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Abstract

Clinical and preclinical studies have demonstrated that depression, one of the most common 

psychiatric illnesses, is associated with reduced levels of neurotrophic factors, including brain-

derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF), contributing 

to neuronal atrophy in the prefrontal cortex (PFC) and hippocampus, and reduced hippocampal 

adult neurogenesis. Conventional monoaminergic antidepressants can block/reverse, at least 

partially, these deficits in part via induction of BDNF and/or VEGF, although these drugs have 

significant limitations, notably a time lag for therapeutic response and low response rates. Recent 

studies reveal that ketamine, an N-methyl-D-aspartate receptor antagonist produces rapid (within 

hours) and sustained (up to a week) antidepressant actions in both patients with treatment-resistant 

depression and rodent models of depression. Rodent studies also demonstrate that ketamine 

rapidly increases BDNF and VEGF release and/or expression in the medial PFC (mPFC) and 

hippocampus, leading to increase in the number and function of spine synapses in the mPFC and 

enhancement of hippocampal neurogenesis. These neurotrophic effects of ketamine are associated 

with the antidepressant effects of this drug. Together, these findings provide evidence for a 

neurotrophic mechanism underlying the rapid and sustained antidepressant actions of ketamine 

and pave the way for the development of rapid and more effective antidepressants with fewer side 

effects than ketamine.
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1. Introduction

Major depressive disorder (MDD) is one of the most widespread, debilitating mental 

illnesses, affecting more than 300 million people worldwide (World Health Organization, 

2018), leading to tremendous individual and socioeconomic burden (Greenberg et al., 2015). 

Depression is closely linked to suicide that is one of the top three leading causes of death for 

people ages 15-44 years (Aleman and Denys, 2014) with approximately 800,000 people 

commit suicide every year (World Health Organization, 2018). However, conventional 

antidepressants based on the monoamine hypothesis of depression, notably selective 

serotonin reuptake inhibitors (SSRIs), take weeks to months to produce a therapeutic 

response, while these drugs rapidly block monoamine reuptake and increase extracellular 

monoamine levels. This delayed onset is associated with an increased risk of suicidal 

behavior in the first month of antidepressant treatment, especially during the first nine days 

(Jick et al., 2004). These monoaminergic antidepressants also have limited efficacy: 

approximately one-third of depressed patients respond to an initial antidepressant agent, and 

another one-third achieve remission but only after multiple antidepressant trials that takes 

months to years; the remaining other one-third fail to respond to multiple antidepressant 

treatments and are considered treatment-resistant depression (Trivedi et al., 2006). These 

findings emphasize an urgent unmet need for more effective and rapid-acting antidepressants 

with mechanisms different from conventional antidepressants.

Our understanding of the neurobiology of depression has recently benefited greatly from the 

discovery of ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonist, as a rapid-

acting antidepressant agent in 2000s. A single intravenous infusion of subanesthetic dose of 

ketamine produces rapid (within hours) and sustained (up to a week) antidepressant effects 

even in patients with treatment-resistant depression (Berman et al., 2000; Zarate et al., 

2006), providing evidence for a promissing new class of rapid and efficacious 

antidepressants. Indeed, (S)-ketamine, an enantiomer of ketamine, in the form of a nasal 

spray application has been approved for treatment-resistant depression by the United States 

Food and Drug Administration in March 2019 (Kaufman, 2019).

The molecular and cellular mechanisms underlying the actions of ketamine have been 

intensely studied to gain insight for the development of novel, ketamine-like antidepressants 

but with fewer side effects. One area of interest is neurotrophic factors. In this review, we 

provide a brief overview of the role and consequence of altered neurotrophic factor 

signaling, notably brain-derived neurotrophic factor (BDNF) and vascular endothelial 

growth factor-A (VEGF-A, hereafter referred to as VEGF) signaling, in the etiology and 

treatment of depression. Then, we discuss the roles of BDNF and VEGF signaling in the 

actions of ketamine.

2. Neurotrophic hypothesis of depression

2.1. Neuronal atrophy and decreased levels of neurotrophic factors in depressed 
subjects

There is mounting evidence supporting a neurotrophic hypothesis of depression based on 

evidence that reduced neurotrophic factor support in the depressed subjects and rodent 
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models contributes to neuronal atrophy in brain regions implicated in depression, notably the 

prefrontal cortex (PFC) and hippocampus (Duman et al., 2016; Duman et al., 1997; Duman 

and Monteggia, 2006). A wealth of neuroimaging studies have reported decreased volume of 

the PFC and hippocampus of depressed patients (Botteron et al., 2002; Bremner et al., 2000; 

Drevets et al., 1997; Frodl et al., 2007; Huang et al., 2013; McKinnon et al., 2009; Sheline et 

al., 1996; Wise et al., 2017). Rajkowska et al. (1999) report the reduction in neuronal size 

and cortical thickness in the postmortem PFC of depressed subjects. The number of spine 

synapses is also decreased in the PFC of subjects with MDD (Kang et al., 2012). Most 

recently, a study using positron emission tomography with the synaptic vesicle glycoprotein 

2A radioligand has demonstrated that lower synaptic density in the dorsolateral PFC, 

anterior cingulate cortex and hippocampus is associated with depression severity and 

network alterations in unmedicated patients with MDD, as well as post-traumatic stress 

disorder (PTSD) and comorbid MDD/PTSD (Holmes et al., 2019). Moreover, it is reported 

that there are fewer granule cells (Boldrini et al., 2019; Boldrini et al., 2013) in the 

postmortem hippocampal dentate gyrus (DG) of unmedicated MDD subjects compared with 

medicated MDD subjects and controls without psychopathology, suggesting less 

neurogenesis and/or more neuronal loss in the DG of depressed patients. These findings 

indicate that atrophy and loss of neurons in the PFC and hippocampus are key cellular 

deficits associated with depression.

BDNF is one of the most widely studied neurotrophic factors in the field of depression and 

other psychiatric disorders. Postmortem studies demonstrate decreased levels of BDNF and 

its tyrosine kinase receptor, tropomyosin-related kinase B (TrkB) in the PFC and 

hippocampus in suicide victims (Dwivedi et al., 2003; Karege et al., 2005) and depressed 

subjects (Dunham et al., 2009; Qi et al., 2015; Tripp et al., 2012). The BDNF Val66Met 

polymorphism (valine at codon 66 replaced by methionine) blocks the processing of 

proBDNF to mature BDNF and activity-dependent release of BDNF (Chen et al., 2004; 

Chiaruttini et al., 2009; Egan et al., 2003), and is linked with an increased risk of suicide and 

depression in patients exposed to early life stress (Gatt et al., 2009; Sarchiapone et al., 2008; 

Youssef et al., 2018). BDNF Met allele carriers are also reported to have smaller PFC 

(Nemoto et al., 2006; Pezawas et al., 2004) and hippocampal volumes (Frodl et al., 2007; 

Pezawas et al., 2004). These studies indicate that decreased BDNF signaling is tightly linked 

with atrophy of the PFC and hippocampus in depressed patients.

VEGF is a pleiotrophic growth factor expressed by neurons and astrocytes, as well as 

vascular endothelial cells in human and rodent brains (Feast et al., 2012; Greene et al., 2009; 

Licht and Keshet, 2013; Nagashima et al., 1999). Preclinical studies demonstrate that VEGF 

exerts potent neurotrophic effects (Deyama et al., 2019a; Deyama et al., 2019b; Rosenstein 

et al., 2003). The majority of the clinical studies have reported higher serum/plasm VEGF 

levels in MDD patients than those in controls (although inconsistent results have also been 

reported (see a review by Sharma et al., 2016)). However, blood VEGF may not directly 

reflect brain levels of VEGF, since a preclinical study has reported that VEGF levels in the 

PFC and hippocampus, but not serum, are reduced in Flinder sensitive line rats, a genetic 

model of depression (Elfving et al., 2010). While preclinical studies indicate the importance 

of VEGF in the PFC and hippocampus in the neurobiology and treatment of depression (see 

below), brain VEGF has not been tested as much as BDNF in clinical and postmortem 
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studies of depression. A recent cross-species transcriptional analysis demonstrates 

dysregulations in hippocampal VEGF, as well as other growth factors (fibroblast growth 

factor and insulin-like growth factor-1), in both MDD subjects and rat depression models 

(Carboni et al., 2018). There are also a few studies reporting that VEGF levels are decreased 

in the cerebrospinal fluid of patients who have attempted suicide (Isung et al., 2012) or in 

patients with a severe, treatment-resistant depressive episode (Kranaster et al., 2019). It has 

also been reported that anti-VEGF treatment for age-related macular degeneration increases 

the risk for anxiety and depression in the patients (Senra et al., 2017). Moreover, a VEGF 

single nucleotide polymorphism (SNP) is associated with increased risk for depression (Xie 

et al., 2017) and a recent study has suggested an association between another VEGF SNP 

and subiculum atrophy in first-episode drug-naïve MDD patients (Nguyen et al., 2018). 

Together, these findings suggest that a reduction in brain VEGF is associated with 

depression and suicide, although further clinical and postmortem studies are required.

2.2. Neuronal atrophy and decreased levels of neurotrophic factors in rodent models of 
depression

To elucidate the causal relationships between neuronal atrophy, reduced neurotrophic factors 

and depressive symptoms, rodent chronic stress models, such as chronic restraint stress, 

chronic unpredictable stress (CUS) and chronic social defeat, are widely used. Rodents 

exposed to chronic stress exhibit depression-like behaviors, including despair and anhedonia 

as seen in the forced swim and sucrose preference tests, respectively (Li et al., 2011; Qiao et 

al., 2014; Yang et al., 2015). Chronic stress-induced behavioral changes are associated with 

decreases in the number and function of spine synapses and a reduction in dendritic 

complexity in the medial PFC (mPFC) and hippocampus (Li et al., 2011; Liu and 

Aghajanian, 2008; Qiao et al., 2014; Yang et al., 2015). Chronic stress also decreases 

neurogenesis in the DG (Alonso et al., 2004; Czeh et al., 2002; Kiuchi et al., 2012; Pham et 

al., 2003). These findings indicate that chronic stress causes neuronal atrophy and loss in the 

mPFC and hippocampus in rodents, consistent with results from neuroimaging and 

postmortem studies of MDD, as mentioned above. This is supported by evidence that 

expression of a negative regulator of mechanistic target of rapamycin complex 1 (mTORC1) 

signaling decreases synaptic number and function in the mPFC and produces depressive 

behaviors in naïve mice (Ota et al., 2014).

Chronic stress decreases levels of BDNF and phosphorylated/activated TrkB in the PFC and 

hippocampus, although results from studies regarding the effect of chronic stress on total 

TrkB levels have been mixed (Barreto et al., 2012; Nibuya et al., 1999; Smith et al., 1995; 

Yang et al., 2015). BDNF heterozygous knockout mice have reduced hippocampal volume 

compared with wildtype controls, and decreased length and branching of apical dendrites of 

CA3 pyramidal neurons, comparable to what is induced by chronic stress (Magariños et al., 

2011). BDNF Val66Met knock-in mice are reported to have reduced spine density and 

dendritic complexity in the mPFC and hippocampus (Chen et al., 2006; Liu et al., 2012) and 

decreased function of spine synapses on mPFC layer V pyramidal neurons (Liu et al., 2012). 

Additionally, the role of BDNF signaling in adult hippocampal neurogenesis has been 

extensively studied using various approaches, although studies in BDNF deletion mutants 

are conflicting (Bath et al., 2012; Lee et al., 2002; Sairanen et al., 2005). The survival of 
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newborn cells in the DG is reported to be reduced in BDNF Val66Met and TrkB 

heterozygous deletion mice (Bath et al., 2012; Ieraci et al., 2016). Viral-mediated 

knockdown of BDNF in the DG blocks the differentiation, but not proliferation, of newborn 

neurons in the DG (Taliaz et al., 2010). Ablation of TrkB in progenitor cells also blocks 

hippocampal neurogenesis (Li et al., 2008). Together these findings indicate that reduced 

BDNF-TrkB signaling in the mPFC and hippocampus contributes to neuronal atrophy and 

loss associated with chronic stress.

Similar to BDNF, there is also evidence that levels of VEGF and its tyrosine kinase receptor, 

fetal liver kinase 1 (Flk-1; also known as VEGF receptor 2) are decreased in the PFC and 

hippocampus of rodent depression models (Elfving et al., 2010; Heine et al., 2005; Howell et 

al., 2011; Silva et al., 2007), although other studies report that there is no effect of CUS on 

hippocampal VEGF protein levels (Greene et al., 2009; Kiuchi et al., 2012). Spine density in 

the apical tuft of mPFC layer V pyramidal neurons is decreased in mice with excitatory 

neuron-specific deletion of VEGF in the forebrain (α-calcium/calmodulin-dependent protein 

kinase II (CaMKIIα)-Cre;Vegfaflox/flox mice; hereafter, VegfNEURON−/− mice) (Deyama et 

al., 2019b), similar to what is observed with chronic stress (Li et al., 2011; Liu and 

Aghajanian, 2008).

VEGF-Flk-1 signaling is also involved in hippocampal neurogenesis. CUS reduces the 

survival of newborn neurons in the DG, and this stress effect is improved by regular exercise 

in a VEGF-Flk-1-dependent manner (Kiuchi et al., 2012). Viral-mediated overexpression of 

dominant-negative Flk-1 in the rat hippocampus is reported to decrease neurogenesis (Cao et 

al., 2004). Additionally, viral-mediated knockdown of hippocampal VEGF reduces basal and 

environmental enrichment-induced neurogenesis (Cao et al., 2004; Choi et al., 2016). 

However, Licht et al. (2011) reported that hippocampal neurogenesis is not impaired by 

tetracycline-dependent induction of VEGF-trapping protein (soluble VEGF receptor 1/Fc 

chimera) in the mouse forebrain in adulthood, although switching off VEGF ablates long-

term potentiation in the DG. The discrepancy between these studies could be due to different 

genetic approaches, as well as species differences (rats vs. mice). Together, although further 

studies are needed, these findings suggest that decreased VEGF-Flk-1, as well as BDNF-

TrkB, signaling is involved in neuronal atrophy and impaired neurogenesis.

However, neither BDNF Val66Met knock-in, BDNF heterozygous deletion, forebrain 

excitatory neuron-specific TrkB deletion (CaMKIIα-Cre;TrkBflox/flox), VegfNEURON−/− nor 

forebrain excitatory neuron-specific Flk-1 deletion (CaMKIIα-Cre;Flk-1flox/flox; hereafter, 

Flk-1NEURON−/−) mice display depression-like behaviors under nonstress baseline conditions 

(Advani et al., 2009; Deyama et al., 2019b; Duman et al., 2007; Liu et al., 2012; Yu et al., 

2012; Zorner et al., 2003). Mice with BDNF heterozygous deletion or heterozygous Val/Met 

allele exhibit a depressive phenotype only when exposed to mild stress that is insufficient to 

induce depression-like behaviors in wildtype mice (Advani et al., 2009; Duman et al., 2007; 

Yu et al., 2012); the stress vulnerability of VegfNEURON−/− and Flk-1NEURON−/− mice has not 

yet been examined. These findings indicate that loss of one neurotrophic factor and/or its 

receptor (BDNF-TrkB or VEGF-Flk-1) is not sufficient to induce depression-like behavioral 

changes, possibly due to the antidepressant-like and neurotrophic actions of the remaining 

factor. However, some previous studies report that viral-mediated BDNF or VEGF 
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knockdown in the rat DG and female BDNF conditional mutant mice display depression-like 

behaviors (Choi et al., 2016; Monteggia et al., 2007; Taliaz et al., 2010). The discrepancy 

among these studies could be due to different knockout/knockdown approaches, as well as 

behavioral methodology. The depressive effects produced by selective knockdown of BDNF 

or VEGF in the DG could also result from opposing actions of these factors in other brain 

regions; BDNF signaling in the mesolimbic dopamine system is reported to promote 

depression-like behaviors (Berton et al., 2006; Eisch et al., 2003). Further investigation is 

needed to determine whether reductions of both BDNF and VEGF signaling in neurons 

and/or glial and endothelial cells in the mPFC or hippocampus are sufficient to elicit 

depressive symptoms.

2.3. Roles of BDNF and VEGF signaling in the actions of conventional antidepressants

Growing evidence supports the idea that the time lag for the therapeutic action of 

conventional antidepressants is related to the delayed increase in the expression of BDNF 

and/or VEGF in the PFC and/or hippocampus. Human postmortem studies report that 

increased BDNF expression is observed in the hippocampus in depressed subjects with 

antidepressant medications, compared with unmedicated subjects (Chen et al., 2001; Karege 

et al., 2005). Preclinical studies also demonstrate that chronic, but not acute, treatment with 

different classes of antidepressant agents, including tricyclic antidepressants (TCAs), SSRIs, 

serotonin-noradrenaline reuptake inhibitors (SNRIs), and monoamine oxidase inhibitors, as 

well as acute/chronic electroconvulsive seizures (ECS), upregulate BDNF in the PFC and 

hippocampus (Balu et al., 2008; Bath et al., 2012; Calabrese et al., 2007; Duman and 

Monteggia, 2006; Dwivedi et al., 2006; Nibuya et al., 1995; Nibuya et al., 1996; Song et al., 

2019; Zhang et al., 2010). Moreover, the behavioral effects of antidepressant drugs are 

blocked in BDNF deletion mutant mice (Adachi et al., 2008; Monteggia et al., 2004).

Hippocampal neurogenesis plays a crucial role in the antidepressant effects of conventional 

antidepressants (Malberg et al., 2000; Santarelli et al., 2003) and deletion of TrkB in 

progenitor cells blocks both the neurogenic and antidepressant-like effects of exercise or 

chronic treatment with the SSRI fluoxetine or a TCA imipramine (Li et al., 2008). Similar to 

BDNF, VEGF expression in the hippocampus is increased by either ECS or chronic 

treatment with antidepressants, such as fluoxetine and a TCA desipramine (Newton et al., 

2003; Warner-Schmidt and Duman, 2007). Notably, ECS and chronic fluoxetine increase 

VEGF expression in neuronal and endothelial cells, but not astrocytes, in the DG (Greene et 

al., 2009). Pharmacological blockade of VEGF-Flk-1 signaling also blocks the neurogenic 

and behavioral effects of ECS, regular exercise or chronic antidepressant treatment (Greene 

et al., 2009; Kiuchi et al., 2012; Segi-Nishida et al., 2008; Warner-Schmidt and Duman, 

2007). Moreover, the antidepressant effects of chronic fluoxetine and repeated desipramine 

are blocked in VegfNEURON−/− and Flk-1NEURON−/− mice (Deyama and Duman, unpublished 

results). Taken together, these findings indicate that both BDNF and VEGF signaling play a 

crucial role in the neurogenic and behavioral actions of conventional antidepressants.

To our knowledge there is no direct evidence that conventional antidepressants reverse the 

dendritic atrophy and synaptic loss caused by chronic stress via BDNF and/or VEGF 

signaling, although several studies show the effects of these agents on dendritic arborization 
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and spine density in the mPFC and hippocampus (Ampuero et al., 2010; Bessa et al., 2009; 

Chen et al., 2016; Davila-Hernandez et al., 2018; Guilloux et al., 2013; Song et al. 2019). 

Chronic fluoxetine administration is reported to increase spine density in cortical subregions 

(Ampuero et al., 2010); Song et al. (2019) demonstrate that chronic treatment with 

fluoxetine increases dendritic arborization and spine density in layer II/III pyramidal 

neurons in the prelimbic, but not infralimbic, subregion of rat mPFC. Chronic treatment with 

either fluoxetine or a multimodal antidepressant vortioxetine also increases dendritic length/

branching and spine density in DG immature neurons and CA1 pyramidal neurons (Chen et 

al., 2016; Guilloux et al., 2013). Chronic fluoxetine or imipramine treatment also reverse the 

spine deficits in hippocampal and cortical regions caused by CUS exposure (Bessa et al., 

2009); chronic fluoxetine treatment has been reported to reverse depression-like behavior 

and the reduction in dendritic length and spine density in CA1 pyramidal neurons caused by 

chronic social isolation, a rodent depression model (Davila-Hernandez et al., 2018). It would 

be important in future studies to determine the role of BDNF and VEGF signaling in the 

synaptic and neurotrophic actions of chronic conventional antidepressants in rodent chronic 

stress models.

3. Role of neurotrophic factors in the rapid antidepressant actions of 

ketamine

3.1. Ketamine as a rapid antidepressant agent

Berman et al. (2000) first reported that a single subanesthetic dose (0.5 mg/kg, intravenous 

infusion over 40 minutes) of ketamine improved depressive symptoms within four hours in 

double-blind, placebo-controlled trial. A larger double-blind, placebo-controlled study 

confirmed that ketamine produces rapid (within two hours) and sustained (up to seven days) 

antidepressant actions in patients with treatment-resistant MDD (Zarate et al., 2006). These 

beneficial effects are observed after the initial psychotomimetic and dissociative effects of 

ketamine, which occur during the first hour of treatment. Moreover, ketamine is effective for 

suicidal ideation (Wilkinson et al., 2018) and bipolar depression (Diazgranados et al., 2010; 

Zarate et al., 2012). Thus, the discovery of the unique antidepressant effects of ketamine can 

be considered the biggest breakthrough for the treatment of depression in over 60 years.

Ketamine also produces rapid and sustained antidepressant behavioral effects in rodent 

models and a number of preclinical studies have attempted to elucidate the underlying 

cellular mechanisms (Abdallah et al., 2015; Duman, 2018; Duman et al., 2016; Duman et al., 

2019; Zanos et al., 2018). The mPFC, hippocampus and the projection from the ventral 

hippocampus to the mPFC are crucial for the antidepressant actions of ketamine (Autry et 

al., 2011; Carreno et al., 2016; Li et al., 2010). Our group has found that a single low dose of 

ketamine rapidly increases the number and function of spine synapses in mPFC layer V 

pyramidal neurons (Li et al., 2010) and reverses chronic stress-induced synaptic deficits of 

these neurons (Li et al., 2011), accompanied by increased levels of synaptic proteins, 

including postsynaptic density protein 95 (PSD95), synapsin-1 and glutamate α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) GluA1 subunit (Li et al., 

2010; Li et al., 2011). Notably, activation of Drd1, but not Drd2, dopamine receptor-
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expressing mPFC pyramidal neurons projecting to the basolateral nucleus of the amygdala 

plays a crucial role in the antidepressant actions of ketamine (Hare et al., 2019).

A recent study using in vivo two-photon laser-scanning microscopy has revealed that 

chronic corticosterone (the primary rodent stress hormone) exposure-induced depression-

like behavior is associated with targeted, branch-specific elimination of dendritic spines on 

mPFC pyramidal neurons, and ketamine reverses these effects by selectively rescuing 

eliminated spines and restoring coordinated activity in multicellular ensembles that predict 

escape behavior in male mice (Moda-Sava et al., 2019). This study also demonstrates that 

the effects of ketamine on behavior and ensemble activity in the mPFC precede the effects 

on spine formation and that optogenetic deletion of ketamine-induced newly formed spines 

blocks its sustained effects on despair-like behaviors in the tail suspension test, but not on 

anhedonia in the sucrose preference test (Moda-Sava et al., 2019). These findings indicate 

that mPFC synaptogenesis is required for some aspects of sustained, but not rapid, 

antidepressant activity of ketamine (Moda-Sava et al., 2019). However, we have observed 

increased levels of synaptic proteins, including PSD95, synapsin-1 and GluA1, as early as 

two hours after ketamine administration, consistent with the onset of the antidepressant 

actions of ketamine (Li et al., 2010). Together, these findings indicate that activation of 

mPFC pyramidal neurons and activity-dependent synaptogenesis in mPFC pyramidal 

neurons plays a crucial role in the antidepressant actions of ketamine.

Adult hippocampal neurogenesis may also be involved in the antidepressant actions of 

ketamine, although the results are mixed and somewhat contradictory. Ketamine is reported 

to rapidly accelerate differentiation of doublecortin (a marker of immature neurons)-positive 

progenitor cells to newborn neurons and maturation of new neurons in the dentate gyrus, but 

has no effect on neural progenitor proliferation or transition to doublecortin-positive cells 

(Ma et al., 2017; Soumier et al., 2016). Ketamine acceleration of late neurogenesis is 

responsible for the sustained, but not rapid, antidepressant effects of this drug (Ma et al., 

2017; Soumier et al., 2016). Consistent with these findings, Yamada and Jinno (2019) have 

recently reported that ketamine increases the density of neuronal progenitors and newborn 

granule cells and promotes the maturation of newborn granule cells in the ventral, but not 

dorsal, hippocampus, although the density of neural stem cells is not affected by ketamine in 

both regions. In contrast, Choi et al. (2016) reported that ketamine fails to enhance cell 

differentiation or maturation into neurons, although ketamine accelerates cell proliferation in 

the DG. Moreover, Michaelsson et al. (2019) reported that ketamine increases the DG 

proliferation and exerts no effect on synaptic efficacy or induction of long-term potentiation 

in both dorsal and ventral hippocampus. Together these studies indicate that neurogenesis 

could be involved in the sustained but not rapid actdions of ketamine, although additional 

studies needed to further examine this question.

3.2. Role of BDNF in the neurotrophic and antidepressant actions of ketamine and other 
rapid-acting agents

Preclinical studies demonstrate ketamine produces a paradoxial rapid enhancement of 

glutamate release (glutamate burst) in the mPFC that could stimulate synaptic plasticity 

(Duman et al., 2016). An in vivo microdialysis study showed that low doses of ketamine 
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rapidly increase extracellular glutamate in the mPFC of rats, whereas higher anesthetic doses 

have no effects (Moghaddam et al., 1997). This burst of glutamate is thought to occur via 

blockade of NMDARs on γ-aminobutyric acidergic (GABAergic) interneurons that inhibit 

glutamatergic neurotransmission; because GABAergic interneurons are tonic firing, which 

leads to removal of Mg2+ block of NMDAR channels, they are more sensitive to low dose 

ketamine (Fig. 1). A recent clinical study supported this disinhibition hypothesis and 

provided direct evidence in human that ketamine increases glutamate release in the PFC by 

employing carbon-13 (13C) magnetic resonance spectroscopy approach in which ketamine 

increases the prefrontal rate of conversion of 13C-glutamate to 13C-glutamine, a 

stoichiometric measure of glutamate release (Abdallah et al., 2018).

The ketamine-induced glutamate burst then stimulates postsynaptic AMPARs, which causes 

depolarization and activation of L-type voltage-dependent Ca2+ channels, leading to BDNF 

release (Duman et al., 2016; Lepack et al., 2014; Lepack et al., 2016; Li et al., 2010; Liu et 

al., 2012) (Fig. 1). The antidepressant effects of ketamine are blocked in conditional BDNF 

knockout and BDNF Val66Met mice (Autry et al., 2011; Liu et al., 2012). In addition, intra-

mPFC infusion of an anti-BDNF neutralizing antibody (nAb) that would bind and sequester 

BDNF in the extracellular space blocks the antidepressant effects of ketamine (Lepack et al., 

2014) and systemic administration of a TrkB inhibitor blocks the antidepressant effects of 

both the (R)- and (S)-ketamine enantiomers (Yang et al., 2015). Conversely, a single infusion 

of BDNF into the mPFC produces ketamine-like rapid and sustained antidepressant effects 

(Deyama et al., 2019a; Kato et al., 2018). Moreover, ketamine-induced synaptogenesis in the 

apical tuft of mPFC layer V pyramidal neurons is blocked in BDNF Val66Met mice (Liu et 

al., 2012). Ketamine also rapidly increases hippocampal BDNF expression (Autry et al., 

2011; Ma et al., 2017) and BDNF-TrkB-dependent neuronal differentiation in the DG is 

reported to be important for the sustained antidepressant actions of ketamine (Ma et al., 

2017). Additionally, the antidepressant actions of ketamine are attenuated in MDD patients 

with BDNF Val66Met allele (Laje et al., 2012), although this effect appears to be race-

specific (Su et al., 2017). Together, these findings indicate that activity-dependent BDNF 

release and/or increased expression of BDNF are required for the neurotrophic and 

antidepressant actions of ketamine.

BDNF activates several intracellular signaling pathways, including mTORC1 signaling 

pathway. Intracerebroventricular infusion of an mTORC1 inhibitor, rapamycin blocks 

ketamine-induced increases in the levels of synaptic proteins (PSD95, synapsin-1 and 

GluA1) in PFC synaptoneurosomes and spine density in the apical tuft of mPFC layer V 

pyramidal neurons (Li et al., 2010). Infusion of rapamycin into the mPFC also blocks the 

antidepressant behavioral actions of ketamine (Li et al., 2010). Further evidence for the role 

of mTORC1 activation is provided by our recent study showing that NV-5138, a blood-brain 

barrier-permeable synthetic leucine analogue that binds sestrin to directly activate the 

mTORC1 signaling pathway, produces ketamine-like rapid synaptic and antidepressant 

behavioral responses (Kato et al., 2019). These findings indicate the key role of BDNF-

TrkB-mTORC1 signaling pathway in the actions of ketamine (Fig. 1). Notable sex 

differences have been reported with females rodents more sensitive to low doses of 

ketamine, and ketamine-induced synaptic changes in the mPFC more robust in male 
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compared to female rodents (Carrier and Kabbaj, 2013; Sarkar and Kabbaj, 2016; Thelen et 

al., 2019); however, there are no clinical reports of sex differences in sensitivity to ketamine.

Activity-dependent BDNF release and downstream mTORC1 signaling are also required for 

the synaptic and antidepressant actions of other rapid-acting agents, including scopolamine 

(a nonselective muscarinic acetylcholine receptor antagonist) (Ghosal et al., 2018; Voleti et 

al., 2013; Wohleb et al., 2016), rapastinel (formerly GLYX-13, an NMDAR positive 

allosteric modulator) (Kato et al., 2018; Liu et al., 2017), (2R,6R)-hydroxynorketamine 

(HNK; a ketamine metabolite) (Fukumoto et al., 2019) and NV-5138 (an mTORC1 

activator; see above) (Kato et al., 2019). These studies include evidence that intra-mPFC 

infusion of a BDNF nAb blocks the behavioral actions of ketamine, scopolamine, rapastinel, 

(2R, 6R)-HNK and NV-5138, as well as evidence that the effects of these agents are blocked 

in BDNF Met mice. However, unlike ketamine, rapastinel directly enhances postsynaptic 

NMDA activity and Ca2+ influx in mPFC pyramidal neurons, but does not increase 

extracellular glutamate levels in the mPFC (Banerjee et al., 2016; Donello et al., 2019; also 

see a recent review by Kato and Duman (2020)). Further studies are required to determine if 

NV-5138 increases BDNF release and the related mechanism, although it is notable that 

AMPAR activity is required, in part for the antidepressant behavioral actions of this agent 

(Kato et al., 2019). Together these studies indicate that the rapid, as well as sustained actions 

of ketamine result from activity dependent release of BDNF in the mPFC and possibly the 

hippocampus. This differentiates rapid acting agents from typical monoaminergic 

antidepressants that slowly increase the expression of BDNF, but do not cause activity 

dependent release (Lepack et al., 2016). This appears for be a critical difference as activity 

dependent release of BDNF is required for synaptic plasiticity (Harward et al., 2016; 

Hedrick et al., 2016). In addition, ketamine is reported to increase BDNF translation in the 

hippocampus via deactivation of eukaryotic elongation factor 2 signaling (Autry et al., 

2011).

3.3. Role of VEGF in the neurotrophic and antidepressant actions of ketamine

In addition to BDNF, recent studies have demonstrated a key role for VEGF signaling in the 

antidepressant actions of ketamine. Ketamine is reported to induce VEGF expression in the 

hippocampus (Choi et al., 2016). In addition, viral-mediated non-celltype-specific 

knockdown of VEGF in the DG produces depression-like behaviors and reduces 

neurogenesis (as discussed above), effects that are partially blocked by ketamine (Choi et al., 

2016). These findings suggest that ketamine induction of hippocampal VEGF is only 

partially involved in its neurogenic and antidepressant behavioral actions.

More recently, we have demonstrated that the antidepressant behavioral actions of ketamine 

are completely blocked by forebrain excitatory neuron-specific deletion of VEGF or Flk-1 

(VegfNEURON−/− and Flk-1NEURON−/− mice), intra-mPFC infusion of a VEGF nAb, or viral-

mediated knockdown of Flk-1 in mPFC pyramidal neurons (Deyama et al., 2019b). In 

addition, a single intra-mPFC infusion of recombinant VEGF is sufficient to produce 

ketamine-like antidepressant effects which are completely blocked by neuron-specific Flk-1 

deletion (Deyama et al., 2019b). Moreover, inhibition of neuronal VEGF signaling blocks 

the neurotrophic and synaptogenic actions of ketamine (Deyama et al., 2019b). These 
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findings indicate that mPFC pyramidal neurons are both the source and the target of VEGF 

that is released in response to ketamine and that neuronal VEGF-Flk-1 signaling plays a 

crucial role in the antidepressant and synaptic actions of ketamine (Fig. 1). Taken together, 

the results indicate that ketamine increases VEGF, as well as BDNF, release and signaling in 

the mPFC and hippocampus, leading to rapid and sustained antidepressant effects. It would 

be important in future studies to determine the role of VEGF in the actions of other rapid-

acting agents, notably scopolamine, rapastinel, (2R,6R)-HNK and NV-5138.

3.4. Role of BDNF-VEGF interplay in the actions of rapid-acting agents

Both BDNF and VEGF play an essential role in the rapid and sustained antidepressant 

actions of ketamine as discussed above, and VEGF also activates the mTORC1 signaling 

pathway (Kim et al., 2008). These findings raise a question of whether BDNF and VEGF act 

in parallel or sequentially? Since BDNF is reported to stimulate VEGF expression and 

release via the mTORC1 signaling pathway and induction of hypoxia-inducible factor-1α in 

neuroblastoma cells (Nakamura et al., 2006), we have recently tested the hypothesis that the 

antidepressant and neurotrophic actions of BDNF are mediated by VEGF. Intra-mPFC 

infusion of recombinant BDNF produces ketamine-like rapid and sustained antidepressant 

actions, and these effects are completely blocked either by co-infusion of VEGF nAb or in 

VegfNEURON−/− mice, suggesting that VEGF release from pyramidal neurons is required for 

the antidepressant actions of BDNF (Deyama et al., 2019a). Indeed, BDNF stimulates 

VEGF release in cultured primary cortical neurons in a TrkB-dependent manner and the 

neurotrophic effects of BDNF require VEGF (Deyama et al., 2019a). We have also 

examined the reciprocal interdependence of BDNF in the antidepressant and neurotrophic 

effects of VEGF and found that the antidepressant effects of intra-mPFC infusion of VEGF 

are blocked by co-infusion of BDNF nAb, suggesting the essential role of BDNF release in 

the behavioral actions of VEGF (Deyama et al., 2019a). We have also confirmed that VEGF 

stimulates BDNF release in an Flk-1-dependent manner, and that BDNF is required for the 

neurotrophic actions of VEGF in cultured primary cortical neurons (Deyama et al., 2019a). 

These findings reveal an essential interdependence between BDNF and VEGF signaling in 

the mPFC and suggest that this interplay plays a key role in the neurotrophic and 

antidepressant effects of ketamine, and could also be involved in the effects of other rapid-

acting agents.

4. Conclusions

The discovery of the rapid antidepressant effects of ketamine opens the door to a new class 

of rapid-acting and efficacious agents for the treatment of depression, including severe 

depression considered treatment resistant. Indeed, the (S)-ketamine nasal spray, Spravato has 

recently been approved in the United States to treat treatment-resistant depression 

(Kaufman, 2019). Despite the unique antidepressant efficacy, racemic ketamine and (S)-

ketamine also have undesirable serious side effects and have the potential for abuse. Recent 

rodent studies have shown that (R)-ketamine and its metabolite (2R, 6R)-HNK, which have 

low affinity for the NMDAR, produce rapid antidepressant effects with fewer side effects in 

rodent models than racemic ketamine or (S)-ketamine (Chang et al., 2019; Masaki et al., 

2019; Yang et al., 2015; Yang et al., 2019; Zanos et al., 2016), suggesting that these agents 
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may be safer alternatives although their clinical efficacy and safety have not yet been proven 

in depressed patients. Clinical trials with other compounds targeting NMDARs with fewer 

side effects than ketamine, including lanicemine (AZD6765; a low trapping NMDAR 

antagonist), L-4-chlorokynurenine (AV-101; a prodrug of 7-chlorokynurenic acid, a selective 

NMDAR glycine site antagonist) and rislenemdaz (MK-0657/CERC-301; a selective 

GluN2B-NMDAR antagonist), have been negative (Wilkinson and Sanacora, 2019). It will 

be interesting in future studies to determine the effects of these agents on activity-dependent 

BDNF and VEGF release. In addition, although rapastinel showed a rapid antidepressant 

effect in a phase II clinical trial and rodent models with fewer side effects than ketamine, it 

failed to show a significant beneficial effect in MDD patients in phase III clinical trials 

(Allergan, 2019; Burgdorf et al., 2013; Kato and Duman, 2020; Preskorn et al., 2015). In 

September 2019, it was announced that single dose of NV-5138 produces rapid and 

sustained antidepressant effects with favorable safety and tolerability profile in a phase I 

clnical trial (Navitor, 2019). Together convergent effects of diverse rapid acting agents on 

BDNF/VEGF signaling indicates that the adverse side effect profile of racemic and (S)-

ketamine is at least partly related to NMDAR blockade and subsequent burst of glutamate 

(Fig. 1), while agents lacking these side effects act via a different initial target that does not 

produce the same robust glutamate burst, or that produce more subtle effects on glutamate 

signaling. Therefore, further unraveling of the cellular and neuronal mechanisms underlying 

the antidepressant actions of racemic ketamine, ketamine enantiomers and other rapid-acting 

agents is essential for the identification and characterization of novel targets for the 

development of safer rapid-acting agents, and could also further elucidate the 

pathophysiology of depression. As discussed in this review, compounds that can rapidly 

increase BDNF and VEGF release, as well as expression, and/or activate mTORC1 signaling 

could be promising candidates for novel rapid antidepressants. At the present time, these 

would include other NMDAR positive allosteric modulators and metabotropic glutamate 

receptor 2/3 antagonists, as well as activation of mTORC1 signaling. There could also be 

other targets that could regulate BDNF/VEGF release and expression, although further 

studies are needed to identify these targets, which could include sites on both excitatory and 

inhibitory neurons.
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Highlights

• Reduced levels of BDNF and VEGF are associated with the pathophysiology 

of depression.

• Rapid increases in BDNF and VEGF release in the mPFC are pivotal for the 

rapid antidepressant actions of ketamine.

• Agents that can rapidly increase BDNF/VEGF release and signaling could be 

promising candidates for novel rapid antidepressants.
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Fig. 1. 
Model for the cellular mechanisms underlying the rapid and sustained antidepressant actions 

of ketamine. Ketamine blockade of NMDARs on GABAergic interneurons results in 

disinhibition and a rapid glutamate burst that activates AMPARs. This leads to activation of 

L-type voltage-dependent Ca2+ channels (VDCCs) and Ca2+ influx that stimulates BDNF 

and VEGF release. BDNF and VEGF stimulate TrkB and Flk-1, respectively. Activation of 

TrkB and Flk-1 stimulates the mTORC1 signaling pathway which controls the translation 

and synthesis of synaptic proteins, including GluA1 and PSD95, that are required for 

increases in synaptogenesis and spine maturation. These cellular events are associated with 

the rapid and sustained antidepressant behavioral actions of ketamine. ADT, antidepressant; 

GABAAR, GABAA receptor.
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