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Abstract

Stress and depression are associated with atrophy and loss of neurons in limbic and cortical brain 

regions that could contribute to the symptoms of depression. Typical monoamine reuptake 

inhibitor antidepressants have only modest efficacy and require long-term treatment, and are only 

weakly effective in blocking or reversing these structural changes caused by stress. Recent 

findings demonstrate that ketamine, an NMDA receptor antagonist, produces rapid antidepressant 

actions in difficult to treat depressed patients. In addition, preclinical studies demonstrate that 

ketamine rapidly increases synaptic connections in the prefrontal cortex by increasing glutamate 

signaling and activation of pathways that control the synthesis of synaptic proteins. Moreover, 

ketamine rapidly reverses the synaptic deficits caused by exposure to chronic stress in rodent 

models. Studies of the signaling mechanisms underlying the actions of ketamine have provided 

novel approaches and targets for new rapid acting antidepressants with decreased side effects, as 

well as a better understanding of the neurobiology of stress, depression, and treatment response.
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Introduction

Preclinical and clinical studies of stress and depression have demonstrated a wide range of 

neurochemical and morphological alterations that could contribute to the pathophysiology of 

mood disorders. Moreover, the complexity and heterogeneity of depression make it difficult 

to identify a single underlying abnormality, and suggest that there are multiple causes of 

depression. However, studies over the past 15 to 20 years have continued to build on 

evidence that stress and depression are associated with atrophy and loss of neurons and glia, 

and even reduced volume of key limbic and cortical brain regions implicated in depression. 

These findings demonstrate alterations at a structural level and studies have focused on 
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identifying the underlying signaling pathways, including regulation of neurotrophic factors 

that contribute to these morphological changes.

Currently available antidepressants, notably the serotonin selective reuptake inhibitors 

(SSRIs), require long-term treatment and have limited efficacy, with approximately one-

third of patients responding to the first medication prescribed and up to two-thirds after 

multiple trials, which can take months or even years.[1] This highlights a major unmet need 

for new antidepressant agents with novel mechanisms that have faster onset of action and 

greater efficacy. Recent reports indicate that ketamine, an NMDA receptor antagonist, can 

address these limitations, demonstrating that a single dose of ketamine produces a rapid 

antidepressant response (within hours) in patients who have failed to respond to two or more 

typical antidepressants and are considered treatment resistant.[2] In addition, preclinical 

studies demonstrate that ketamine rapidly increases synaptic connections and thereby 

reverses the atrophy of neurons caused by chronic stress.

In this review, the studies demonstrating atrophy of limbic and cortical brain regions in 

stress and depression are discussed, as well as the effects of typical and novel rapid acting 

antidepressants. In particular, we present evidence on the mechanisms by which rapid acting 

agents increase spine synapses and cause antidepressant behavioral effects.[3] Together these 

findings further elucidate the neurobiology of depression and treatment response, and 

contribute to a synaptic hypothesis of mood disorders

Stress and Depression Cause Loss of Synaptic Connections

Brain imaging studies have provided consistent evidence that depression and other stress 

related illnesses, including posttraumatic stress disorder (PTSD) are associated with 

decreased size of brain regions implicated in depression. This includes decreased volume of 

the hippocampus, a limbic structure with high levels of glucocorticoid receptors that 

provides negative feedback to the hypothalamic-pituitary-adrenal (HPA) axis.[4] Decreased 

volume of the hippocampus is associated with the length of depressive illness and inversely 

related to the time of treatment,[5] and the reduced volume of the hippocampus is reversible 

with antidepressant treatment.[4] In addition, there is evidence of decreased volume of 

cortical regions, including the subgenual PFC and cingulate cortex.[6] Decreased volume and 

function of these brain regions is also associated with altered connectivity.[7]

The underlying cellular changes that account for the decreased hippocampal and cortical 

volumes have also been examined. Postmortem studies demonstrate that neuronal cell body 

size is decreased in the PFC and hippocampus with no change in cell number, [8,9] 

suggesting that neuronal processes and synaptic contacts may also be decreased. Support for 

the latter possibility is provided by a recent study demonstrating a significant reduction in 

the number of synapses in the dorsal lateral PFC in a small cohort of depressed subjects.[10] 

In addition to these neuronal alterations there is strong evidence from postmortem studies 

that the numbers of glia are decreased in cortical regions, particularly in the dlPFC and 

cingulate cortex of depressed subjects.[11]

Preclinical studies in rodent models of stress and depression have further examined the 

cellullar basis of these morphological changes. These reports demonstrate that different 
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types of chronic stress (repeated restraint, unpredictable stress) decrease the number and 

length of apical dendrites in CA3 pyramidal neurons of the hippocampus and layers II/III 

and V of the medial PFC.[12,13] Moreover, chronic stress exposure decreases the number of 

spine synapse connections in both the PFC and hippocampus. This reduction in dendrite 

complexity and synaptic connections could contribute to the decreased volume of PFC and 

hippocampus observed in depressed patients. Moreover, loss of synaptic connections could 

contribute to a functional disconnection and loss of normal control of mood and emotion in 

depression (Fig. 1). In particular, the medial PFC exerts top down control over other brain 

regions that regulate emotion and mood, most notably the amygdala, and loss of synaptic 

connections from PFC to this and other brain regions could thereby result in more labile 

mood and emotion, as well as cognitive deficits.

In addition to loss of synapses and dendrites, preclinical studies demonstrate that stress 

decreases the birth of new neurons in the dentate gyrus of adult rodent hippocampus.[14] 

While there is evidence that antidepressants increase cell birth in hippocampus of depressed 

subjects (see below), there is currently no evidence that depression is associated with 

decreased numbers of new cells in this brain region. Finally, rodent studies also demonstrate 

that exposure to chronic stress decreases the number of glia in the PFC, which could 

contribute to the decreased volume of this region in depressed patients.[15]

Typical Antidepressant Agents and Regulation of Synaptic Connections

There are currently no reports on the influence of antidepressant treatment on synaptic 

connections in depressed subjects so this question must await future postmortem studies of 

spine synapses. However, this issue has been examined in rodent models. Administration of 

a typical antidepressant such as an SSRI does not influence synapse number in naïve, 

nonstressed animals, but can block or reverse the synaptic deficits caused by chronic stress 

exposure.[16] However, this rescue of sympatic loss requires chronic antidepressant 

administration of several weeks, consistent with the time course for the therapeutic action of 

these agents. There is also evidence that chronic SSRI administration increases synaptic 

plasticity in models that require flexibility, including extinction learning.[17]

Chronic antidepressant administration also increases neurogenesis in the adult rat 

hippocampus and postmortem studies demonstrate that depressed patients on medication at 

the time of death show elevated levels of cell birth in the hippocampus.[14] Preclinical 

studies demonstrate that chronic antidepressant administration increases the birth of glia in 

the PFC.[15] Together these effects on neuronal and glial number could contribute to the 

actions of antidepressant agents. Moreover, it is possible that altered levels of glia, which 

play an important role in providing metabolic support for neurons, could contribute to the 

regulation of dendrite complexity and synapse number in response to stress, depression and 

antidepressant treatment via direct or indirect mechanisms.[18]

Rapid Acting Antidepressants

The rapid (∼2 hr) antidepressant actions of the NMDA receptor antagonist ketamine are 

now well established.[19] Moreover, these studies demonstrate that ketamine decreases 

suicidal ideation and is even effective in depressed patients who have failed to respond to 
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two or more typical antidepressants and are considered treatment resistant. Together the 

discovery of an agent that acts rapidly and through a completely novel mechanism has had a 

major impact on the field of depression and how we think about development of new 

antidepressant medications. Studies of the molecular and cellular-signaling pathways 

underlying the actions of ketamine have begun to elucidate a novel mechanism of action that 

may lead to safer rapid acting agents.

Ketamine Rapidly Increases Synaptic Connections: Role of Glutamate and mTORC1

Another discovery that has made an impact on the field is that a single dose of ketamine 

rapidly increases synaptic connections in the PFC and reverses the deficits caused by 

chronic unpredictable stress (CUS) exposure[20,21] (Fig. 1). This was surprising as 

alterations of synaptic connections have been studied primarily in models of learning and 

memory. The fact that an NMDA receptor antagonist produces this effect is even more 

puzzling as the induction of synaptic connections requires glutamate and activation, not 

inhibition of NMDA receptors. One possibility is that ketamine and other NMDA receptor 

antagonists cause a shift in AMPA to NMDA receptor ratio that contributes to an 

enhancement of synaptic function (Maeng et al., 2008). Another possibility that has received 

attention is based on the finding that NMDA receptor blockade increases glutamate 

transmission.

Despite the blockade of NMDA receptors, administration of ketamine actually increases 

extracellular levels of glutamate in the PFC.[22] This is thought to occur via blockade of 

NMDA receptors on GABAergic interneurons that inhibits their tonic firing, thereby causing 

disinhibition of glutamate transmission[23] (Fig. 1). However, this does not exclude the 

possibility that ketamine also has direct effects on postsynaptic glutamate synapses that also 

contribute to the increase in synaptogenesis. For example, the actions of ketamine require 

phosphorylation and inhibition of glycogen synthase kinase-3β (GSK-3β), which has been 

shown to regulate the insertion of glutamate receptors and synapse formation.[24] Studies are 

currently underway to further elucidate the pre- and postsynaptic mechanisms that contribute 

to the actions of ketamine.

The resulting burst of glutamate caused by ketamine then leads to activation of the signaling 

machinery that stimulates synapse formation. This includes activation of the mammalian 

target of rapamycin complex 1 (mTORC1), which controls the translation of synaptic 

proteins required for new synapse formation and has been implicated in long-term memory 

induced synaptic plasticity[25] (Fig. 1). Evidence that mTORC1 plays a functional role in the 

response to ketamine is provided by studies demonstrating that rapamycin, a selective 

inhibitor of mTORC1, blocks the synaptogenic and behavioral actions of ketamine.[20,21] 

Further studies have focused on the signaling pathways that stimulate mTORC1, including 

the role of BDNF and related signaling cascades.

Rapid Antidepressant Actions of Ketamine Require BDNF: Val66Met Allele is a Marker of 
Treatment Response in Depressed Patients

BDNF is a member of the nerve growth factor family and is one of the most abundant 

neurotrophic factors in the brain. It plays an important role during development, in the 
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guidance, function and survival of neurons, but is also expressed at high levels in the adult 

brain and continues to play an important role in neuronal function, plasticity, and survival. 

BDNF is regulated at multiple levels, including transcriptional regulation of mRNA as well 

as activity dependent release of protein from nerve terminals, the latter of which is required 

for new synapse formation. Chronic administration of typical antidepressants increases the 

expression of BDNF in the PFC and hippocampus, and this effect is required for the 

behavioral actions of these agents.[26] However, there is no evidence that antidepressants 

increase the release of BDNF, which may limit the efficacy of typical agents in the 

regulation of synapse formation.

The behavioral and synaptic actions of ketamine also require BDNF, and the ability of 

ketamine to stimulate a glutamate burst that causes depolarization suggests that these effects 

occur via activity dependent release of BDNF. This possibility is supported by studies of a 

functional BDNF polymorphism, Val66Met, where the Met allele results in decreased 

processing and activity dependent release of BDNF. The BDNF Met allele is found in 

approximately 25 percent of the human population, and has been associated with decreased 

volume of the hippocampus and decreased executive function.[4] In addition, carriers of the 

Met allele who are exposed to early life stress or trauma are more likely to develop 

depression.[27]

Recent studies demonstrate that the synaptic and behavioral actions of ketamine are 

completely blocked in mutant mice with a knockin of the Met allele.[28] Moreover, a follow-

up clinical study has found that the rapid actions of ketamine are significantly decreased in 

depressed patients who are carriers of the Met allele.[29] These findings provide evidence 

that the Val66Met allele has a functional impact on ketamine responsiveness and can be 

used as a biomarker of treatment response in future studies.

Scopolamine also Increases Synaptic Connections

Scopolamine, a muscarinic receptor antagonist, has also been reported to produce rapid 

antidepressant actions based on clinical assessment at 3 days after a single dose and with 

anecdotal evidence of a therapeutic response after 1 day.[30,31] The ability of scopolamine to 

produce a rapid antidepressant response raises the possibility that it might also be working 

through a mechanism similar to ketamine. This turns out to be the case, as we have found 

that a single dose of scopolamine rapidly increases synapse number and function in the 

PFC.[32] Moreover, we found that scopolamine increases levels of extracellular glutamate in 

the PFC, and that the effects of scopolamine are blocked by pretreatment with a glutamate 

AMPA receptor antagonist. Finally, a single dose of scopolamine also stimulates mTORC1 

signaling and the behavioral actions of scopolamine are blocked by pretreatment with 

rapamycin.

Together, these findings indicate that stimulation of a glutamate burst, activation of 

mTORC1 signaling, and induction of synapse formation are common features of two 

different classes of rapid acting antidepressants. Studies are currently underway to determine 

the muscarinic receptor subtype (M1–M5) that mediates the actions of scopolamine, and to 

determine if the glutamate burst is due to inhibition of tonic firing GABAergic interneurons.
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Lithium Enhances the Synaptogenic and Behavioral Actions of Ketamine

Because ketamine is a drug of abuse with side effects there have been efforts to identify 

alternative treatment strategies, including combination therapies that are also rapid acting 

and efficacious. Interestingly, combinations of ketamine with lithium, at doses that have no 

effects alone, have been reported to produce an antidepressant response in a behavioral 

model of depression, the forced swim test.[33] This prompted us to ask if a low-dose 

combination could also increase synaptogenesis and mTORC1 signaling. We found that a 

combination of ketamine (1 mg/kg) and lithium (10 mg/kg) at doses that have no effect 

alone significantly increases the number and function of spine synapses in the PFC.[34] The 

low-dose ketamine and lithium combination also produced significant antidepressant 

behavioral responses, replicating the previous report, and produced an effect that lasted for 7 

days, consistent with the long-lasting synaptogenic actions of this combination treatment. 

Finally, we also found that the effects of lithium are mediated by inhibition of GSK-3β, as 

the combination of low-dose ketamine with a selective GSK-3β inhibitor produced the same 

synaptogenic and behavioral effects.[34]

Together these findings suggest that low-dose ketamine plus lithium could be a new 

treatment strategy that is safer and produces fewer side effects. It is also possible that this 

low-dose combination could be administered repeatedly with reduced toxicity. Finally, 

studies are currently being conducted to determine if lithium administration sustains the 

synaptogenic and behavioral actions of a single dose of ketamine.

Summary and Future Studies

The studies of rapid acting antidepressants highlight several novel concepts and 

mechanisms. Ketamine produces a rapid glutamate burst that stimulates the BDNF-

mTORC1 cascade, leading to increased synaptic connections in the PFC. Importantly, the 

acute actions of ketamine on glutamate are transient, which limits excitoxicity, but the 

synaptogenic response is rapid and long-lasting (∼7 days), consistent with the time course 

of the therapeutic response. The relevance of this novel mechanism is supported by evidence 

that another rapid acting antidepressant, scopolamine also causes an induction of mTORC1 

and synapse formation, and a behavioral response that is dependent on glutamate, providing 

markers to test additional rapid acting agents. The focus of current studies is to identify new, 

safer rapid acting antidepressants using these markers. In addition, work is underway to 

further elucidate the mechanisms that contribute to synaptic loss and depressive behaviors, 

to the relapse observed after ketamine treatment, as well as to the resilience to stress (Fig. 1).
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Figure 1. 
Model for the loss of synapses caused by stress and rapid induction of synaptic connections 

by ketamine. Synaptic connections in the PFC are maintained by normal circuit activity, but 

are decreased by chronic stress exposure, which also reduces the expression of BDNF. 

Ketamine can rapidly reverse the effects of stress by causing a burst of glutamate that causes 

a fast synaptogenic response. This is thought to occur via blockade of tonic firing 

GABAergic interneurons that express NMDA receptors. Ketamine induction of synapses 

requires BDNF and activation of the mTOR signaling pathway, which regulates the 

synthesis of new synaptic proteins, including glutamate AMPA receptors. The cycling of 

AMPA receptors to the membrane is also regulated by GSK-3β, a target of lithium that has 

been implicated in the actions of ketamine. Although relatively stable, the new synapses 

reverse after 7–10 days, consistent with the time course for relapse of depressed patients 

after a single dose of ketamine. The effects of stress on synaptic connections can also be 

influenced by exercise, enriched environment, and coping mechanisms.
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