephalography (EEG)-measured gamma oscillations, which is indicative 

of high-frequency neural activity. Furthermore, when a nonmetabolizable deuterated analog 

of ketamine, which limits its metabolism to (2S,6S;2R,6R)-HNK, was compared to 

ketamine, less potent and sustained antidepressant-relevant actions were observed (68). (2R,
6R)-HNK does not inhibit the NMDAR at antidepressant-relevant concentrations, as 

evidenced by the lack of displacement of [3H]-MK-801 binding in vitro by (2R,6R)-HNK, 

and it does not functionally inhibit NMDARs in cell culture or hippocampal slices at 

antidepressant-relevant concentrations (68, 97–100). (2R,6R)-HNK lacks the sensory 

dissociative effects and abuse liability side effects that limit the broader therapeutic use of 

ketamine (68). These data suggest that, in mice, ketamine is not acting primarily through 

NMDAR inhibition to exert its antidepressant actions; they also suggest the possibility of 

identifying rapid-acting antidepressants that are devoid of the most worrisome ketamine side 

effects based on the (2R,6R)-HNK metabolite. Additional studies have identified biological 

effects of (2R,6R)-HNK relevant to depression (98, 101–105) as well as effectiveness of 

(2R,6R)-HNK in ameliorating chronic pain symptoms in mice (106).

As discussed in the preceding section, there is some clinical evidence identifying other drugs 

as potential rapid-acting antidepressants in humans, including GLYX-13 and scopolamine. 

GLYX-13 was derived from a monoclonal antibody that enhanced long-term potentiation of 

hippocampal synapses, and it appears to act as a functional partial agonist of the NMDAR 

(49). Preclinical data suggest GLYX-13 has rapid antidepressant actions similar to those of 

ketamine (107–110). The antidepressant actions of GLYX-13 appear to require NMDAR 

activation, as administration of the NMDAR competitive antagonist 3-(2-

carboxypiperazin-4-yl) propyl-1-phosphonic acid reversed the antidepressant actions of 

GLYX-13 (111). Furthermore, GLYX-13 administered at antidepressant-relevant doses 

prevented the NMDAR inhibition–mediated cognitive side effects of ketamine (112).
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Scopolamine is a nonselective muscarinic receptor antagonist. Preclinical experiments 

utilizing mice in which each of the five muscarinic receptors (M1–M5) had been 

individually genetically deleted demonstrated that the M1 and M5 subtypes are required for 

the antidepressant actions of scopolamine (113). Antagonists of M1 and M2 receptors have 

also produced an antidepressant and antianhedonic effect in animal models, similar to the 

actions of scopolamine (113, 114). Scopolamine administered to rodents also increases 

mTORC1 signaling, synaptogenesis, and antidepressant behavioral responses that are 

mTORC1 activation–dependent (115) and that have been functionally linked to disinhibition 

of somatostatin interneurons in the medial prefrontal cortex, a result that converges with the 

disinhibition hypothesis of ketamine action (116) (Figure 1).

NEUROPHYSIOLOGICAL MECHANISMS UNDERLYING RAPID-ACTING 

ANTIDEPRESSANT ACTION

Ketamine’s beneficial actions—lasting up to a week or longer in patients—after a single 

administration far outlast its time in the body [it has a human terminal half-life of 155 

minutes (37)]. This suggests that some rapid change is induced while ketamine is present, 

and this change leads to a long-lasting alteration in synaptic structure, function, and/or gene 

expression that persists long after ketamine is cleared. This situation is reminiscent of many 

forms of activity-dependent plasticity, such as long-term potentiation (LTP), in which a brief 

induction period (e.g., a high-frequency stimulus train) leads to long-lasting changes in 

synaptic strength. These parallels have led to suggestions that rapid-acting antidepressants 

rapidly engage endogenous processes that promote synaptic growth and strengthening (5, 

117). Support for such a mechanism is evidenced by preclinical models of stress-induced 

depression symptomatology. In these models, excitatory synapses are weakened in multiple 

key relays within the corticomesolimbic structures that form the backbone of the brain’s 

reward and mood circuitry (Figure 2a), such as the nucleus accumbens (118), prefrontal 

cortex (119), and hippocampus (120); these perturbations are attenuated by rapid-acting 

antidepressants. Endogenous synapse-strengthening mechanisms are thus poised to restore 

what might be a core defect in brain circuitry underlying the symptoms of depression 

(Figure 3).

Antidepressant Induction Mechanisms

As discussed above, ketamine is well characterized as an NMDAR antagonist, and over a 

decade of research has dogmatically pursued the answer to how this action initiates the 

drug’s beneficial antidepressant actions. Hippocampal and cortical circuits are composed of 

both excitatory glutamatergic pyramidal neurons and inhibitory GABAergic interneurons, 

which together create a delicate balance of excitation and inhibition. All of these cells are 

excited, in part, by NMDAR activation, suggesting that ketamine should broadly decrease 

overall activity of both cell types. Paradoxically, however, experimental observations have 

consistently revealed that ketamine promotes (net) excitation, detected as an increase in 

extracellular levels of glutamate in rodent dialysis studies (69) or as an increase in high-

frequency gamma oscillations in EEG recordings in both humans and rodents (43, 100, 121). 

As mentioned above, one of the most widely proposed theories of ketamine action postulates 

that NMDARs play a more important role in the excitation of inhibitory interneurons than 
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they do in pyramidal cells, so that blocking them with ketamine exerts a net disinhibitory 

action (72, 122, 123). This differential action could arise if NMDAR-mediated excitation is 

disproportionately more important in driving the firing of interneurons than in driving the 

firing of pyramidal cells, for example, if interneurons were more depolarized than pyramidal 

cells, resulting in a lower degree of Mg2+ block of the NMDAR ion channel localized to 

interneurons. Given that ketamine acts as an open channel blocker, this would make the 

inactivation of rapidly firing interneurons more sensitive to an NMDAR antagonist such as 

ketamine acting by blocking the channel pore. More specifically, parvalbumin-expressing, 

fast-spiking interneurons control the excitability of pyramidal cells and the synchrony of 

their discharge (124). Partially impaired excitation of these interneurons by ketamine is 

predicted to increase overall activity and gamma oscillations, as has been observed, and 

there is preclinical evidence revealing that inhibition of NMDARs by ketamine reduces 

interneuron firing, resulting in increased pyramidal neuron firing in rats (70, 125). However, 

there is also evidence that genetic deletion of NMDARs from parvalbumin interneurons does 

not induce anhedonia or impair behavioral responses to ketamine (126), perhaps because 

chronic genetic deletion induces compensatory mechanisms that acute NMDAR inhibition 

by ketamine does not.

We have recently suggested that ketamine’s initial actions are mediated not by its ability to 

block NMDARs, but rather by a more direct potentiation of AMPA receptor (AMPAR)-

mediated synaptic transmission by its HNK metabolites (68). Application of (2R,6R)-HNK 

to hippocampal brain slices does not significantly inhibit NMDAR function, but it does 

robustly increase the strength of AMPAR-mediated synaptic excitation within an hour of 

application; this increase persists beyond drug washout (68). Similar to administration of 

ketamine, (2R,6R)-HNK administration acutely increases gamma power measured via skull 

surface electrodes in vivo, independent of locomotor activity changes and without altering 

alpha, beta, delta or theta oscillations (68). The mechanisms underlying this potentiation and 

activity remain to be determined but might entail a change in presynaptic glutamate release 

mechanisms, an increased postsynaptic sensitivity to glutamate secondary to some change in 

another pre- or postsynaptic ion channel, or a combination of these effects. Regardless of the 

initial direct target of ketamine or its (2R,6R)-HNK metabolite, the majority of hypotheses 

regarding ketamine’s acute downstream effects converge on AMPAR-mediated synaptic 

excitation (Figure 1). Probably the best evidence for this theory derives from preclinical 

studies, where preadministration of the AMPAR antagonist NBQX prevents the 

antidepressant actions of ketamine, as well as those of other classes of putative rapid-acting 

antidepressants (68, 71, 74, 81, 84, 115, 127–130). One explanation for these results is that 

the concentrations of NBQX, at the doses given, are not sufficiently high to block the 

AMPAR-mediated excitation necessary for normal synaptic transmission but are sufficient to 

disrupt the balance between excitation and inhibition underlying the gamma oscillations 

produced by these compounds. Supporting this interpretation, we have reported that 

preadministration of NBQX prevented (2R,6R)-HNK-induced increases in gamma power, 

potentially providing a human translational biomarker of the central nervous system 

response to (2R,6R)-HNK (68).

BDNF signaling mediated via tropomyosin receptor kinase B (TrkB) is another prime 

candidate for the initiation of antidepressant-induced plasticity responses (72, 131, 132). 
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Both traditional antidepressants (e.g., SSRIs) and many rapid-acting antidepressants are 

reported to increase expression of BDNF mRNA or protein (e.g., 68, 74, 108, 110, 133–

136). Deletion of forebrain BDNF or TrkB and prevention of TrkB activation hinder the 

actions of rapid-acting antidepressant compounds in preclinical models (74, 110, 131, 132, 

135). Furthermore, intrahippocampal administration of BDNF exerts antidepressant-like 

effects (e.g., 137). There is considerable evidence that expression of BDNF is upregulated in 

response to high-frequency correlated activity (138), such as that underlying gamma 

rhythms, making it well suited to be a candidate for contributing to the mechanism initiating 

these effects.

Antidepressant Expression Mechanisms

A primary mechanism underlying expression of canonical LTP is activity-dependent 

increase in postsynaptic AMPAR expression. There is evidence that, in addition to being 

required for induction, AMPARs are required for the expression of rapid antidepressant 

actions. Long-term antidepressant effects are associated with upregulation of synaptic levels 

of AMPARs, similar to what occurs during LTP induced in brain slices. Upregulation of 

AMPAR synaptic expression has been measured in immunoblots from animals within 24 

hours after treatment with ketamine and other putative rapid-acting antidepressant drugs (68, 

71, 107, 129, 139). Consistent with an increase in synaptic AMPARs being involved in 

sustained antidepressant actions, administration of NBQX immediately prior to 

antidepressant behavioral testing—at a time point distant from drug administration—has 

been shown to prevent expression of the antidepressant actions of both ketamine and (2R,
6R)-HNK (68, 127). Taken together with evidence of decreased excitation and AMPAR 

downregulation in reward circuits in stress-based depression models (e.g., 120), AMPAR 

upregulation represents a logical synaptic restorative mechanism. Furthermore, AMPAR 

upregulation and membrane insertion are likely to be triggered by synchronous, high-

frequency activity, such as the gamma discharge induced by ketamine and other rapid-acting 

antidepressants, making it a plausible expression mechanism.

These processes may also impact neosynaptogenesis (Figure 3). A consistent brain imaging 

finding in human depression is atrophy of the hippocampus and medial prefrontal cortex 

(140). This atrophy is believed to reflect the stress-induced pruning and shrinkage of 

pyramidal cell dendrites, as described by McEwen and colleagues (141) in preclinical 

studies and observed in human postmortem tissue samples (140). Taken together, this 

evidence of decreases in synaptic function in rodent models suggests that synapse loss 

contributes to the pathology of depression. Promoting restoration of synaptic number and 

size would thus be a beneficial mechanism of antidepressant action. Indeed, there is 

extensive evidence that numerous growth-promoting signaling pathways are activated by 

ketamine and other rapid-acting antidepressants (72, 122, 123, 131). Such signaling 

pathways may be activated by high-frequency correlated activity and either directly or 

indirectly in response to BDNF–TrkB or signaling via alternative neurotrophic factors. There 

is strong evidence that growth-associated signaling cascades converging on the protein 

mTOR are important in the responses of several rapid-acting antidepressant compounds 

(71). These same pathways have been implicated in activity-dependent synaptic potentiation, 

making them attractive effector pathways mediating rapid antidepressant responses that are 
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subsequently maintained. Overall, these sustained changes in synaptic strength likely 

underlie the continued expression of antidepressant effects long after the time point of drug 

exposure.

FUTURE MEDICATION DEVELOPMENT FOR THE RAPID TREATMENT OF 

DEPRESSION

There is persuasive evidence that existing and putative rapid-acting antidepressant 

compounds converge on a similar mechanism to restore pathological processes that underlie 

the symptoms of depression (Figures 1 and 3). Depression in preclinical models is 

accompanied by dysfunction of synapse structure and function in multiple loci within 

corticomesolimbic circuits regulating mood and reward behaviors, including the medial 

prefrontal cortex, hippocampus, and nucleus accumbens (Figure 2a), as well as circuits 

mediating aversion (Figure 2b). Such dysfunction will decrease communication between 

these structures and can reasonably be expected to produce dysphoria and anhedonia, which 

are cardinal symptoms of depression. While they are present in the body, compounds with 

known or probable rapid-acting antidepressant properties share an ability to produce—

directly or indirectly—rapid, short-lived increases in excitability that favor high-frequency 

correlated action potential discharge in large populations of cells, apparent as increases in 

the power of gamma frequency activity measured by EEG. This relatively transient increase 

in synchronous discharge has the potential to activate many of the brain’s endogenous 

capabilities to strengthen synapse number, structure, and function, thereby producing a 

persistent correction of the defects underlying the symptoms of depression. It is 

hypothesized that antidepressant-mediated synaptic potentiation occurs selectively in circuits 

that are abnormally weakened in depression (5, 123) (Figure 3). Thus, new treatments may 

potentiate these connections while leaving synapses involved primarily in other brain 

functions unaltered. This knowledge, and the body of research into ketamine’s actions, helps 

us to mechanistically understand, and has motivated the development of, other drugs that 

exert rapid antidepressant actions in preclinical models. Candidate targets for novel 

antidepressant drugs include those that disinhibit inhibitory input to excitatory neurons, 

strengthen excitatory transmission by increasing the probability of glutamate release, or 

trigger postsynaptic activation of glutamate receptors (Figure 1).

One such target is the metabotropic glutamate receptor 2 (mGluR2) (142), which, along with 

mGluR3, is categorized as a group II receptor. mGluR2 receptors are highly expressed in the 

corticolimbic brain regions implicated in regulation of mood and reward (143). The mGluR2 

receptor acts as an autoreceptor, localized primarily on glutamatergic presynaptic nerve 

terminals, where it regulates glutamate release via negative feedback. When the mGluR2 

receptor is activated by glutamate, it acts via Gi/Go coupling to decrease adenylyl cyclase 

activity, resulting in a decrease in the probability of glutamate release (144). Conversely, 

antagonists at this receptor increase the probability of glutamate release (Figure 1). Although 

development of compounds with specificity for the mGluR2 receptor has proven elusive, a 

number of compounds have been developed that either activate or inhibit mGluR2/3 

receptors (144). mGluR2/3 antagonists have been shown to exert antidepressant effects in 

many preclinical assays (142). Studies indicate that mGluR2/3 antagonists exert rapid effects 
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following chronic stress or corticosterone paradigms (145–148), similar to ketamine and 

unlike SSRIs, which require weeks to exert effects in these paradigms. Furthermore, 

mGluR2/3 antagonists may increase high-frequency gamma oscillations in rodents, similar 

to ketamine (149). A phase II, randomized controlled trial evaluating the antidepressant 

efficacy of adjunctive RO4995819 (decoglurant, an mGluR2/3 negative allosteric modulator) 

in patients with treatment-resistant MDD has been completed (150). This agent did not show 

antidepressant efficacy, and its development for treatment-resistant MDD by Roche (under 

the name RG1578) was therefore ended (150). However, there may still be reasons to pursue 

other mGluR2/3 antagonists. For example, RO4995819 is a negative allosteric modulator, 

rather than a competitive antagonist. Furthermore, no marker of target engagement by 

RO4995819 was included in this study to confirm appropriate dosing.

As mentioned above, extensive data indicate that the antidepressant actions of ketamine, as 

well as those of ketamine’s (2R,6R)-HNK metabolite, are blocked by inhibition of the 

activity of AMPARs by coadministration of the competitive AMPAR antagonist NBQX. The 

antidepressant actions of mGluR2/3 antagonists are similarly blocked by NBQX, indicating 

that AMPAR activation is important for the antidepressant actions of this class of 

compounds (127, 151). However, the antidepressant actions of classical, monoamine-acting 

antidepressants appear to be insensitive to acute administration of NBQX (84, 152). These 

and other, earlier data suggest the possibility that AMPAR activation may be targeted 

directly to exert antidepressant actions, independent of pre-synaptic glutamate release 

mechanisms (153). AMPAR positive allosteric modulators, also known as AMPAkines, offer 

a particularly promising approach. The rationale for developing AMPAR modulators is that 

direct stimulation of AMPARs can provoke seizures or otherwise be neurotoxic (154). To 

overcome this potential issue, drug development in this field has focused on the use of 

AMPAkines, which potentiate currents mediated by AMPARs. Preclinical studies have 

found that these agents exhibit antidepressant actions (136, 155–157). Additionally, selective 

activation of NMDARs should similarly enhance synaptic potentiation and, as established by 

GLYX-13, act as an antidepressant (77, 158).

Another strategy for promoting excitation is to weaken inhibition mediated by GABA 

receptors. Several compounds have been developed that are selective negative allosteric 

modulators of GABA receptors containing α5 subunits. Such selective targeting limits side 

effects related to broadly targeting GABA receptors, including anxiety and seizures (159). In 

rodents, the expression of α5 subunits is particularly high in pyramidal cells in the 

hippocampus and deep layers of the neocortex, particularly the prefrontal cortex, and low 

throughout the rest of the brain. Human positron emission tomography experiments have 

similarly identified enhanced expression of α5 subunits in limbic structures (160). This 

unique distribution is ideal for targeting key nodes of the reward circuitry (Figure 2) and, 

because the extent of expression is limited, also minimizes unwanted side effects (161). α5-

containing GABA receptors contribute to both phasic synaptic inhibition and tonic 

extrasynaptic inhibition (162). This provides an explanation of why an α5 subunit–selective 

GABA negative allosteric modulator (GABA-NAM) increases pyramidal cell excitability 

and promotes coherent oscillatory activity, particularly in the gamma frequency band (20–60 

Hz) (161). As discussed above, gamma frequency oscillations are predicted to facilitate the 

induction of synaptic plasticity in synapses suppressed by stress, which then yields 
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antidepressant effects. Indeed, rapid antidepressant actions of α5 GABA-NAMs in several 

preclinical models of depression have been reported and persist for several days following a 

single administration, along with a strengthening of stress-weakened hippocampal synapses 

(139, 161, 163, 164). Several GABA-NAMs have been given to humans for other 

indications, and no unanticipated side effects have yet been uncovered, but they have yet to 

be tested in patients with depression (159).

CONCLUSIONS

Depression is among the most damaging of all human conditions, and patients currently 

have limited treatment options. Current treatments are deficient in terms of both the time 

scale over which these medications act and the fact that a significant number of ill 

individuals do not respond to the currently available pharmacopeia. The discovery of the 

rapid actions of ketamine in TRD has resulted in a reconceptualization of how depression 

could be treated in the future. Past treatment approaches (such as total sleep deprivation and 

ECT) and emerging findings with other medications, including scopolamine, (S)-ketamine, 

and GLYX-13, support the notion that depression can be treated rapidly, provided that the 

correct receptors, synapses, and/or circuits are targeted. While there have been limited 

treatment advances over the past decades, there is currently reason to be optimistic that the 

future treatment of depression will be accomplished within hours, rather than the current 

standard of weeks or months.

An improved understanding of the synaptic and circuit mechanisms underlying ketamine’s 

efficacy in preclinical models has provided insight into other approaches that may be useful 

as novel efficacious treatments. Candidate targets for novel treatments include those that 

disinhibit excitatory neurons; increase the probability of glutamate release selectively in 

limbic synapses; or result in postsynaptic potentiation affecting biological processes similar 

to those understood, via preclinical studies, to be necessary and sufficient for LTP (Figures 1 

and 3), counteracting depression-induced changes (Figure 2). Ketamine’s anesthetic effects, 

as well as worrisome side effects—including dissociation and abuse potential—appear to be 

due to its interactions with the relatively widespread NMDAR. Clinical studies indicate that 

other NMDAR antagonists do not replicate the rapid, robust, and sustained clinical profile of 

ketamine (Table 1), suggesting that NMDAR inhibition is not the mechanism, or not the 

complete mechanism, by which ketamine acts as an antidepressant. We have recently shown 

that ketamine’s HNK metabolite, (2R,6R)-HNK, exerts antidepressant actions in preclinical 

models that are independent of NMDAR inhibition (68). These findings raise hope that (2R,
6R)-HNK (or other ketamine metabolites or prodrugs) and other novel compounds having 

NMDAR-independent actions, such as mGluR2 receptor antagonists and AMPAkines, may 

act as rapid antidepressants without ketamine’s NMDAR inhibition–dependent side effects. 

The favorable preclinical antidepressant and side effect profiles of GABA-NAMs are 

encouraging for their further development as rapid-acting antidepressant medications. 

Overall, improved pharmacological treatments for depression have never seemed so near.
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Figure 1. 
Pharmacology of rapid-acting antidepressants in corticomesolimbic brain circuits. 

Preclinical data suggest that ketamine and other rapid-acting antidepressants potentiate 

excitatory synapses in mood-relevant brain regions, potentially reversing disease-induced 

deficits. New treatments may potentiate these connections while leaving synapses primarily 

involved in other brain functions unaltered. (a) The principle ketamine metabolic pathway 

occurs in the liver, resulting first in demethylation of ketamine to norketamine, followed by 

metabolism to the HNKs. The most prominent HNK metabolites are (2R,6R)- and (2S,6S)-

HNK. (b) Rapid-acting antidepressants potentiate glutamatergic synapses. Ketamine, acting 

as an NMDAR antagonist, may act by preferentially blocking NMDARs localized to 

GABAergic interneurons, resulting in disinhibition of glutamatergic neurons and an increase 

in these neurons’ evoked release of glutamate. Ketamine may also act by inhibiting synaptic 

NMDARs that are activated by spontaneously released glutamate or via inhibition of 
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extrasynaptic NMDARs. Alternatively (or in addition), ketamine conversion to (2R,6R; 2S,
6S)-HNK may result in actions on glutamatergic neurons to promote glutamate release and 

AMPA receptor (AMPAR)-mediated excitation. All hypotheses converge on synaptic 

processes that strengthen excitatory synapses, activate cellular plasticity cascades, increase 

activity of AMPARs, and increase connectivity within circuits previously weakened by the 

pathophysiology underlying depression. Alternative approaches that may have the same net 

effect include inhibition of GABAα5Rs, resulting in disinhibition of glutamatergic neurons; 

inhibition of muscarinic acetylcholine receptors (not shown), resulting in inhibition of 

GABAergic neurons and disinhibition of glutamatergic neurons; inhibition of mGluR2s, 

resulting in increased probability of glutamate release; and direct activation of synaptic 

AMPARs and NMDARs (via AMPAkines or NMDAR modulators such as GLYX-13). 

Abbreviations: AKT, protein kinase B; AMPAR, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; eEF2, 

eukaryotic elongation factor 2; ERK/MAPK, extracellular signal-regulated kinase/mitogen-

activated kinase; GABAα5R, γ-aminobutyric acid α 5 receptor; GLYX-13, glyxins 13; 

GSK-3, glycogen synthase kinase-3; HNK, hydroxynorketamine; mGluR2, metabotropic 

glutamate receptor 2; NMDAR, N-methyl-D-aspartate receptor; mTORC1, mechanistic 

target of rapamycin complex 1.
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Figure 2. 
Circuits implicated in rapid antidepressant action. Simplified diagram of circuits promoting 

reward behavior in response to rewarding stimuli (a) and limiting reward behavior in 

response to aversive stimuli (b). Locations of key nodes in the reward circuitry are shown (i) 
superimposed on a parasagittal section of the mouse brain and (ii) in schematic form. 

Excitatory glutamatergic neurons and projections (green), inhibitory GABAergic neurons 

and projections (red), and dopaminergic neurons and projections (black) are shown. (a) 

Critical features of rewarding stimuli are perceived in the HPC and PFC and relayed by 

excitatory projections to the NAc. GABAergic medium spiny neurons in the NAc synapse 

onto VTA GABAergic interneurons reducing their inhibition of dopamine back to the 

telencephalon, overall promoting behaviors that combine to signal reward via dopaminergic 

connections. (b) Aversive stimuli decrease dopamine output by the VTA as the result of 

projections from the LHb to the RMTg. As shown in Figure 1, ketamine and 

hydroxynorketamines may act by strengthening excitatory synapses weakened in depression 

(5, 122). Ketamine may also act as an NMDAR antagonist to reduce depression-induced 

high-frequency burst firing of LHb neurons (78). Abbreviations: GABA, γ-aminobutyric 

acid; HPC, hippocampus; LHb, lateral habenula; mPFC, medial prefrontal cortex; NAc, 

nucleus accumbens; PFC, prefrontal cortex; RMTg, rostromedial tegmentum; VTA, ventral 

tegmental area.
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Figure 3. 
Neurophysiological mechanisms of rapid-acting antidepressant action. (a) Depression 

susceptibility is modulated by genetic risk and exposure to environmental factors, such as 

chronic stress. Such factors are proposed to interact to cause dendritic atrophy and decreased 

synaptic function in key circuits within the corticomesolimbic structures illustrated in Figure 

2, thereby contributing to the symptoms of depression. These defects have the net effect of 

reducing neuronal output, weakening connectivity within and between circuit nodes, and 

decreasing synchronous action potential discharge, which can be detected as decreases in 

coherent oscillations with EEG. Decreased synchronous coherent activity will act to reduce 

synaptic strength. (b) Rapid-acting antidepressants are proposed to counteract these changes 

either by acutely increasing overall excitation, as do hydroxynorketamines, mGluR2 

antagonists, AMPAkines, or GLYX-13, or by acutely decreasing synaptic inhibition, as do 

ketamine, GABAα5-NAMs or scopolamine. This shift in the balance of excitation and 

inhibition favors synchronous discharge, apparent as increased gamma power oscillations in 

the EEG, and strong synaptic excitation. Strong synaptic excitation, in turn, triggers the 

activation of long-term potentiation and a range of cellular growth–associated signaling 

cascades, including synthesis and release of BDNF, activation of mTORC1, and 

dephosphorylation of eEF2K, all of which act synergistically to restore dendritic strength, 

promote synaptogenesis, and strengthen excitatory connections, thereby restoring the 

function of the reward circuitry and relieving the symptoms of depression. Abbreviations: 

BDNF, brain-derived neurotrophic factor; eEF2K, eukaryotic elongation factor-2 kinase; 

EEG, electroencephalography; EPSPs, excitatory postsynaptic potentials; GABA, γ-
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aminobutyric acid; GABAα5-NAMs, GABA α5 receptor negative allosteric modulators; 

mTORC1, mechanistic target of rapamycin complex 1.
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Table 1

Comparison of the human clinical effects of ketamine to other selective NMDAR antagonists tested for 

antidepressant actions

NMDAR antagonist
Rapid onset (within 

hours)
Robust separation from 

placebo
Sustained action following a single 

administration

Ketamine/(S)-ketamine + + +

Memantine (namenda) − − −

AZD6765 (lanicemine) +/− − −

CP-101,606 (traxoprodil) − − +

MK-0657/CERC-301 (rislenemdaz) − − −

+ indicates consistently positive human clinical effects; − indicates a lack of human clinical effects; +/− indicates ambiguous effects between 
studies. Abbreviation: NMDAR, N-methyl-D-aspartate receptor.
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