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Abstract

Depression is an episodic form of mental illness characterized by mood state transitions with 

poorly understood neurobiological mechanisms. Antidepressants reverse the effects of stress and 

depression on synapse function, enhancing neurotransmission, increasing plasticity, and generating 

new synapses in stress-sensitive brain regions. These properties are shared to varying degrees 

by all known antidepressants, suggesting that synaptic remodeling could play a key role in 

depression pathophysiology and antidepressant function. Still, it is unclear whether and precisely 

how synaptogenesis contributes to mood state transitions. Here, we review evidence supporting 

an emerging model in which depression is defined by a distinct brain state distributed across 

multiple stress-sensitive circuits, with neurons assuming altered functional properties, synapse 

configurations, and, importantly, a reduced capacity for plasticity and adaptation. Antidepressants 

act initially by facilitating plasticity and enabling a functional reconfiguration of this brain state. 

Subsequently, synaptogenesis plays a specific role in sustaining these changes over time.
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1. INTRODUCTION

Depression is a chronic, recurrent psychiatric condition with an estimated lifetime 

prevalence of approximately 17% (Kessler et al. 2003). Importantly, depression is also a 

fundamentally episodic form of mental illness defined by discrete symptomatic periods, 

interposed between periods of wellness, and the temporal dynamics of mood state transitions 

vary across patients. In some individuals, depressive episodes can persist for months or 

years, while others cycle rapidly between depression and elevated mood (Post et al. 2003). 

Likewise, recovery duration is highly variable and difficult to predict. The neurobiological 

mechanisms driving the induction, remission, and recurrence of depressive episodes over 

time remain poorly understood, especially at the neural circuit level.
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Converging evidence indicates that synaptic remodeling in stress-sensitive circuits plays 

an important role in the emergence of depressive episodes. In preclinical studies, chronic 

stress is associated with a reduction in the density of postsynaptic dendritic spines in 

prefrontal and hippocampal pyramidal neurons (McEwen 2007) (see the sidebar titled 

The Structure and Function of Dendritic Spines). These regressive synaptic effects are 

mediated in part by glucocorticoid stress hormones and related signaling molecules (Karst 

et al. 2005, Magariños et al. 1996). Glucocorticoids regulate synapse maturation in the 

developing brain (Liston & Gan 2011, Maras & Baram 2012) and facilitate learning-related 

plasticity across the life span, balancing synapse formation and pruning to enable learning, 

memory, and adaptation to changing environmental conditions (Joëls et al. 2006, Liston 

et al. 2013, McGaugh 2004). However, in chronic stress states, excessive glucocorticoid 

exposure disrupts this balance, leading to synapse loss and dendritic atrophy. Conversely, 

antidepressants increase synapse density, and some target molecular signaling pathways that 

promote synaptogenesis (Autry et al. 2011, Duman et al. 2016, Li et al. 2010). Still, it 

remains unclear whether and precisely how synaptogenesis contributes to the transition from 

depression to euthymic mood.

Here, we review evidence supporting an emerging model in which depression is defined 

by a distinct brain state distributed across multiple stress-sensitive circuits, with neurons 

assuming distinct functional properties, altered synapse configurations, and, importantly, a 

reduced capacity for plasticity and adaptation. Antidepressants act by facilitating plasticity, 

initiating a reconfiguration of this brain state. Subsequently, antidepressant-induced synapse 

formation—which follows and may be driven by changes in circuit function—plays a 

specific role in sustaining these changes over time. We review findings from studies of 

conventional monoamine-targeting antidepressants, ketamine, and emerging next-generation 

antidepressants. We build on a foundation elaborated in multiple reviews (Castrén & Hen 

2013, Duman et al. 2016, Kavalali & Monteggia 2020) by focusing here on the relationship 

between chronic stress and antidepressant effects on circuit function and plasticity and in 

particular on emerging data implicating distinct mechanisms in initiating antidepressant 

effects and then sustaining them over time.

2. SYNAPSE DYSFUNCTION IN DEPRESSION PATHOPHYSIOLOGY

2.1. Synapse Dysfunction in Rodent Chronic Stress Models

Chronic stress is among the strongest and most extensively studied risk factors for 

depression, and psychosocial stressors may directly trigger depressive episodes in vulnerable 

individuals (Lupien et al. 2009). Much of what we know about the pathophysiology of 

depression comes from studies in rodents exposed to various forms of chronic stress 

(see Supplemental Discussion). These stress paradigms do not model depression per se, 

but they are useful for investigating how the brain responds to stress, understanding 

the neurobiological basis of individual differences in stress susceptibility, and identifying 

substrates of depression-related behaviors (Nestler & Hyman 2010).

While the adult brain was once thought to be essentially static, we now know that the brain 

responds adaptively to acute stressors and other threats, initiating a response (allostasis) 

aimed at mobilizing metabolic and cognitive resources and maximizing survival (McEwen 
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2007). With repeated stress exposure, these allostatic responses lead to longer-term changes 

in neuronal structure and function and synaptic remodeling (allostatic load), which are 

associated with the emergence of depression- and anxiety-related behaviors (McEwen 1998). 

Glucocorticoid stress hormones and related molecules play a key role in mediating stress 

effects on synaptic plasticity (Karst et al. 2005, Magariños et al. 1996). They are required 

for supporting synapse development early in life in both primary sensorimotor cortex and 

association cortex (Liston & Gan 2011), and circadian glucocorticoid oscillations support 

learning-related synaptic plasticity in adulthood (Liston et al. 2013). Indeed, psychosocial 

stress and glucocorticoids modulate synaptic plasticity in a variety of regions throughout 

the cortex (Liston & Gan 2011, Lu et al. 2021, McEwen 2007). However, as reviewed 

below, the effects of chronic stress vary by brain region and spine type (Figure 1; see 

the sidebar titled The Structure and Function of Dendritic Spines), with most showing net 

synapse loss but some showing increases in synapse density and potentiation—differences 

that may be related to regional variation in neuronal activity with implications for 

therapeutic interventions targeting synapse function. These changes provide a foundation for 

understanding the mechanisms by which antidepressants modulate mood state transitions, 

discussed in the following section.

2.1.1. Hippocampus.—The hippocampus was one of the first brain structures 

implicated as a target for regressive morphological changes in depression and following 

stress. Early reports found that glucocorticoid exposure induced cell death and atrophy 

(Mühlen & Ockenfels 1968). In multiple chronic stress models, hippocampal pyramidal 

cells exhibit apical dendritic atrophy, reductions in postsynaptic spine and AMPA receptor 

density, and deficits in excitatory neurotransmission and long-term potentiation (LTP) 

(Diamond & Rose 1994, Iñiguez et al. 2016, Magariños et al. 1996, Watanabe et al. 1992, 

Woolley et al. 1990). In the dentate gyrus, chronic stress interferes with neurogenesis (Gould 

et al. 1997, 1998; Snyder et al. 2011). At the molecular level, brain-derived neurotrophic 

factor (BDNF), a key regulator of neural growth and synapse formation, is implicated in the 

process of experience-dependent remodeling of synapses and dendrites (Poo 2001). BDNF 

levels are downregulated in the hippocampus following chronic stress (Shirayama et al. 

2002), and deficiencies in activity-dependent BDNF signaling are sufficient to recapitulate 

the effects of stress on spine density, dendritic complexity, and memory (Chen et al. 2006, 

Soliman et al. 2010). Together, stress effects on synapse function and plasticity in the 

hippocampus may contribute to compromised fidelity of synaptic transmission at CA1 

synapses and memory deficits (Conrad et al. 1996), as well as deficits in reward learning, 

social interaction, and stress resilience that are driven by hippocampal projections to the 

nucleus accumbens (NAc) and other areas (LeGates et al. 2018, Muir et al. 2020).

2.1.2. Medial prefrontal cortex.—As a mediator of cognitive control and regulator 

of the hypothalamic-pituitary-adrenal axis and stress response, the medial prefrontal cortex 

(mPFC) has been a focus of studies aimed at understanding structure-function relationships 

in depression and other stress-related psychiatric disorders. Stress impairs LTP and reduces 

excitability of mPFC projection neurons (Goldwater et al. 2009), and it is associated with 

synapse loss, reduced synaptic transmission, and reduced glutamate receptor expression (Li 

et al. 2010, Yuen et al. 2012). Structural changes are also apparent, including spine loss and 
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dendritic retraction following chronic corticosterone (Radley et al. 2004, Wellman 2001), 

restraint (Liston et al. 2006), and variable stress (Radley et al. 2013). Spine loss is associated 

with impaired mPFC-dependent behaviors such as decision-making and attentional set 

shifting (Dias-Ferreira et al. 2009, Liston et al. 2006). The mPFC is also important for 

top-down control over structures that support aversive responding (e.g., paraventricular 

hypothalamus, amygdala). As such, regressive morphological changes in mPFC may be 

indicative of a withdrawal of that influence.

2.1.3. Amygdala.—The amygdalar complex regulates emotional and affective aspects of 

cognition and behavior and is implicated in depression and other stress-related disorders 

(Drevets et al. 1992, Sheline et al. 2001). In contrast to the hippocampus and prefrontal 

cortex, stress induces hyperexcitability and increases BDNF, spine formation, and dendritic 

arborization in the basolateral amygdala (BLA) (Rosenkranz et al. 2010; Vyas et al. 2002, 

2003, 2004). This hypertrophy is not reversed by stress cessation, suggesting that enhanced 

synaptic connectivity of BLA principal neurons may support encoding of aversive stimuli 

and experiences (Vyas et al. 2004). Interestingly, elevated neurotrophic signaling persists in 

BLA even 21 days poststress (Lakshminarasimhan & Chattarji 2012). This could contribute 

to the chronic or recurring nature of disorders, including depression and posttraumatic 

stress disorder. Some neuroimaging studies also suggest amygdalar volume enlargements in 

depression (Drevets et al. 2008). Chronic isolation increases dendritic arborization in the 

bed nucleus of the stria terminalis (BNST) (Feldman et al. 1990), while central amygdala 

neurons appear to be resistant to stress-induced dendritic hypertrophy (Vyas et al. 2003). 

Importantly, distinct amygdala circuits are known to mediate varying aspects of behavior 

and may contribute to symptom heterogeneity in depression. While dendritic hypertrophy 

is common in dorsomedial prefrontal cortex–projecting and nonprojecting BLA neurons, 

increased spine size and density of mature mushroom spines (see the sidebar titled The 

Structure and Function of Dendritic Spines) is restricted to ventral hippocampus projectors 

(Zhang et al. 2019). It will be important to further parse stress effects on individual 

amygdala circuits.

2.1.4. Nucleus accumbens and ventral tegmental area.—The NAc and ventral 

tegmental area (VTA), which support reward-seeking behavior and salience processing, 

generally exhibit potentiated activity and spine formation (spinogenesis) following stress. In 

neuroimaging studies, depressed patients exhibit altered connectivity in related frontostriatal 

networks (Drysdale et al. 2017, Pizzagalli et al. 2009), and preclinical animal models have 

provided clues to the cell- and circuit-level mechanisms mediating these changes. Increased 

VTA excitability and BDNF signaling are key mediators of stress susceptibility. Both 

optogenetic inhibition and phasic (but not tonic) activation of VTA activity are sufficient 

to induce depression-related behavior (Chaudhury et al. 2013), suggesting a requirement for 

carefully tuned activity. Social defeat stress increases VTA activity and release of BDNF 

in NAc (Berton et al. 2006, Krishnan et al. 2007). Stress promotes spinogenesis broadly 

within the NAc of stress-susceptible mice (Christoffel et al. 2011), but cell type-specific 

effects may be more nuanced. Medium spiny neurons (MSNs), the main cell type within 

the NAc, can be subtyped by their expression of either dopamine receptor 1 or 2 (D1- and 

D2-MSNs, respectively). These populations support distinct behaviors (Hikida et al. 2010), 
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raising the possibility of differential responses to stress. Indeed, stress is associated with 

reduced excitability and dendritic atrophy of D1- but not D2-MSNs (Fox et al. 2020, Francis 

et al. 2017, LeGates et al. 2018, Lim et al. 2012). Taken together, these studies show that 

chronic stress increases BDNF signaling and tonic excitability in VTA and promotes a net 

increase in immature stubby spine density across MSN types, while D1-MSNs may be prone 

to regressive structural changes.

2.1.5. Lateral habenula.—The lateral habenula (LHb) exhibits increased activity and 

potentiated presynaptic input following stress, suggesting that it may be a key driver 

of stress effects. The LHb processes negative valence information and reward prediction 

errors in humans (Salas et al. 2010) and rodents (Matsumoto & Hikosaka 2007). Deep 

brain stimulation of this structure reduces depression-like behaviors in rodents (Li et al. 

2011) and depressed patients (Sartorius et al. 2010). Preclinical animal studies indicate that 

plasticity and activity within LHb or its inputs play a causal role in stress and depression 

models. Knockdown of plasticity-related genes or restoration of inhibitory signaling in LHb 

normalizes excitability and depression-related behavior (Lecca et al. 2016, Li et al. 2013) 

and is a process that also plays a critical role in mediating ketamine’s antidepressant effects 

(Yang et al. 2018). Aversive experiences enhance presynaptic excitatory input onto LHb 

(Li et al. 2011, Shabel et al. 2014), which may drive increased tonic and burst firing of VTA-

projecting LHb neurons (Cerniauskas et al. 2019). Likewise, in zebrafish, repeated stress 

increases bursting activity in habenula neurons, which drives the emergence of depression-

related behaviors through projections to the serotonergic raphe nucleus (Andalman et al. 

2019). Together, these studies point to a potentiation of excitatory inputs to LHb as an 

important component of depression-related end points.

2.2. Evidence for Synapse Dysfunction in Human Studies

Data from two sources provide evidence for depression-related synapse dysfunction 

and structural changes in humans. First, postmortem histological analyses show that 

pyramidal neurons are reduced in size (but not number) in the dorsolateral prefrontal 

and orbitofrontal cortex, with a corresponding reduction in cortical thickness (Rajkowska 

et al. 1999, 2007), while hippocampal granule cells are reduced in number, consistent 

with decreased neurogenesis (Boldrini et al. 2013). Subsequent electron microscopy, 

immunohistochemistry, and RNA sequencing studies confirmed a reduction in synapse 

number and related genes and proteins in prefrontal cortex, hippocampus, and NAc, 

among other regions (Duman & Aghajanian 2012, Kang et al. 2012, Labonté et al. 2017). 

Second, additional indirect evidence comes from clinical neuroimaging studies, which have 

identified numerous structural and functional alterations consistent with observations of 

synapse loss in preclinical and postmortem studies. These findings include hippocampal 

volume loss (Sheline et al. 1996); reduced prefrontal glutamate and γ-aminobutyric acid 

(GABA) levels as indexed by magnetic resonance spectroscopy (Hasler et al. 2007, Sanacora 

et al. 2004); reduced synapse density as indexed by positron emission tomography in 

PFC, anterior cingulate, and hippocampus (Holmes et al. 2019); and reduced functional 

connectivity in both chronic stress and depression in lateral prefrontal and other limbic 

networks (Liston et al. 2009, 2014; Lui et al. 2011). Of note, increased functional 

connectivity in the amygdala and other networks has also been repeatedly observed in 
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depression (Drysdale et al. 2017, Hamilton & Gotlib 2008, Whitfield-Gabrieli & Ford 

2012), consistent with preclinical studies showing that stress effects on synapse density and 

functional properties vary by region and may relate in part to differences in stress-induced 

activity states.

2.3. Summary

Chronic stress induces a distinct brain state characterized by widespread changes in the 

functional properties and synaptic connectivity of neurons in a distributed network of brain 

regions. Stress produces alterations in dendritic complexity, spine density, synapse number, 

and excitatory transmission. Although these changes encompass multiple brain regions, 

they are also region specific (Figure 1). Following stress, structures that mediate top-down 

control over depression-related behaviors and neuroendocrine systems such as the mPFC 

and hippocampus undergo dendritic retraction and spine loss and exhibit decreased activity 

in various contexts. Other areas that respond to aversive stimuli, including the amygdala, 

BNST, and LHb, show increased spine density and potentiated activity in chronic stress 

states. These contrasting effects suggest region-specific mechanisms and raise questions 

about how antidepressants might act across multiple structures to rescue or compensate 

for synaptic dysfunction. Importantly, chronic stress and excessive glucocorticoid exposure 

may contribute to the maintenance of a stress-induced brain state by disrupting synaptic 

remodeling dynamics and reducing the capacity for enduring plasticity.

3. SYNAPTIC PLASTICITY AS A THERAPEUTIC TARGET

Chronic stress induces a distinct brain state in which neurons assume distinct functional 

properties and alterations in synaptic connectivity. As we discuss below, antidepressants 

may act in part by reversing these effects on synapse function, initially facilitating a 

reconfiguration of brain state, then promoting synaptic changes that sustain the remitted 

state.

3.1. Monoaminergic Antidepressants

For decades, our understanding of antidepressant mechanisms was dominated by the 

early serendipitous discovery of the antidepressant properties of iproniazid, which were 

linked to its activity as a monoamine oxidase inhibitor (Pare & Sandler 1959). This 

discovery and the subsequent development of tricyclic and selective serotonin reuptake 

inhibitor (SSRI) antidepressants formed the basis of the monoamine hypothesis of 

depression, in which the key pathophysiological substrate was thought to be a deficiency of 

monoamine neuromodulation. However, this model could not explain why SSRIs and related 

antidepressants immediately potentiate monoamine availability, but the clinical response 

emerges over weeks or months (Hirschfeld 2000). Furthermore, stimulants and many other 

drugs that increase monoamine availability are not effective antidepressants.

Instead, conventional monoamine-targeting antidepressants are now understood to act at 

least in part by inducing synaptogenesis and enhancing synapse function [as well as 

neurogenesis and other forms of plasticity (for a review, see Castrén & Hen 2013)]. 

For example, chronic treatment with fluoxetine (an SSRI) enhances LTP and synaptic 
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transmission (Bath et al. 2012, Wang et al. 2008), reverses stress effects on dendritic 

arborization and spine density (Bessa et al. 2009), and facilitates learning-related plasticity 

(Karpova et al. 2011). The long-term behavioral response to chronic fluoxetine requires 

BDNF (Chen et al. 2006), enhancing synaptic transmission in hippocampus (Bath et al. 

2012) and reducing it in the NAc (Vialou et al. 2010), again underscoring the role of 

bidirectional effects on synapse function that vary by brain region. Importantly, however, 

unlike ketamine and other rapid-acting antidepressants reviewed below, conventional 

monoamine-targeting antidepressants generally modulate synaptic plasticity only after 

chronic treatment, and their effects on synaptogenesis are slow and relatively modest 

(Ampuero et al. 2010, Castrén & Hen 2013, Duman et al. 2016)—limitations that 

may explain the requirement for prolonged treatment, relatively high levels of treatment 

resistance, and the tendency for patients to relapse upon discontinuation.

3.2. Ketamine: Rapid Synaptogenesis in Depression-Related Circuits

Ketamine is an N-methyl-D-aspartate receptor (NMDAR) antagonist that was initially 

approved as an anesthetic agent and was clinically evaluated for antidepressant potential 

in the early 2000s (Berman et al. 2000). After positive results in multiple randomized 

controlled trials (Diazgranados et al. 2010, Murrough et al. 2013, Zarate et al. 2006), it is 

now used widely at subanesthetic doses as an antidepressant. These findings led to the 2019 

US Food and Drug Administration approval of esketamine, an intranasal formulation of the 

(S) enantiomer of ketamine, marking a milestone in the translation of effective strategies 

for treatment-resistant depression. In addition to providing potentially life-saving treatment 

for severely depressed patients, the discovery of ketamine’s antidepressant properties opened 

new avenues for understanding depression pathophysiology for at least two reasons. First, 

ketamine acts much more rapidly than conventional monoamine-targeting antidepressants. 

In a recent meta-analysis, the average onset of symptom improvement was ~40 min 

postinfusion, peaking at ~24 h, and subsiding to placebo level after ~10–12 days (Kishimoto 

et al. 2016). Second, unlike essentially all commonly used antidepressant drugs before it, 

ketamine does not act by targeting monoaminergic neuromodulation and appears to engage 

multiple signaling mechanisms that are fundamentally different from conventional agents 

(see below). These unique properties have facilitated new experimental paradigms aimed at 

understanding the mechanisms that mediate mood transitions longitudinally and discovering 

new treatment targets.

Three key sources of evidence indicate that ketamine’s antidepressant effects involve 

synaptic plasticity. First, unlike conventional monoamine-targeting antidepressants, 

ketamine acts to modulate synapse function directly and rapidly—effects that are thought to 

explain its rapid onset. Its antidepressant effects have been linked to NMDAR antagonism 

in the hippocampus and prefrontal cortex, which activates the mammalian target of 

rapamycin (mTOR) pathway (Li et al. 2010). mTOR activation is required for subsequent 

increases in the expression of GluA1-containing α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid receptor (AMPAR), postsynaptic density protein 95 (PSD95), and other 

synaptic proteins (Li et al. 2010). Interestingly, while infusing the selective mTOR inhibitor 

rapamycin directly into the prefrontal cortex blocked the antidepressant behavioral effects 

of ketamine in rats (Li et al. 2010), systemic pretreatment with rapamycin extended the 
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duration of ketamine’s antidepressant effects in humans (Abdallah et al. 2020), which could 

be related to effects of systemic infusion on immune function and inflammation. These 

effects may also be mediated in part by hydroxynorketamine, a ketamine metabolite with 

antidepressant-like effects on behavior, AMPA signaling, and synapse function (Zanos et al. 

2016), as well as NMDAR inhibition (Suzuki et al. 2017).

Second, ketamine’s antidepressant behavioral effects require BDNF and TrkB signaling 

(Figure 2), further reinforcing the hypothesis that synaptogenesis plays a key role. Ketamine 

enhances activity-dependent BDNF release by antagonizing NMDARs, deactivating 

eukaryotic elongation factor 2 (eEF2), and de-suppressing the translation of BDNF (Autry 

et al. 2011). Ketamine’s effects on both behavior and synapse function in turn require 

BDNF and TrkB signaling (Autry et al. 2011, Lin et al. 2021). Interestingly, ketamine, 

fluoxetine, and other antidepressant drugs—but not drugs lacking antidepressant properties

—appear to bind directly to TrkB and promote the trafficking and clustering of TrkB on the 

cell surface, an effect that is potentiated by astrocyte-derived cholesterol (Casarotto et al. 

2021). Antidepressants may accumulate at varying rates in the brain, differentially achieving 

concentrations capable of affecting TrkB signaling. This intriguing mechanism may be one 

way in which they induce their neuroplastic effects across timescales and brain regions.

Third, these potent effects on activity-dependent BDNF and TrkB signaling are associated 

with direct and rapid effects on synapse formation. Ketamine increases the expression of 

synaptic proteins within 2 h after treatment and increases synapse density in prefrontal 

pyramidal neurons within 24 h, effects that require mTOR activation and BDNF (Lepack et 

al. 2014, Li et al. 2010). Two-photon imaging studies of spine remodeling in vivo indicate 

that these effects are driven by increased formation of new postsynaptic dendritic spines 

(with no effect on spine elimination), peaking 12–24 h after treatment, and ~20% of these 

new synapses persist for at least 2 weeks (Moda-Sava et al. 2019, Phoumthipphavong et 

al. 2016). Spectroscopy studies in humans have shown that ketamine rapidly increases 

prefrontal glutamate release (Abdallah et al. 2018; Milak et al. 2016, 2020) and modulates 

synaptic mGluR5 signaling (DeLorenzo et al. 2015, Esterlis et al. 2018). Structural MRI 

studies also provide indirect evidence that ketamine may reverse depression-related changes 

in neuronal structure (Abdallah et al. 2017).

3.3. Psychedelics and Psychedelic Analogs Target Synapse Dysfunction

A resurgence of interest in the therapeutic potential of psychedelic agents is heralding a 

second revolution in the development of novel antidepressants targeting synaptic plasticity. 

A recent randomized controlled trial showed that psilocybin—a mushroom-derived 

hallucinogen—had antidepressant benefits comparable to escitalopram (Carhart-Harris et 

al. 2021). These benefits were associated with enduring effects on amygdala function at least 

one month after treatment (Barrett et al. 2020). In two recent studies in mice (Hesselgrave 

et al. 2021, Shao et al. 2021), a single dose of psilocybin had antidepressant-like effects 

on learned helplessness and hedonic behavior (see Supplemental Discussion). These were 

associated with increased dendritic spine density in prefrontal layer 5 pyramidal neurons 

driven by increased spine formation rates and enhanced glutamatergic neurotransmission 

and persisted for at least 1 month after treatment.
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Whether psilocybin-induced hallucinations (and ketamine-induced dissociative symptoms) 

are required for mediating effects on plasticity and behavior remains unclear and is a 

particularly pressing question for the field. In both studies (Hesselgrave et al. 2021, Shao 

et al. 2021), pretreatment with the 5-HT2AR antagonist ketanserin disrupted psilocybin’s 

effects on head twitching, a common behavioral screen for hallucinogenic activity in 

rodents, but not its effects on spine density or depression-related behaviors. As noted by 

the authors, this dose of ketanserin results in only partial blockade of 5-HT2AR and may be 

more rapidly cleared from the brain than psilocybin, so 5-HT2AR agonism may still be the 

mechanism by which psilocybin produces its antidepressant effects. Analogously, a newly 

described NMDAR positive allosteric modulator, GLYX-13 (Rapastinel), produced rapid 

and sustained antidepressant effects similar to ketamine in preclinical studies but without 

psychotomimetic side effects (Liu et al. 2017). Like ketamine, GLYX-13 rapidly activated 

the mTORC1 pathway and increased BDNF release and spinogenesis on mPFC layer 

5 pyramidal neurons. Together, these convergent findings suggest that the antidepressant-

like behavioral and plasticity effects of psilocybin and ketamine may be independent of 

psychotomimetic properties.

In addition to naturally occurring psychedelics, newly synthesized analogs of psychedelic 

compounds have shown therapeutic potential and again appear to act by promoting 

synaptogenesis. One such compound—termed tabernanthalog (TBG) and derived from 

ibogaine, a naturally-occurring psychedelic alkaloid—was designed and synthesized 

specifically to minimize hallucinogenic potential and other toxicities while preserving its 

5-HT2AR agonism (Cameron et al. 2021). A single dose of TBG had antidepressant-like 

properties in the forced swim test and produced long-lasting therapeutic effects on cued 

reinstatement of conditioned heroin-seeking behavior. It also increased dendritic complexity 

in cultured cortical neurons and dendritic spine density in primary sensory cortex by 

promoting spine formation (Lu et al. 2021). Interestingly, the effects of TBG on both 

spine formation and forced swim test behavior 1 week after treatment were somewhat 

smaller than ketamine’s, consistent with a functional role for spine formation in mediating 

long-term antidepressant effects. Similarly promising results were obtained in a second 

recent report (Dong et al. 2021), which used a genetically encoded 5-HT sensor platform 

to identify a novel psychedelic analog (AAZ-A-154) with low hallucinogenic potential and 

potent antidepressant-like behavioral effects that were associated with dendritic outgrowth 

in cultured cells. In both cases, a critical next step will be to confirm that these drugs do 

not have hallucinogenic effects in humans and then test their therapeutic utility in carefully 

controlled, randomized trials.

3.4. Summary

Conventional monoamine-targeting antidepressants as well as ketamine, psychedelic 

compounds, and novel psychedelic analogs appear to act in part by enhancing synaptic 

transmission and promoting synaptogenesis in areas that lose synapses in chronic stress 

states. Although most studies have examined either chronic stress effects or antidepressant 

effects, a growing body of work (summarized in Supplemental Table 1) has examined 

both manipulations together and indicates that all three antidepressant classes have targeted 

rescue effects on the same functional and structural properties altered in chronic stress. 
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Interestingly, although they have qualitatively similar effects on synapse function, those 

effects differ in degree and in the time required to achieve them: SSRIs have modest 

effects on synapse function and synaptogenesis that emerge slowly over weeks, while 

ketamine and psychedelics have rapid, potent effects after a single treatment, but they 

may not persist absent additional interventions. These differences may relate to their 

different therapeutic properties. Unbiased transcriptomic and proteomic screening studies 

are also identifying promising new therapeutic targets for promoting and sustaining synaptic 

remodeling (see the sidebar titled Discovering New Therapeutic Targets for Synapse 

Dysfunction). These findings raise several important questions: What is the relationship 

between stress and antidepressant effects? Is synaptogenesis required or merely correlated 

with antidepressant effects? Most importantly, if it is required, what purpose does it serve? 

Below, we review new data indicating that distinct mechanisms are responsible for initiating 

antidepressant effects versus sustaining them over time, that antidepressants act initially to 

facilitate a reconfiguration of the stress-induced brain state, and that antidepressant-induced 

synaptogenesis is critical specifically for sustaining that reconfiguration and maintaining 

remission.

4. DEFINING MECHANISTIC ROLES FOR ANTIDEPRESSANT-INDUCED 

SYNAPSE FORMATION

Synapse loss and growth are closely associated, respectively, with the emergence of 

depression-related behaviors in chronic stress states and with the rescue of those behaviors 

after antidepressant treatment. Does synaptogenesis play a key causal role in mediating 

antidepressant effects? Emerging evidence from multiple sources indicates that distinct 

mechanisms are involved in initiating antidepressant effects, while others are involved in 

sustaining them over time.

We have shown that in multiple chronic stress models, the emergence of depression-related 

behavior is associated with spatially targeted, branch-specific elimination of postsynaptic 

dendritic spines on mPFC projection neurons and a reduction in coordinated, multicellular 

ensemble activity as measured by two-photon calcium imaging (Moda-Sava et al. 2019)—a 

conclusion supported by convergent findings in a recent study (Wilke et al. 2022). Ketamine 

rescued all three effects. One way of understanding causal relationships is to delineate the 

temporal sequence of these events. Unexpectedly, ketamine’s effects on behavior in the tail 

suspension test preceded those on spine formation, indicating that spine formation in PFC 

pyramidal neurons could not be required for initiating ketamine’s antidepressant effects. 

Interestingly, ketamine’s effects on ensemble activity in PFC microcircuits also preceded 

spine formation, suggesting that functional changes might be involved in initiating spine 

formation effects, while new synapses might be important for sustaining those effects over 

time. Consistent with this hypothesis, preservation of restored spines was strongly correlated 

with the long-term maintenance of ketamine’s effects on behavior in the tail suspension test 

(Moda-Sava et al. 2019).

To test this hypothesis directly, we used a recently developed optogenetic tool (Hayashi-

Takagi et al. 2015)—activated synapse photoactivatable Rac1 (AS-PaRac1)—to selectively 
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eliminate newly formed spines after ketamine treatment. This disrupted the effect of 

ketamine on synaptogenesis and interfered with the maintenance of ketamine’s effects on 

motivated escape behavior (Moda-Sava et al. 2019). Thus, synaptogenesis in prefrontal 

pyramidal neurons is not required for initiating ketamine’s antidepressant behavioral effects, 

but it is required for sustaining them over time.

If synaptogenesis is required only for sustaining ketamine’s antidepressant effects, how are 

they initiated? One potential mechanism involves rapid effects of ketamine on inhibitory 

interneurons to disinhibit hypoactive pyramidal cells (Li et al. 2010; Radley et al. 2006; 

Rajkowska et al. 1999, 2007; Yuen et al. 2012). Ketamine increases glutamatergic tone in 

the prefrontal cortex, likely through inhibition of tonically firing inhibitory interneurons 

(Homayoun & Moghaddam 2007, Moghaddam et al. 1997). These effects are mediated by 

GluN2B receptors on prefrontal somatostatin (SST) and parvalbumin (PV) interneurons, 

which are required for ketamine’s antidepressant behavioral effects (Gerhard et al. 2020). 

Ketamine directly inhibits the activity of prefrontal SST interneurons, leading to enhanced 

somatic and spine calcium transients in layer 2/3 pyramidal neurons within 1 h of 

administration (Ali et al. 2020) (Figure 2).

Dopamine signaling may also be involved in initiating ketamine’s behavioral effects. 

Chemogenetic activation of dopamine receptor 1 (Drd1)-expressing neurons mimicked the 

antidepressant effects of both systemic ketamine administration and local ketamine infusion 

into mPFC (Wu et al. 2021b). Drd1 blockade in mPFC prevented ketamine’s potentiation 

of glutamate-evoked spinogenesis ex vivo, while VTA inhibition also prevented ketamine-

evoked spinogenesis 24 h after administration (Wu et al. 2021a). In another study, chronic 

stress disrupted correlated activity in PFC microcircuits, while ketamine had the opposite 

effect, through a mechanism that requires dopamine D2 receptors (Wilke et al. 2022). 

Together, these studies suggest that ketamine’s antidepressant behavioral effects may be 

initiated by rapid disinhibition of PFC projection neurons by SST and PV interneurons 

and by dopaminergic signaling, which is required for later effects on synaptogenesis. New 

synapses, in turn, are critical for sustaining these effects in the long term.

New evidence also points to distinct molecular mechanisms for initiating versus sustaining 

ketamine’s antidepressant effects (Figure 2). While mTOR, BDNF, and TrkB signaling 

are critical initiating processes (Autry et al. 2011, Li et al. 2010), ketamine’s sustained 

effects are transcription dependent and mediated by a delayed, BDNF-driven increase in 

hippocampal expression and phosphorylation of the transcriptional regulator MeCP2 (Kim et 

al. 2021). Phosphorylated methyl-CpG-binding protein 2 (pMeCP2), in turn, is required for 

the long-term maintenance of ketamine’s effects on synaptic strength and behavior (Kim et 

al. 2021).

5. CONCLUSIONS AND FUTURE DIRECTIONS

Available evidence supports an emerging model—consistent with other recent formulations 

(Castrén & Hen 2013, Duman & Aghajanian 2012, Kavalali & Monteggia 2020, Russo 

& Nestler 2013)—in which antidepressants act by enhancing plasticity in stress-sensitive 

circuits and promoting synaptogenesis. New synapses are hypothesized to play a specific 

Parekh et al. Page 11

Annu Rev Neurosci. Author manuscript; available in PMC 2024 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



role in sustaining antidepressant effects over time, prolonging remission, and preventing 

relapse. Chronic stress induces a shift in brain state in which neurons in distributed brain 

regions assume distinct functional properties that are associated with widespread alterations 

in synaptic connectivity. The most consistent findings indicate that chronic stress and 

depression are associated with neuronal hypoactivity, dendritic retraction, and synapse loss 

in the hippocampus and PFC, which may underlie deficits in memory, cognitive flexibility, 

attention, and cognitive control. Conversely, increased neural activity and spinogenesis have 

been described in the amygdala, dorsal striatum, VTA, and LHb, which may underlie 

alterations in anxiety, aversive learning, habit-driven behavior, and reward processing. In 

the NAc, another hub for reward processing, mixed effects of stress have been reported, 

associated in part with cell type. Importantly, with increased spine elimination, decreased 

spine formation, and decreased spine survival in chronic stress states, the capacity for 

enduring plasticity may be reduced.

Antidepressants enhance plasticity, which may initially facilitate a reconfiguration of 

brain state. Driven initially by enhanced BDNF, TrkB, and dopaminergic signaling and 

disinhibition of pyramidal cells by inhibitory interneurons, a variety of antidepressants 

(albeit on different time scales) reverse stress effects on neuronal activity in stress-sensitive 

circuits. Later, new synapses emerge, supported by pMeCP2 and D1R dopamine signaling, 

and synaptogenesis appears to be particularly important for sustaining remission.

This model raises several outstanding points. Perhaps most pressingly, our circuit-level 

understanding of the functional consequences of these changes and their relation to behavior 

is rudimentary. Chronic stress and antidepressants have consistent, opposing effects on 

synapse density, dendritic arborization, and neuronal activity, but it is unclear why the 

directionality of these effects varies by region. On a more fundamental level, we do not 

understand how these functional changes contribute to behavior. New approaches integrating 

single-cell and mesoscale calcium imaging, optogenetics, and multielectrode recordings 

with more interpretable behavioral paradigms probing decision-making, reward processing, 

motivation, cognitive flexibility, and reinforcement learning will be essential for linking 

these levels of analysis. Although they are outside the scope of this review, multiple 

recent studies are already advancing our understanding of the circuit- and network-level 

mechanisms mediating depression-related behavior and mood state transitions in both 

rodents (Chaudhury et al. 2013, Hultman et al. 2018, McGirr et al. 2017, Otis et al. 2017, 

Spellman et al. 2021, Tye et al. 2013, Warden et al. 2012) and human subjects (Kirkby et 

al. 2018, Scangos et al. 2021). Likewise, efforts to dissect the molecular, transcriptional, 

and epigenetic mechanisms underlying synapse loss in depression and activity-dependent 

synaptogenesis after antidepressant treatment will be critical for developing fundamentally 

new therapeutic approaches (Castrén & Hen 2013, Halldorsdottir & Binder 2017, Vialou 

et al. 2013). Finally, depression is a highly heterogeneous syndrome, not a unitary 

disease entity. Different pathophysiological mechanisms may be operational in subgroups 

of patients (Drysdale et al. 2017, Labonté et al. 2017, Williams 2016, Xia et al. 2018) 

and may contribute to individual differences in stress resilience and behavioral outcomes 

(Cerniauskas et al. 2019, Krishnan et al. 2007). This implies that the model we outlined 

here is oversimplified, and therapeutic interventions engaging different forms of plasticity in 
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distinct brain regions may be required for achieving optimal outcomes across subtypes and 

individuals.

These questions notwithstanding, the model outlined above also has immediate implications 

for future studies. It suggests that interventions aimed at boosting plasticity, increasing 

synapse formation, and enhancing the survival of new synapses may be especially useful 

for sustaining remission and preventing relapse—a hypothesis that could be tested relatively 

easily in preclinical models. Such interventions could be especially important early during 

recovery when new synapses are more labile. This model also suggests strategies for 

tailoring existing interventions to achieve these goals—principles that are already informing 

the design of experimental neurostimulation therapies with notable success (Cole et al. 2020, 

Fox et al. 2012, Johansen-Berg et al. 2008, Mayberg et al. 2005).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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THE STRUCTURE AND FUNCTION OF DENDRITIC SPINES

Dendritic spines are microscopic membrane protrusions in specific subtypes of neurons 

and usually (but not always) contain synapses. Early Golgi impregnation and more 

recent fixed-tissue and in vivo imaging studies have allowed investigators to quantify 

the effects of stress and antidepressants on spine density and to study spine dynamics 

across varying behavioral states (Kasai et al. 2003, Yuste & Bonhoeffer 2001). Spines 

are often classified by morphology as filopodia-like, thin, stubby, fenestrated, and 

mushroom (Kasai et al. 2003). The advent of transcranial two-photon imaging coupled 

with glutamate uncaging at single spines along dendritic segments has advanced our 

understanding of structure-function relationships. Glutamate sensitivity and AMPA 

receptor expression are highly correlated with large (mushroom) spine heads, while thin 

spines exhibit considerably lower sensitivity. Small or thin spines are easily generated 

and eliminated and may represent silent synapses, devoid of functional AMPA receptors 

(Matsuzaki et al. 2001). In breaking with the classification of major subtypes of spines, 

recent ultrastructural analysis suggests a continuum of spine morphologies based on 

specific parameters that are independently regulated (Ofer et al. 2021) and associated 

with distinct proteomic properties (Helm et al. 2021).
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DISCOVERING NEW THERAPEUTIC TARGETS FOR SYNAPSE 
DYSFUNCTION

Several synaptic function–related genes are known to be downregulated in depression 

(Kang et al. 2007, 2012; Kim & Webster 2011, Labonté et al. 2017), including those 

associated with synaptic strength, vesicle transport, neurotransmission, spine growth, and 

axonal regeneration (Howard et al. 2019, Levey et al. 2021). Therefore, one path to new 

pharmacotherapies may lie in uncovering novel molecular mechanisms contributing to 

synaptic plasticity deficits. As a notable example, a transcriptional repressor, GATA1, 

which is upregulated in major depressive disorder, is sufficient to produce depressive-

like behaviors, dendritic atrophy, and spine loss, suggesting a novel substrate for 

synaptic abnormalities in depression (Kang et al. 2012). The synaptogenic effects of 

antidepressants are likewise mediated by a host of molecular changes targeting protein 

synthesis, trafficking, scaffolding, and structural integrity of synapses. Some overlap 

has been reported in genetic variants associated with rapid antidepressant response 

(Guo et al. 2018) and psychedelic-induced changes in BDNF and synapse-related gene 

expression (Martin & Nichols 2018). Thus, large-scale unbiased genomic, transcriptomic, 

and proteomic studies have the potential to inform novel drug candidates with synaptic 

targets to sustain remission.
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Figure 1. 
Regional synaptic effects of stress and depression models. Hipp and mPFC undergo 

dendritic atrophy and spine loss. NAc experiences an overall proliferation of stubby 

spines, but D1-MSNs may experience dendritic atrophy relative to D2-MSNs. Other 

regions, including amygdala and Amyg, EPN, VTA, and LHb, experience spine formation 

(spinogenesis) and increased excitability following stress. Abbreviations: Amyg, extended 

amygdala; BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; Ca2+, 

calcium; CeA, central amygdala; D1-MSN, dopamine receptor 1 medium spiny neuron; D2-

MSN, dopamine receptor 2 medium spiny neuron; DG, dentate gyrus; EPN, entopeduncular 

nucleus; GABA, γ-aminobutyric acid; Hipp, hippocampus; LHb, lateral habenula; LTP, 

long-term potentiation; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; VTA, 

ventral tegmental area.
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Figure 2. 
The initiating and sustaining mechanisms of rapid-acting antidepressants. (a) In the mPFC, 

ketamine acts to elevate glutamatergic tone of excitatory pyramidal neurons (tan), potentially 

through disinhibitory mechanisms involving tonically firing interneurons (purple). Ketamine 

leads to enhanced somatic and spine Ca2+ transients in layer 2/3 pyramidal cells within 

1 h and increases multicellular ensemble activity within 3 h of administration (left). 
Ketamine, its metabolite HNK, and SPs each increase neurotrophic signaling and AMPAR 

insertion in mPFC excitatory neurons. The sustained antidepressant effects of ketamine and 

psychedelics involve targeted dendritic spinogenesis on excitatory projection neurons (right). 
Ketamine-induced spine formation is detected 12 h after administration and follows circuit 

reorganization. (b) In hippocampal SC to CA1 synapses, ketamine rapidly enhances BDNF 

release and increases postsynaptic glutamatergic transmission (left) while a sustained effect 

involves the delayed increase in pMeCP2 through a BDNF-dependent mechanism (right). 
Abbreviations: 5HT2A, 5-hydroxy-tryptamine receptor 2A; AMPAR, α-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid receptor; BDNF, brain-derived neurotrophic factor; Ca2+, 

calcium; CaMKII, calcium-calmodulin kinase II; eEF2, eukaryotic elongation factor 2; 

GABA, γ-aminobutyric acid; Glu, glutamate; HNK, hydroxynorketamine; mGluR2/3, 
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metabotropic glutamate receptor; mPFC, medial prefrontal cortex; mTORC1, mammalian 

target of rapamycin complex 1; NMDAR, N-methyl-D-aspartate receptor; pMeCP2, 

phosphorylated methyl-CpG-binding protein 2; PSD95, postsynaptic density protein 95; SC, 

Schaffer collateral; SP, serotonergic psychedelic; TBG, tabernanthalog; TrkB, tropomyosin 

receptor kinase B.
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