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Abstract

Depression is a common cause of mortality and morbidity, but the biological bases of the deficits 

in emotional and cognitive processing remain incompletely understood. Current antidepressant 

therapies are effective in only some patients and act slowly. We propose an excitatory synapse 

hypothesis of depression in which chronic stress and genetic susceptibility cause changes in the 

strength of subsets of glutamatergic synapses at multiple locations, including the prefrontal cortex, 

hippocampus and nucleus accumbens, leading to a dysfunction of cortico-mesolimbic reward 

circuitry that underlies many of the symptoms of depression. This hypothesis accounts for current 

depression treatments and suggests an updated framework for the development of better 

therapeutic compounds.
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Major depressive disorder (MDD) is one of the most common and costly of neuropsychiatric 

syndromes, with a lifetime prevalence of 7–12% in men and 20–25% in women, and a 

multi-billion dollar annual economic burden in the US [1,2].
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The most tragic consequence of untreated depression is suicide, attempted by as many as 8% 

of severely depressed patients. According to the Centers for Disease Control and Prevention, 

nearly half a million patients receive emergency care for suicide attempts each year in the 

United States and over 38,000 individuals die by intentional self-inflicted injuries - twice as 

many lives as are lost to homicide. Shockingly, 23% of suicide victims were being treated 

with antidepressants at the time [3]. In fact, only half of patients with major depression 

respond to standard-of-care antidepressants (ADs), such as selective serotonin reuptake 

inhibitors (SSRIs)[4], with 70% failing to achieve full remission [5]. A better understanding 

of the nature of the changes in the brain driving the wide-range of behavioral symptoms that 

characterize depression is essential for developing more effective treatments for this disorder 

and preventing suicide.

In the search for ways to prevent, treat, and cure diseases, a strong hypothesis can prove 

invaluable if it accounts for known etiologies, is consistent with existing human and 

preclinical data gathered across a wide range of modalities, makes clearly testable 

predictions, explains the effectiveness of existing therapies mechanistically, and offers 

guidance for the development of novel prophylactic and therapeutic approaches.

The serotonin hypothesis of depression, formulated in the early 1960’s, provides an 

excellent example, driving the field of biological psychiatry forward and leading to the 

development of SSRIs (Box 1). More recently, considerable evidence of the involvement of 

neurotrophins in depression and antidepressant action has accumulated, leading to a 

neurotrophin hypothesis of depression (Box 2). Nevertheless, these hypotheses leave many 

unanswered questions about both the causes and treatment of depression.

BOX 1

The serotonin hypothesis of depression

The monoamine neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) is synthesized 

by neurons in the dorsal raphe (DR) nucleus. These neurons integrate inputs from 

multiple brain regions, including the nucleus accumbens (NAc), amygdala, lateral 

habenula (LHb), and PFC, and send projections throughout the brain, including to the 

hippocampus, PFC, substantia nigra, and NAc.

Chance observations of mood-altering compounds more than 50 years ago led to the first 

coherent theory of depression and opened the door for current first-line treatments. 

Evidence that these agents alter the concentration of monoamine neurotransmitters, such 

as serotonin, dopamine, and norepinephrine (e.g. [136]), led to the hypothesis that 

depression is caused by a deficiency of monoamines [137–139]. Because the 

pharmacological profile of many AD drugs is more consistent with changes in serotonin 

levels than other monoamine neurotransmitters, it is now more common to speak of a 

serotonin hypothesis of depression, although inhibitors of norepinephrine uptake are also 

effective ADs, including the tricyclics. Most statements of the serotonin hypothesis fail to 

offer mechanistic explanations, nevertheless this theory became a foundation for research 

in biological psychiatry, and the central dogma in the field of major depression for many 

decades.
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Although deficits in serotonin levels or release are a central prediction of this hypothesis, 

the relationship between human depression and the levels of serotonin or its metabolite 5-

hydroxyindoleacetic acid (5-HIAA) remains unclear, with early enthusiasm giving way 

to mixed results [140]. Experimental manipulations of serotonin levels in humans by 

depleting or enhancing the precursor for its synthesis, tryptophan, also remain 

inconclusive [141–144]. In general, acute manipulation of tryptophan levels is more 

likely to affect mood in patients that are depressed than in otherwise healthy individuals, 

perhaps because it impairs the beneficial actions of their SSRIs.

One prediction of this hypothesis is that elevation of serotonin levels would relieve the 

symptoms of depression and testing this prediction led directly to the development of 

SSRIs, which produce a rapid elevation of extracellular serotonin concentration [145]. 

With fewer side effects than the less-specific tricyclics, SSRIs were prescribed to tens of 

millions in their first decade.

SSRI-induced elevation of serotonin increases activation of serotonin receptors, of which 

there are 14 subtypes, each having a unique pattern of expression and localization. 

Alterations in a single population, or subpopulation, of serotonin receptors might also be 

responsible for the symptoms of depression, rather than a global dysfunction of the 

neurotransmitter system, but evidence of such changes remains inconclusive [146–148].

50 years later, considerable debate about the validity of the serotonin hypothesis thus 

remains, with only inconsistent and inconclusive evidence supporting it. It is unlikely that 

depression is caused by a simple decrease in serotonin synthesis, release or receptor 

expression. Nevertheless, there is clear evidence that elevated levels of monoamines can 

relieve the symptoms of depression.

Box 2

The neurotrophin hypothesis of depression

Depression has been hypothesized to result when environmental factors, chronic stress, 

and genetic susceptibility interact to impair neurotrophin signaling [15,98,149]. The 

consequences of inadequate neurotrophin signaling that might contribute to the genesis of 

depression include impaired neurogenesis in the dentate gyrus, atrophy of distal 

dendrites, and impaired neuronal plasticity. It has been further postulated that ADs 

alleviate the symptoms of depression by reversing or blocking this effect, so as to restore 

neurotrophin signaling. Because of their predominance in the neocortex and 

hippocampus, the most data concerns brain-derived neurotrophic factor (BDNF) and its 

receptor, tropomyosin-related kinase type B (trkB)[150,151].

This hypothesis predicts that BDNF signaling is decreased in depressed patients and 

restored with successful AD treatment and there is some evidence of decreased BDNF-

trkB signaling in human depression. First, serum BDNF levels are decreased in depressed 

patients [152] and recover with AD treatment [153]. Additionally, BDNF and trkB 

mRNA levels are decreased in postmortem tissue from suicide victims [154]. Patients 

treated with ADs have a higher level of BDNF than untreated patients, specifically in the 

dentate gyrus, hilus, and supragranular regions of the hippocampus [155], and increased 
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hippocampal neurogenesis [156]. Furthermore, a polymorphism (Val66Met) in the 

BDNF gene is correlated with various aspects of depression and AD action (e.g. 

[157,158]), including reduced hippocampal volume, depression, and suicidality [159–

161].

The hypothesis also predicts that impairing BDNF signaling should induce a depressive-

like phenotype and interfere with AD responses in animal models. Some mice with 

decreased BDNF-trkB signaling display a depression-like phenotype, including 

decreased neural proliferation in the dentate gyrus [94] and reduced dendritic spine 

density in CA1 cells [162], as well as reduced responses to acute ADs [163]. On the other 

hand, heterozygous BDNF knockout mice do not differ from wild types in anxiety and 

behavioral despair measures in some [164,165], but not all [166], studies. Monteggia et 

al. report that only female conditional forebrain BDNF knockout mice have a depressed 

phenotype and fail to respond acutely to ADs [167]. Pyramidal cells in the prefrontal 

cortex of transgenic mice with the BDNF Met allele knocked in display atrophy of distal 

apical dendrites and dendritic spines, as well as a depression of excitatory synaptic 

responses [168]. Unfortunately, depression-related behavioral assays with construct and 

face validity, such as the sucrose preference and novelty suppressed feeding tests, have 

not yet been tested in these mice.

Such experiments are complicated for two reasons. First, BDNF-trkB signaling is crucial 

for brain development, rendering interpretation of results from knock-out animals 

difficult. Second, BDNF-trkB signaling does not exert the same actions in all brain 

regions. In the hippocampus and cortex, BDNF-trkB signaling promotes resilience to 

stress, whereas in the NAc BDNF promotes susceptibility [38]. For example, disrupted 

BDNF signaling in the NAc renders mice more resistant to chronic social defeat [169].

Altogether, it appears that the neurotrophin hypothesis of depression is incomplete. In 

addition to the conflicting data in the literature, there is no established mechanism linking 

serotonin elevation to subsequent increases in BDNF transcription, and therefore no 

explanation as to how ADs such as SSRIs activate this pathway. Nevertheless, these 

findings highlight the possibility that changes in neuronal strength and plasticity may 

underlie depression and the action of ADs.

In this review, we highlight emerging evidence of dysfunctions of excitatory synaptic 

transmission [6], and suggest how this defect may correlate with the genesis of depression 

and the evidence that serotonin and neurotrophins play a role in depression. We are now 

moving beyond a symptom-based description of depression as a single disease entity and 

beginning to identify biological phenotypes that can be compared across species and across 

classically defined labels, as encouraged by the NIMH’s Research Domain Criteria. A 

significant goal of basic research is thus to identify the neurobiological consequences of 

disease-promoting conditions at the level of alterations in gene products, synapses, cells, and 

circuits and then, in a bottom up manner, map these discoveries to the specific behavioral 

deficits characterizing human neuropsychiatric conditions. Here we focus on the circuits 

mediating reward behavior, which underlies many of the symptoms of human depression, 

such as anhedonia and aberrant reward-associated perception and memory. We will also 
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highlight how this excitatory synapse hypothesis of depression offers a new framework with 

which to approach the treatment of patients with depression.

The etiology of depression

Despite its high incidence and its socioeconomic impact, the causes of depression remain 

poorly understood. Depression involves a combination of genetic and epigenetic 

susceptibility together with environmental risk factors, such as stress, emotional trauma, or 

traumatic head injury [7], with heritable factors contributing slightly less than half of the 

risk. Many single nucleotide polymorphisms and epigenetic differences are linked to 

increased risk for depression, but no single gene candidate produces a strong enough effect 

to provide convincing mechanistic hypotheses [8]. This reinforces the fact that MDD is a 

complex and heterogeneous collection of symptoms caused by variations in multiple genes, 

each responsible for a small effect on risk, that ultimately converge onto common circuit, 

cellular, and molecular pathways.

Stress and depression

Stressful life events are a key environmental risk factor for depressive disorders in 

genetically susceptible individuals [9] and are suspected to be causal in many patients. 

Depressed patients report more stressful life events and have fewer social resources than 

non-depressed subjects [10]. Personality traits, in particular neuroticism and lack of a 

confidence, have also been linked to the etiology of depression and may increase risk in 

response to stress [11].

McEwen, Sapolsky, and others have emphasized the importance of allostatic overload as an 

explanation for many chronic illnesses of modern human life, including depression [12,13]. 

These stressors may be physical or psychosocial, the latter including low self-esteem, 

loneliness, deficient social skills, excessive anxiety, rumination, and negative thinking. All 

stressors activate the sympathetic nervous system and the hypothalamus-pituitary-adrenal 

(HPA) axis, causing elevation of glucocorticoids (GC) and other stress hormones. Normally, 

the physiological stress-response is self-terminating, due to negative feedback, directly via 

the hypothalamus and pituitary and indirectly via several brain areas enriched in 

glucocorticoid receptors (GRs), including the prefrontal cortex (PFC) and hippocampus.

A subset of depressed patients display abnormal HPA axis activity, resulting in increased 

basal levels of GCs and a blunted circadian rhythm [14]. GCs regulate neuronal survival, 

excitability, proliferation, and metabolism, and allostatic overload may promote depression 

by impairing these processes [15]. Because of their role in negative feedback, a dysfunction 

of GRs in areas like the hippocampus can cause HPA dysregulation and failure to limit the 

stress response [16]. Indeed, some patients with depression display an inability to suppress 

the axis in response to a challenge [17]. However, HPA challenges lack sensitivity and 

specificity as a diagnostic biomarker. Interestingly, patients treated chronically with 

corticosteroids and patients with Cushing’s disease, both hypercortisolemic states, are more 

likely to have depression and experience a range of depression-related cognitive and 

memory deficits [18,19].
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The structure of the depressed brain is different from the healthy brain, likely representing 

one visible manifestation of pathophysiology. Postmortem studies of suicide completers and 

severely depressed patients have revealed a reduction in the volume of the PFC and 

hippocampus, regions thought to play a role in the cognitive aspects of depression [20]. An 

impairment of normal, ongoing neurogenesis in the dentate gyrus of the hippocampus, as 

observed in several models of chronic stress [21], and atrophy of dendrites [22] might 

underlie this decrease in hippocampal volume. Successful AD treatment reverses these 

decreases in hippocampal volume (i.e. [23]). As reviewed elsewhere, the size of other brain 

regions involved in regulation of reward and emotion may also be affected in depressed 

patients, including the amygdala [24] and striatum [25].

Changes in excitatory synapses in depression

A common element linking stress, serotonin, and neurotrophins is their effects on excitatory 

synaptic transmission [26]. In preclinical studies, there is increasing evidence that chronic 

stress exerts deleterious effects on excitatory synaptic structure and function in multiple 

brain regions associated with cognitive and emotional control of reward behaviors which 

resemble those seen in human depression. Conversely, serotonin and neurotrophins exert an 

opposing action, generally promoting excitatory synaptic transmission in the same brain 

regions. Many symptoms of depression seem to result from a dysfunction in the valuation of 

stimuli, with decreases in positive valuation (i.e. anhedonia) occurring in parallel with 

increases in negative valuation (disappointment, fear, expectation of punishment). Changes 

in the strength of various excitatory synapses in the distinct circuits mediating both of these 

processes have been described.

Nucleus Accumbens

The NAc is critical for integrating cortical and hippocampal inputs and regulating the firing 

of neurons in the ventral tegmental area (VTA) [27], thereby influencing the motivation to 

seek rewarding stimuli [28], as well as motor behavior. Lim et al. [29] made a particularly 

significant advance in our understanding of the neurobiology of depression with their study 

of the effects of chronic stress on excitatory synapses in the NAc (Fig. 1). They observed 

that excitatory synapses in medium spiny neurons (MSNs) in the NAc that express the D1 

dopamine receptor (D1R) displayed a selective decrease in AMPAR-mediated excitation 

after five days of chronic restraint stress. The decrease in excitation occurred in parallel with 

anhedonia in the sucrose preference test and depressive-like changes in the tail suspension 

and forced swim tests. Because D1R-expressing MSNs promote activation of dopaminergic 

cells [30], decreased excitation of D1R cells should lower dopamine release, a key regulator 

of reward-seeking and motivated behavior.

Experimental manipulations that decreased AMPAR-mediated excitation in D1R-expressing 

cells mimicked the stress-induced behavioral changes in unstressed animals, and 

manipulations that prevented stress-induced decreases in AMPAR-mediated excitation 

blocked some behavioral changes (sucrose preference test) in stressed animals[29]. 

Interestingly, other behaviors that are widely assayed in depression studies, such as the tail 

suspension test and the forced swim test, were not rescued by preventing AMPAR 

downregulation in the NAc. The authors conclude that the stress-induced decrease in 
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excitation is sufficient and necessary for many behavioral changes that resemble human 

depression symptoms, specifically anhedonia, highlighting the central importance of these 

synaptic circuits to the genesis of anhedonia. The source of the axons forming these 

excitatory synapses was not identified, but is likely to include afferents from the 

hippocampus, prefrontal cortex, and amygdala. In addition to these postsynaptic changes in 

excitatory synaptic strength, decreases in the frequency of miniature excitatory postsynaptic 

currents (EPSCs), presumably indicative of presynaptic changes in release probability, have 

also been reported in D1R MSNs [31,32]. Accompanying these physiological changes, 

modest increases in the density of stubby dendritic spines are observed in susceptible mice 

subjected to chronic social defeat [31,33], but the identity of the MSNs was not determined.

Ventral Tegmental Area

The cell bodies of dopamine-releasing cells enervating the forebrain are located in the VTA, 

intermingled with a population of local GABAergic interneurons, both of which receive 

input from NAc MSNs and the PFC [27]. Changes in the electrophysiological responses of 

dopaminergic VTA neurons in chronic stress models remain controversial. In one study, 

optogenetic activation of dopamine-releasing VTA neurons relieved depression-like 

symptoms in chronically stressed mice and, conversely, inhibition of VTA neurons triggered 

a depression-like behavioral phenotype [34]. The decrease in the ability of cortical and 

hippocampal inputs to excite D1R cells in the NAc after chronic stress, described above, 

could thus underlie the reduced firing of VTA neurons [35,36], reduced dopamine release 

[37], and the loss of the rewarding properties of various stimuli in these models. Changes in 

synaptic strength within the VTA itself could also contribute [34]. We predict that 

restoration of normal behavior by ADs should be accompanied by a restoration of synaptic 

strength, but this has not yet been tested. Other studies, however, report that VTA discharge 

is increased in chronic stress models [38–40] and that optogenetic activation of VTA 

neurons promotes depression-like behavior [41]. Given that 1) drugs that elevate dopamine, 

like cocaine, are clearly not pro-depressive, 2) optogenetic stimulation of the PFC exerts 

antidepressive effects [42,43], and 3) that optogenetic activation of D1R MSNs promotes 

resilience to social stress-induced depression [32], it is unclear how the observed increases 

in VTA firing are generated and why they should be pro-depressive. Further work is needed 

to reconcile these differences, perhaps by identifying subpopulations of inputs, synapses, or 

neurons within the NAc.

Prefrontal Cortex

[There are many subdivisions of the PFC (infralimbic, prelimbic, orbital, dorsolateral, 

ventromedial) and, for simplicity, we omit any distinction of these regions.] The PFC is an 

important site at which cognitive evaluations, such as the controllability of a stressor [44] or 

the pleasantness of a stimulus [45], can influence affect and reward. Depressed patients 

display evidence of reduced activity in the PFC and SSRI treatment restores normal activity 

levels [23,46]. In animal models, chronic stress results in atrophy of distal dendrites of 

pyramidal cells in the PFC and loss of dendritic spines [47,48]. Yuen et al. [49] have 

reported that seven days of chronic restraint stress produces a decrease in synaptic excitation 

in layer V pyramidal cells in the PFC. Both AMPAR- and NMDAR- components of the 

EPSP were equally affected, unlike in the NAc [29] and hippocampus (see below), and 
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levels of GluA1 and GluN1 protein were down-regulated in parallel (Fig. 2). The decreased 

expression of GluA1 subunits was mediated by ubiquitination and proteosomal degradation. 

In addition to this postsynaptic mechanism, there may also have been a decrease in 

presynaptic release probability (decreases in mEPSC frequency, albeit no change in the 

paired-pulse ratio of evoked EPSPs). No change in PSD95 expression was detected, leaving 

uncertain the question of whether changes in synapse number and presynaptic function 

accompany the observed postsynaptic changes. Yuen et al. also observed no change in 

GluA1 function or expression in the hippocampus with seven days of chronic restraint 

stress, a time at which GluA1 and GluN1 are decreased in PFC, suggesting that the PFC 

may be more susceptible to stress. Consistent with the decrease in excitation, expression of 

several activity-dependent genes is decreased in the PFC of depressed humans and in rodent 

models [42].

Activation of 5-HT2ARs triggers a rapid increase in the frequency of spontaneous 

glutamatergic excitatory postsynaptic responses in pyramidal cells in the PFC that is 

mediated by the excitation of a subset of pyramidal cells in layer V–VI, while evoked 

EPSCs are depressed simultaneously [50–52]. The effect of serotonin on mEPSC frequency 

is diminished after chronic stress [53], although the authors failed to report whether there is 

any change in the basal frequency or amplitude after stress or whether serotonin is less 

effective at exciting layer V–VI cells. One potential explanation is that serotonin’s effects 

are weaker because the intracortical excitatory synapses formed by the deep layer cells are 

weakened by stress, although this has not been tested.

Lateral Habenula

The LHb has received increased attention in the context of depression because of behavioral 

studies indicating that it signals negative reward (i.e. disappointment)[54,55]. The LHb 

forms a glutamatergic monosynaptic excitatory projection directly to both dopaminergic 

neurons in the VTA and serotonergic neurons in the DR, as well to the mesopontine 

rostromedial tegmental nucleus (RMTg), which then sends substantial GABAergic 

projections to the VTA and DR [56,57]. Stimulation of the LHb inhibits discharge of VTA 

neurons [58] and presumably DR cells, as well. When animals perform tasks with various 

rewarding, neutral or punishing stimuli, neurons in the LHb are excited by both the absence 

of an expected reward or the presence of a punishment, and they are inhibited by the 

rewarding stimulus, especially when the stimuli are unpredictable [59]. Induction of LHb 

discharge by negative reward would thus presumably inhibit both dopamine and serotonin 

secretion.

In the learned helplessness model, LHb neurons displayed an increased frequency of 

mEPSCs compared to naïve controls with no change in their mean amplitude, reflecting an 

increased probability of glutamate release from the nerve terminals of some population of 

presynaptic neurons [60]. Consistent with this increased excitation, the spontaneous action 

potential discharge rate of LHb neurons was significantly higher after learned helplessness. 

These changes could thus suggest a physiological basis for excessive disappointment or 

negative thinking in depression. ON the other hand, depressed patients subjected to acute 

tryptophan depletion in order to induce depressive symptoms displayed significant decreases 
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in activity-dependent PET signals in the LHb that were closely correlated with the 

occurrence and severity of the depressive symptoms [61].

Amygdala

The amygdala is critical for learning to fear aversive stimuli and learning that previously 

aversive stimuli are no longer dangerous [62]. Unlike the hippocampus, the amygdala 

displays increases in volume in depressed patients [24] and is hyperactive [63]. Unlike the 

hippocampus and PFC, chronic stress induces dendritic hypertrophy in the amygdala [64]. 

Relatively little is known about changes in synaptic function to, from, and within the 

amygdala in chronic stress models, but optogenetic activation of amygdala inputs to the 

ventral hippocampus can impair normal social behaviors [65].

Hippocampus

Chronic stress induces changes in synaptic function that occur in parallel with the atrophy of 

distal apical dendritic branches in pyramidal cells and decreases in the size and number of 

dendritic spines [66,67].

While stress has repeatedly been shown to affect excitatory synapses in the hippocampus, 

published results are somewhat conflicting. At Schaffer collateral (SC) synapses onto CA1 

cells, chronic stress is reported to have no effect on basal synaptic strength, although it does 

impair long-term potentiation (LTP), decreases GluA1 mRNA [68–70], and enhances 

synaptic currents mediated by NMDARs, while leaving AMPAR-mediated excitation 

unaltered in area CA3 [71].

One factor that could reconcile these discrepancies is the dendritic location of the synapses. 

We have recently described stress-induced changes in synaptic function at the synapses in 

distal apical dendrites of CA1 pyramidal cells formed by temporoammonic (TA) inputs from 

entorhinal cortex [72](Fig. 3). We observed that 3–6 weeks of chronic unpredictable stress 

(CUS), which is sufficient to produce depression-like behavior in the sucrose preference test 

and other behavioral assays, resulted in a 50% decrease in AMPAR-mediated excitation at 

TA-CA1 synapses. NMDAR-mediated excitation at TA-CA1 synapses was unaffected, as 

was AMPAR-mediated excitation at neighboring Schaffer collateral-CA1 synapses. 

Accompanying the decreased excitation was a corresponding layer-specific decrease in the 

expression of GluA1 and PSD-95 protein. No changes in the levels of GluA2 or GluN1 

protein were detected. This synaptic pathology had deleterious behavioral consequences, as 

shown by the ability of CUS to disrupt long-term memory consolidation in a spatially-cued 

Morris water maze task, a function of TA-CA1 synapses [73]. Further strengthening the 

relationship between this synaptic pathology and the behavioral alterations produced by 

CUS, we observed that changes in both AMPAR-mediated excitation and GluA1 protein 

levels were restored to normal levels in stressed animals treated chronically, but not acutely, 

with fluoxetine, just like the restoration of normal reward behavior.

Differences in the ability of allostatic load to affect excitatory synaptic function may play a 

role in the determination of susceptibility to becoming depressed. Schmidt et al. [70] 

examined the difference between mice that were vulnerable to behavioral changes after 
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chronic social stress and those that were resilient. Vulnerable mice exhibited a significant 

decrease in GluA1 and increase in GluA2 subunits in area CA1, compared to resilient mice. 

The authors further examined genetic polymorphisms in genes encoding GluA1 subunits and 

found a single nucleotide polymorphism that correlated with vulnerability to stress. How this 

compares to human GluA1 gene SNPs was not described, but this evidence converges with 

human data implicating AMPARs [74,75].

We have also observed that chronic stress quantitatively and qualitatively changes the way 

TA-CA1 excitatory synapses respond to serotonergic stimulation [76]. Whereas activation of 

postsynaptic 5-HT1BRs produces a doubling of AMPAR-mediated excitation in control 

animals that recovers within ca. 30 min of washing out the agonist, activation of 5-HT1BRs 

in chronically stressed animals produces a potentiation that is both significantly greater in 

magnitude and more persistent (>1–2 hours) after removal of the agonist (Fig. 4). Normal 

transient responses to 5-HT1BR activation are restored in CUS animals administered 

fluoxetine chronically, but not acutely. We have not yet determined the molecular changes 

in the signaling pathways that underlie 5-HT1BR-induced potentiation that underlie this 

effect, but they must be confined to excitatory synapses in the postsynaptic cell where this 

potentiation is induced and expressed in order to account for the stress-induced changes we 

observe.

Not only do chronic stress models produce changes in glutamatergic receptor function and 

expression, but these changes may be sufficient to cause changes in behaviors related to 

depression. For example, Chourbaji et al. [77] found that knocking out the GluA1 gene 

globally resulted in a depression-like phenotype in the learned helplessness test. Similarly, 

we have reported that mice in which the GluA1 gene is mutated so that it can no longer be 

phosphorylated by CaM kinase display a depression-like phenotype in the sucrose 

preference and novelty suppressed feeding tests, but not in the tail suspension test [76]. 

Together these data make a strong argument that disruption of hippocampal glutamatergic 

transmission, specifically AMPAR function, can accompany depression-like behavioral 

changes.

Human studies

Although far less extensive than the literature on serotonin and its receptors, there is some 

evidence for changes in glutamatergic function in depressed patients (Table 1); much of it 

mixed. Plasma levels of glutamate are decreased in some studies [78,79], but not others [80]. 

A considerable difficulty in studies of this type is that glutamate is present in a very large 

metabolic pool, rendering it impossible to know what fraction of the measured glutamate is 

synaptic in origin. Postmortem studies have revealed decreases in multiple glutamate 

receptor subunits in depressed patients, including the GluA1 subunit [81,82], as well as 

decreased AMPAR binding in the striatum of suicide completers [74,75]. Hopefully, reliable 

biomarkers can be found with which to more directly assay glutamatergic function in 

depressed patients.
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Formal statement of the excitatory synapse hypothesis

1. Major depression is caused by a weakening of specific subsets of excitatory 

synapses in multiple brain regions that are critical in the determination of affect and 

reward. Chronic hyperactivity of the HPA axis in response to excessive stress, 

known to be important allostatic risk factor in the gene x environmental axis 

determining susceptibility to depression, is one potential mediator of these changes. 

High levels of GRs in cells in these regions contribute to their vulnerability.

2. Many of the characteristic changes in behavior that define the symptomatology of 

human depression, such as anhedonia and depressed mood, result because impaired 

excitatory synaptic transmission leads to reduced activity in the mesolimbic reward 

circuitry. Other circuits that are important in the mediation of other behaviors that 

are altered in depression, such as sleep, sex drive, sociality, working memory, and 

attention are similarly affected.

3. Restoration of excitatory synaptic strength is the critical action of effective 

antidepressants, including both conventional agents, such as SSRIs and ECT, and 

newer compounds, such as ketamine.

Several authors have highlighted stress-induced pathophysiological changes in reward 

circuits as the biological underpinning of anhedonia and other symptoms of depression [83–

85]. There is a strong correlation between anhedonia and suicide [86,87]. Indeed, anhedonia 

has been found to be a more significant predictor of imminent suicide than any other 

psychiatric variable [88]. Social anhedonia (e.g., loss of interest in social interaction) 

appears especially predictive of suicidal ideation [87]. We can predict how changes in 

excitatory synapses in regions such as the hippocampus and prefrontal cortex might interact 

with reward circuits in the mesolimbic system to change affective behaviors and produce a 

depression-like behavioral phenotype (Fig. 5).

One important target of outputs from both the hippocampus and prefrontal cortex is the 

NAc, and activation of either brain region is positively correlated with NAc activity [e.g. 

84]. One important target of the NAc is the VTA. Numerous studies have shown that 

increased dopamine release is critical for appetitive motivational processes such as initiation 

of behavior, exertion of effort, sustained task engagement, and instrumental learning [90]- 

precisely the behaviors that are disturbed in depression. MSNs in the NAc are GABAergic 

and the D1R-expressing subset of MSNs activates dopaminergic cells by inhibiting intrinsic 

VTA GABAergic cells [30]. The net effect of activation of D1R cells in response to inputs 

from the hippocampus and PFC is thus to promote dopamine release. Stress-induced 

weakening of excitatory synapses onto D1R cells [29] would make it harder for rewarding 

stimuli to trigger the normal activation of dopaminergic VTA neurons and the release of 

dopamine. D1R MSNs would hence be less effective at eliciting positive reinforcement or 

motivated behavior. Similarly, weakened excitatory synapses in the hippocampus and PFC 

would decrease the afferent drive that the NAc receives from these regions [91] and also 

diminish the release of dopamine by reward reinforcing stimuli (e.g. [37,92]). Decreased 

drive to the amygdala from the PFC and hippocampus may also be important. These changes 
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occur in parallel to, and are synergistic with, the increased inhibition of VTA cells mediated 

by changes in the LHb - RMTg circuit, as discussed above.

It is important to note that we do not predict that every excitatory synapse is affected by 

stress, even in the same region. In the NAc, synapses on D1R cells are affected, but not 

those on D2R cells [29,32]. In the hippocampus, TA-CA1 synapses are weakened by 

chronic stress, but Schaffer collateral synapses are not [72]. Second, not every stress-

sensitive excitatory synapse responds in the same manner. For example, synapses involved 

with positive valuation are more likely to be weakened by stress, whereas synapses involved 

in negative valuation become strengthened. More synapses need to be examined to clarify 

these issues. Finally, the wide range of behaviors that are altered in stress and depression 

provides clear evidence that there are likely to be multiple synapses that are adversely 

affected by stress, with no one synapse likely to be uniquely responsible for generating the 

depressed phenotype.

Restoration of excitatory synaptic strength within the hippocampus and PFC, as well as 

restoration of the strength of excitatory synapses onto D1R cells, would restore the ability of 

rewarding stimuli to promote dopamine secretion. The hypothesis thus predicts that any 

agent or manipulation that strengthens key stress-sensitive excitatory synapses in the reward 

system may be an effective AD. Indeed, optogenetic stimulation of the PFC exerts AD-like 

effects in the sucrose preference and social interaction tests in rodent models [42,43], 

equivalent to the effects of chronic SSRIs. Furthermore, direct optogenetic activation of 

D1R MSNs promotes resilience to social stress-induced depression [32].

The excitatory synapse is also a place where serotonin and BDNF - trkB receptor signaling 

converge. BDNF secretion is promoted by glutamatergic excitation. Considerable evidence 

ties BDNF and trkB to synapse strengthening processes such as LTP. Application of BDNF 

also results in morphological and functional changes that parallel LTP, including increased 

spine formation and higher amplitudes and frequency of miniature EPSCs in CA1 neurons in 

the hippocampus [93]. Finally, there is considerable evidence that BDNF - trkB signaling 

promotes the generation and survival of granule cells in the dentate gyrus [94]. Proliferation 

of these cells and their incorporation into the hippocampal circuitry should also promote 

activity within hippocampal circuits, thereby promoting hippocampal throughput and output. 

BDNF - trkB signaling is thus both promoted by excitation and promotes excitation. 

Similarly, insufficient serotonin (Box 1) may lead to loss of on-going maintenance of 

synaptic strength (see below). Conversely, insufficient synaptic strength may weaken the 

drive of neurons in the dorsal raphe from the limbic cortices [95] and diminish serotonin 

release.

Therapeutic implications of the excitatory synapse hypothesis

Although the development of SSRIs has improved the treatment of major depression, there 

is still considerable need for better therapeutic options. Can the excitatory synapse 

hypothesis account for the actions of existing therapies and point towards new strategies?
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SSRIs

Our understanding of how SSRIs relieve depression depends upon understanding how 

serotonin affects brain function. Two effects appear central to understanding the beneficial 

actions of SSRIs: promoting neurogenesis and promoting excitatory interactions at specific 

loci. There is strong evidence that SSRIs promote the proliferation of progenitor cells in the 

subgranular zone of the dentate gyrus, leading to the increased genesis and survival of 

dentate granule cells [96]. Given the evidence that chronic stress impairs neurogenesis of 

these same cells [97], it has been proposed that restoration of neurogenesis is a critical factor 

in the AD action of SSRIs [98], presumably by increasing hippocampal output, although this 

is rarely discussed.

There is also considerable evidence that serotonin regulates excitatory synaptic transmission 

in various brain regions through actions at multiple serotonin receptor subtypes. In the 

hippocampus, elevation of serotonin levels with SSRIs potentiates excitation at both mossy 

fiber – CA3 cell synapses, via an action at 5-HT4Rs [99], and TA-CA1 cell synapses, via an 

action at 5-HT1BRs [76]. Furthermore, the ability of fluoxetine to restore normal sucrose 

preference and novelty suppressed feeding behaviors is compromised when 5-HT1BRs are 

blocked pharmacologically or deleted genetically, suggesting that this potentiation is 

required for the therapeutic actions of SSRIs [76]. As discussed above, serotonin promotes 

excitatory synaptic transmission in the PFC, as well.

Ketamine and NMDAR antagonists

One of the greatest recent advances in our understanding of depression was the finding that 

antagonists of NMDA receptors, particularly ketamine, have rapid, robust, and sustained (7–

10 days) AD-like effects in humans [100,101]. Multiple studies have shown that acute 

administration of ketamine, at doses that are said to be lower than those that produce 

psychotomimetic responses, produces improvement in mood and reduces depressive 

symptoms, including suicidal ideation, within 1–2 hours; these improvements persist for up 

to two weeks. Rodents treated acutely with ketamine exhibit an AD-like phenotype in the 

forced swim [102], novelty suppressed feeding, and learned helplessness tests [103]. 

Furthermore, ketamine restores sucrose preference and novelty suppressed feeding 

behaviors rapidly in chronically stressed animals [104].

Although an area of on-going investigation, the generally accepted model of ketamine’s 

therapeutic effect is consistent with the hypothesized involvement of excitatory synapses in 

depression. Ketamine’s actions can be divided into an induction phase, during which it is 

present in the brain at sufficient concentrations to inhibit NMDARs, and an expression 

phase, in which symptoms are relieved for 1–2 weeks after washout of the drug from the 

brain.

There are two hypotheses about how ketamine acts during the induction phase. Ketamine 

may exert a preferential inhibition of NMDARs on GABAergic inhibitory interneurons 

[105–107]. This could be due to differences in subunit composition or because interneurons 

are more depolarized than pyramidal cells, relieving ion channel block by Mg2+ and 

allowing NMDARs to contribute more to their overall excitation. Ketamine thus produces a 
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mild disinhibition of the neuronal population, an increase in high frequency oscillatory 

activity in rats [108,109] and humans [110,111], and a neurochemically detectable surge of 

glutamate release in the PFC and NAc [105,112,113]. Coincident with the washout of 

ketamine at the end of the induction phase, glutamate concentrations return to normal [114]. 

Ketamine has recently been shown to exert an antidepressant-like action in the forced swim 

test in mice lacking NMDARs in a subset of GABAergic interneurons [115], which could 

indicate that another population of interneurons is critical or that its actions do not depend 

on blocking interneuron NMDARs. Unfortunately, the authors did not determine whether 

ketamine was or was not able to elicit increased activity in these animals.

The alternative hypothesis states that ketamine blocks on-going activation of NMDARs 

mediated by spontaneous transmitter release [116]. This on-going activity is postulated to 

produce constitutive suppression of signaling pathways that promote excitatory synaptic 

transmission. By relieving this suppression, ketamine may promote expression of several 

proteins that potentiate excitatory synapses, including AMPARs [104,116].

Regardless of which hypothesis is true, both share the strengthening of excitatory synapses, 

persisting throughout the expression phase, as their common effector mechanism. Several 

activity-dependent consequences of a period of increased network activity have been 

implicated, such as activation of the mTOR signaling pathway or deactivation of the eEF2 

pathway, and rapid translation of proteins from pre-existing mRNAs, as well as induction of 

the immediate early gene FosB and its downstream genes. All three mechanisms ultimately 

lead to direct potentiation of synapses, the induction of synapse-related genes, and increased 

synthesis of synaptic proteins within hours [103,116], thereby strengthening pathologically 

weakened excitatory synapses [104]. Ketamine appears to induce LTP-like processes, as 

suggested by the finding that ketamine triggers an increase in surface expression of 

AMPARs [117]. Indeed, ketamine loses its AD effect in the absence of functional AMPARs 

[117,118]. Ketamine also promotes BDNF synthesis and release, which may be required for 

its actions [116].

Unfortunately, ketamine’s side effects have hindered its clinical usefulness. Considerable 

effort is now being made to develop other inhibitors of NMDAR function that might 

preserve ketamine’s rapid AD actions without its side effects. Alternatively, the hypothesis 

predicts that any compound that either promotes LTP-like processes or promotes ketamine-

like increases in oscillatory activity by any other means would also strengthen excitatory 

transmission and exert an AD action. Indeed, Kumar et al. [119] have shown that rhythmic 

optogenetic activation of the PFC exerts an AD-like effect in the forced swim test and 

increases oscillatory activity throughout the mesolimbic reward circuitry, including the VTA 

and NAc [119].

Scopolamine

The nonselective antagonist of muscarinic acetylcholine receptors, scopolamine, exerts an 

antidepressant action that is slower than ketamine, but faster than SSRIs (ca. 3–5 days) 

[120]. Like ketamine, scopolamine increases signaling via the mTOR pathway in the PFC 

and increases the number and size of dendritic spines on layer V pyramidal cells, as well as 

the ability of serotonin to increase the frequency and amplitude of spontaneous 
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glutamatergic synaptic currents [121]. These responses are probably triggered by a short 

burst of neuronal activity, as suggested by detection of elevated glutamate levels with 

microdialysis, like ketamine. Indeed, blocking PFC AMPARS was sufficient to prevent the 

ability of scopolamine to produce and AD-like response in the forced swim test.

Positive allosteric modulators of AMPARs

Drugs that block AMPAR desensitization and/or deactivation are one promising way to 

exert AD action by directly potentiating excitatory synapses. The AMPAR potentiator 

LY392098, for example, exerted AD-like actions in the tail suspension and forced swim 

tests, although it did not restore sucrose preference after chronic stress [122,123]. In addition 

to their direct effects on excitation, AMPAR potentiators increase BDNF mRNA in the 

hippocampus [124]. Finally, AMPAR potentiators may be useful in accelerating the 

therapeutic response to SSRIs [125].

Deep brain stimulation (DBS)

DBS has attracted considerable attention as a means to alleviate treatment-resistant 

depression, although the mechanisms underlying its therapeutic effects and specific loci of 

action remain poorly understood. In humans, repetitive stimulation of the subcallosal 

cingulate gyrus has been shown to be therapeutic in some patients [126]. Similarly, in 

preclinical models, optogenetic and electrical stimulation of the medial PFC has an AD 

effect [42]. DBS of the rat PFC gray matter also causes an AD-like response in the forced 

swim, novelty suppressed feeding, and sucrose preference tests [127].

The hypothesis described here predicts that repetitive stimulation, particularly of PFC and 

hippocampal inputs to the NAc, may induce activity-dependent synaptic potentiation or 

induce activity-dependent genes and transcription factors, much like ketamine. Whether and 

where in the brain these processes occur remains to be determined. Interestingly, direct 

stimulation of the ventral striatal reward circuitry may be equally efficacious in depressed 

humans [128,129]. Finally, preclinical studies have suggested that DBS may act indirectly 

by promoting the release of serotonin [127].

Electroconvulsive Therapy (ECT)

There is a compelling overlap between direct methods of exciting the brains of depressed 

patients to improve mood and the high-frequency stimuli that induce LTP at excitatory 

synapses within and between many of the brain areas discussed above. Electroconvulsive 

therapy (ECT), in which a generalized seizure is induced by delivering 20–120 Hz 

stimulation, is one of the oldest treatments for depression still in use, although typically 

reserved for patients resistant to pharmacological treatment, or where such treatment is 

contraindicated, such as many elderly patients.

ECT-like stimulation in rats is known to induce an LTP-like potentiation of excitatory 

synapses in the dentate gyrus that persists for up to 40 days [130]. Like conventional LTP, 

this ECT-induced potentiation is inhibited by an NMDAR antagonist [131] and is 

accompanied by an increase in phosphorylation of serine 831 of GluA1 and S1301 of 

GluN2B. Changes in overall receptor expression were observed in some studies [132], but 
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not others [133]. Interestingly, ECT also promotes an NMDAR-dependent increase in 

BDNF expression in animal models [134,135].

In conclusion, although there are many important questions that remain unanswered (Box 3), 

there is considerable evidence that dysfunction of excitatory synapses contributes to the 

pathology of depression and that many effective antidepressants act to restore normal 

synaptic strength. We recognize that the evidence in support of the hypothesis is far from 

complete and that the circuits are far more complex than we have indicated here. Our intent 

in formulating this hypothesis is to stimulate further work and to provide a conceptual 

framework with which to interpret the results. We hope that these efforts lead to better 

understanding of the causes of depression and thereby to better therapeutic options that 

increase the number of patients that can be treated effectively and that their symptoms can 

be relieved more quickly.

Box 3

Unanswered questions

1. How does chronic stress impair synaptic structure and function? Changes 

associated with stress have been attributed to a variety of mediators, including 

corticosteroids, peptide hormones (e.g. CRH), opioid peptides, monoamines 

(e.g. serotonin, dopamine), inflammatory cytokines, endocannabinoids, and 

neurosteroids, to name a few [170]. Glucocorticoids are by no means singly 

important but are likely the best known. In one example, chronic administration 

of corticosterone to naïve rats and mice is sufficient to produce depressive-like 

behavior and recapitulate several molecular markers of chronic stress models 

[171], presumably via glucocorticoid receptors. Neurons throughout the cortex, 

hippocampus, and ventral striatum express GRs at high levels, rendering them 

vulnerable to chronic stress. The downstream mediators of persistent GR 

activation are unknown but ultimately alter expression of synaptic proteins 

through altered synthesis, turnover, and degradation [49]. What makes some 

synapses selectively vulnerable? Distal dendrites are particularly sensitive to the 

atrophic effects of chronic stress and contributes, at least in part, for the 

localization of the altered synaptic composition and function [72,172]. Studies 

continue to unravel new roles for all the known mediators of stress, sometimes 

with differing short- and long-term actions, and continue to elucidate the 

molecular mediators between stress and impaired synaptic function.

2. How do SSRIs act in the NAc and LHb? Activation of 5-HT1BRs triggers a 

persistent inhibition of excitatory synaptic transmission in the NAc in unstressed 

animals [173,174]. The hypothesis predicts that this action of serotonin would 

promote, not relieve, the symptoms of depression. It remains to be determined 

what the effects of chronic SSRI or acute ketamine administration are on these 

synapses. Similarly, do SSRIs re-normalize plastic changes in synapses in the 

LHb and RMTg? This will be particularly informative because the direction of 

the depression-associated synaptic plasticity in this circuit (strengthening) 

appears opposite to that seen in the hippocampus, PFC, and NAc (weakening).
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3. Why do SSRIs induce immediate elevation of serotonin levels [145] and rapid 

potentiation of excitatory synapses [76], but a delayed therapeutic response? 

The hypothesis predicts that an immediate strengthening of stress-weakened 

synapses should relieve symptoms rapidly. Indeed, cocaine produces a rapid 

strengthening of excitatory synapses in the NAc [175] and an immediate 

euphoric response. It may be that multiple bouts of serotonin-induced 

potentiation are necessary to render them persistent, perhaps in conjunction with 

slower changes in neurotrophin signaling, for the effects to be sustained. Only 

repeated administration of cocaine, for example, leads to a lasting disinhibition 

[30] or increases in mEPSC frequency [176] in VTA dopamine neurons. 

Alternatively, SSRIs may elicit acute actions in other brain regions, such as the 

amygdala, that may oppose their actions in reward circuits. Not enough is 

known about the actions of SSRIs in mesolimbic reward circuits. Finally, it will 

be important to determine whether ADs that affect NE and DA levels also 

produce changes in these circuits.

4. How and where does DBS work? The effects described in some patients offer 

encouragement that DBS may offer sorely needed relief for the most severely 

depressed, and for treatment resistant patients [126], but the low rate of surgical 

success suggests that we do not yet know enough about what structures or 

pathways to target and perhaps what stimulus parameters to use. Preclinical 

studies are likely to suggest the best places to re-normalize reward circuitry.

5. Can compounds be developed that retain ketamine’s beneficial rapid 

antidepressant action without the negative side effects? Current efforts to 

develop NMDAR antagonists with unique pharmacological properties and 

subunit selectivity appear promising [177], although the side-effect profile is not 

yet clear. If our understanding of how ketamine works is correct, then any drug 

that promotes synchronized oscillatory activity in the PFC and hippocampus 

should also have an AD action, like ketamine.
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GLOSSARY OF TERMS USED

Allostatic 
load/overload

Allostasis is the concept that homeostatic setpoints can be differentially 

regulated to meet different demands in the internal and external 

environment (e.g. physical or psychological stress). Repeated allostatic 

adaptation exacts a cost on the brain.
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Behavioral measures of ‘helplessness’ (All sensitive to acute SSRIs.)

Tail suspension 
test

Mice are dangled by their tails until they cease to struggle. Naïve, 

unstressed animals have longer latencies to immobility than stressed 

animals

Forced swim test Animals are placed in a tank of water until they cease struggling. 

Naïve, unstressed animals have longer latencies to cease struggling 

than stressed animals

Learned 
helplessness test

Animals are placed in a chamber where they previously received 

inescapable foot shocks paired with a conditioned stimulus. Latency 

to escape from the same chamber is later measured in response to the 

conditioned stimulus.

Behavioral measures of hedonic state (All sensitive to chronic, but not acute, SSRIs.)

Sucrose 
preference 
test

A two bottle choice between plain water and dilute (1%) sucrose 

solution. Naïve, unstressed animals drink about 80–90% of their liquid 

from the sucrose solution, whereas chronically stressed animals drink 

nearly equally from both bottles, presumably because the sucrose 

solution is no longer rewarding

Social 
interaction 
test

Animals are placed in an arena with a novel juvenile animal held in a 

small cage. Time spent in the vicinity of the cage is compared in the 

presence and absence of the juvenile. Naïve, unstressed animals spend 

more time in the vicinity of the cage when the juvenile is present, 

whereas chronically stressed animals do not, presumably because the 

social interaction is no longer rewarding

Novelty 
suppressed 
feeding test

Animals are food deprived then placed in a brightly lit arena with food 

in the center. The latency until they venture into the center and eat is 

measured. Naïve, unstressed animals display a shorter latency than 

stressed animals. This test may reveal more about anxiety than hedonic 

state.

Models of depression-like behavioral changes

Chronic social defeat Animals are typically placed in the home cage of a novel 

aggressor for 30 min, once/day for three weeks

Chronic 
unpredictable stress

Animals experience two bouts of one of many mild stressors 

twice per day for three weeks

Chronic restraint 
stress

Animals are placed in restraint tubes for several hours daily, 

repeated over several days (e.g. four hours/day for 10–14 days)

Learned helplessness Animals receive a single session with repeated unpredictable and 

uncontrollable stressors (foot shocks)
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Highlights

1. We review evidence of dysfunction of excitatory synapses in reward circuits in 

depression.

2. We suggest how these defects arise and how they negatively impact circuit 

function.

3. We review evidence that many antidepressant drugs and treatments reverse 

these changes.
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Figure 1. Stress induced internalization of AMPARs in D1R-expressing medium spiny neurons 
in the NAc underlies some stress-induced depression-like behavioral changes
A. Whole-cell recording of evoked excitatory synaptic currents from D1R-expressing MSNs 

at −70 mV and +40 mV for analysis of AMPAR- and NMDAR-mediated components in 

slices from control and chronically stressed mice. Chronic stress decreased the AMPAR 

component, but not the NMDAR component. B,C. Transfection of D1R-expressing cells 

with a peptide that prevents stress-induced AMPAR internalization prevented the stress-

induced loss of sucrose preference (B), but not stress-induced immobility in the forced swim 

test (C). Modified with permission from Lim et al., 2012 [29].
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Figure 2. Stress-induced internalization of AMPARs and NMDARs in the prefrontal cortex is 
mediated by ubiquitination and proteosomal degradation
AMPAR-mediated (A, −70 mV, representative currents at right) and NMDAR-mediated (B, 

+60 mV) excitatory currents recorded from layer V pyramidal cells in response to a range of 

stimulation intensities in slices from unstressed control rats (open circle) and rats subjected 

to chronic restraint stress (filled triangle) or chronic unpredictable stress (filled square). 

Stress depressed both components regardless of stimulation intensity. C. Chronic restraint 

stress decreased both expression and plasma membrane surface insertion of GluA1 and 

GluN1 receptor subunits. D. Pharmacological inhibition of proteosomal degradation 

prevented decreases in AMPAR-mediated synaptic currents in response to chronic stress, 

but had no effect in unstressed animals. Representative currents shown at right. Modified 

with permission from Yuen et al., 2012 [49].
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Figure 3. Stress decreases AMPAR-mediated excitation and GluA1 expression at 
temporoammonic to CA1 cell synapses and chronic fluoxetine reverses these effects
A. Field excitatory postsynaptic potentials (fEPSPs) are recorded in stratum lacunosum 

moleculare in response to stimulation of the temporoammonic (TA) pathway in Mg2+-free 

saline, allowing dissection of AMPAR- and NMDAR-mediated components. AMPAR-

mediated transmission was reduced over a range of stimulation intensities after chronic 

unpredictable stress (red) compared to unstressed rats (blue). Quantification of 

AMPA:NMDA ratios (B) and GluA1 protein (C) reveals that the selective decrease in 

AMPAR-mediated transmission is due to decreased GluA1 expression. Administration of 

fluoxetine for three weeks to stressed rats restored both AMPA:NMDA ratios and GluA1 

expression. Modified with permission from Kallarackal et al., 2013 [72].
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Figure 4. Serotonin causes a 5-HT1BR-dependent potentiation of TA-CA1 synapses and this 
potentiation is altered by chronic stress
A. fEPSPs are recorded in stratum lacunosum moleculare in response to stimulation of the 

TA pathway during application of the tricyclic antidepressant imipramine in control saline 

(black) or saline containing the 5-HT1BR antagonist isamoltane. Elevation of endogenous 

serotonin produces a doubling of synaptic strength. B. Activation of 5-HT1BRs with the 

selective agonist anpirtoline promotes action potential discharge in CA1 cells. C. 

Anpirtoline produces a robust and reversible potentiation of TA-CA1 excitatory 

postsynaptic currents in slices from unstressed control animals, but produces an enhanced 

and persistent potentiation in slices from rats subjected to chronic unpredictable stress. 

Modified with permission from Cai et al., 2013 [76].
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Figure 5. The hypothesized impact of stress-induced changes in excitatory synaptic transmission 
on the reward circuitry and the mechanisms of antidepressant action
The hippocampus and PFC send glutamatergic projections (red) to the NAc where they 

excite D1R-expressing GABAergic MSNs. These cells inhibit a population of interneurons 

within the VTA that form GABAergic inhibitory synapses (blue) onto dopaminergic VTA 

cells (green) projecting back to the NAc, hippocampus, and PFC. When the hippocampus or 

PFC are active, they excite D1R cells, thereby disinhibiting VTA dopaminergic cells and 

promoting dopamine release (left panel). There is a distinct circuit mediating responses to 

negative stimuli in which glutamatergic cells in the LHb project to GABAergic neurons in 

the rostromedial tegmentum (RMTg), which in turn inhibit dopaminergic neurons in the 

VTA. Chronic stress induces anhedonia and other reward-related symptoms of depression 

because of a weakening of excitatory synapses in the hippocampus and PFC and because of 

a weakening of excitatory synapses on D1R MSNs. There is also a potentiation of excitatory 

inputs onto LHb neurons, resulting in an increase in the excitation of RMTg neurons and 

subsequent increase in the inhibition of VTA cells. These changes synergistically increase 

the inhibition of VTA dopaminergic cells thereby impairing dopamine release (center 

panel). Effective antidepressant therapies (SSRIs, ketamine, DBS, or ECT) can all trigger an 

activity- and/or serotonin-dependent strengthening of excitatory synapses in the 

hippocampus, PFC, and NAc, thereby restoring the normal release of dopamine in response 

to rewarding stimuli (right panel). Evidence of changes in synaptic excitation: 1. (Lim et al., 

2012 [29]); 2. (Yuen et al., 2012; Li et al., 2011; Liston et al., 2006; Radley et al., 2008; Liu 

and Aghajanian, 2008 [47–49,53,104]); 3. (Kallarackal et al., 2013; Alfarez et al., 2003; 

Schmidt et al., 2010; Watanabe et al., 1992; Sousa et al., 2000 [69,70,72,172,178]). 4. (Li et 

al., 2011 [60]); 5. (Stamatkis and Stuber, 2012 [179]). Evidence of synaptic strengthening by 
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ADs: 6. (Cai et al., 2013, SSRI [76]; Conrad et al., 1996, tricyclic [180]). 7. (Li et al., 2011, 

ketamine [104]); 8. (Covington et al., 2010, LTP? [42]).
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TABLE 1

Study Protein or gene Major finding

Proteins and genes

[181] NMDAR Abnormal binding in brains of suicide completers

[182] 5-HTT gene Promoter short allele variant promotes depression and suicidality after early life stress

[183] BDNF Val66Met variant interacts with stress to promote depression

[184] BDNF (review) Lower serum BDNF in depressed patients, normalized with AD treatment

[185] 5HT1AR (review) C(-1019)G SNP correlates with MDD, suicidality, and decreased response to SSRIs

[186] mGluR5 Decreased in PFC in unmedicated depressed post-mortem samples

[187] Multiple synaptic proteins, 5- 
HTRs

Decreased SNAP25, GLUR1, GLUR3; increased HTR2C, decreased HTR4 and HTR7 in 
hippocampal subfields of depressed

PET findings in depression patients in vivo

[186] mGluR5 Reduction in several regions, including HC and PFC

[188] 5HT1AR (review) Mixed results, with clear trend for decrease in many brain areas

[189] 5HT1BR Decreased binding in ventral striatum and pallidum

[190] 5HT2R Reduction correlates with ECT effect

[191] 5-HTT (review) Mixed results: Less binding or no effect

[192] MAO type A Greater binding in many areas including PFC, ACC, ventral striatum, hippocampus

Metabolism and activity (fMRI)

[193] Hypoactive areas include frontal and temporal cortices; select subcortical and limbic structures 
hyperactive (meta-analysis)

[194] Disrupted resting state interhemispheral coherence

[195] Increased baseline metabolism of OFC, amygdala, posterior cingulate; decreased metabolism 
subgenual ACC and dlPFC

[196] Subgenual ACC more active, dorsal ACC less active in response to reward-related feedback in 
anhedonic individuals

[46] Successful SSRI treatment reverses metabolism deficits in dlPFC, mPFC, dACC

[197] Reduced activation of temporal and occipital cortices during emotional task
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