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Major depressive disorder causes a staggering burden
worldwide (1). Because many first-line treatments are not
efficacious, the psychiatric community continues to push for
alternate pharmacological interventions, particularly for
those suffering from treatment-resistant depression (2). Ket-
amine has gained attention as an alternative to typical anti-
depressants, as the induction of its antidepressant effects
occurs within hours, as opposed to over the course of several
weeks (3). While our understanding of the precise mech-
anisms that mediate the effects of ketamine has remained
elusive, several preclinical studies suggest that ketamine
affects synaptic plasticity in the medial prefrontal cortex
(mPFC) and hippocampus via several cell signaling pathways
(4). Although research in clinical populations is essential for
moving forward with ketamine and other fast-acting anti-
depressants, animalmodels canhelpbridge the gapbetween
behavioral manifestations and the neural mechanisms that
underlie responses to these drugs. Such research has been
facilitated by developments over the last decade that have
allowed researchers to manipulate neural circuits and the
genes that regulate these circuits.

It is important to note that ketamine, while effective in
rapidly reducing depressive symptoms, is a drug that is
subject to abuse and has significant side effects, raising con-
cerns about its widespread clinical utility. Gaining insight
into the mechanisms underlying ketamine’s antidepressant
effects paves the way for developing new rapid-acting an-
tidepressants without the dissociative effects and abuse
potential of ketamine. In this regard, understanding the
contribution of the many signaling systems that have been
implicated in the mechanism of action of ketamine, including
the N-methyl-D-aspartate (NMDA) receptor (5), the AMPA
receptor (6), the glutamatergic system (4), and the opiate
system (7), is essential. Consistent with the conception of
major depressive disorder as a disorder of neuroplasticity (8),
the function of neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), has also been linked to ketamine
response (9) and independently to major depression (4). A
new article in this issue of the Journal by Deyama et al. (10)
provides convincing evidence using myriad research
methods in rodents to support the involvement of another
neurotrophic factor, vascular endothelial growth factor
(VEGF),whichsignals via its receptor, fetal liverkinase 1 (Flk-1),

to mediate the effects seen following ketamine administration
in a preclinical model of behavioral responses associated with
depressive symptoms.

Deyama et al. use a series of complementary molecular
and behavioral methods to demonstrate that VEGF–Flk-1 sig-
naling is involved in the mechanisms underlying the rapid
antidepressant effects of ketamine. The authors genetically
engineered mice to produce a neuron-specific deletion of
VEGF or Flk-1 in the pyramidal cells of the mPFC and hip-
pocampus. This conditional knockout of VEGF or Flk-1
blocked the acute effects of ketamine as assessed using be-
havioral paradigms thought to reflect constructs associated
with depression. By blocking the availability of VEGF in the
mPFC with a specific antibody, the authors also showed that
the behavioral and neural effects of ketamine are related to
the synaptic release of VEGF. In addition, VEGF infused into
the mPFC resulted in ketamine-like behavioral effects. The
authors confirmed involve-
ment of VEGF–Flk-1 sig-
naling using a different
method to knock down
the expression of Flk-1 in
mPFC neurons. Similar
to the conditional knock-
out, this short hairpin
RNA-mediated knockdown
blocked the behavioral ef-
fects of ketamine administration. Importantly, in the absence
of stressful challenges, these molecular manipulations did
not affect baseline behaviors. Together, these results indicate
that VEGF–Flk-1 signaling in the mPFC is both necessary and
sufficient for the acute behavioral actions of ketamine.

To understand how VEGF–Flk-1 signaling mediates
antidepressant-like effects, the authors explored processes re-
lated to neuroplasticity. Using neuronal cultures, the authors
found that applicationof ketamineorVEGF increaseddendritic
branching, an effect that was blocked by an Flk-1 inhibitor. In
control mice, an injection of ketamine significantly increased
synaptic density in mPFC pyramidal neurons, an effect that
did not occur in the VEGF knockout mice. Together, these
findings indicate that the antidepressant effects of ketamine,
thought to involve the induction of neuroplasticity, are in part
mediated by VEGF–Flk-1 signaling in the mPFC.

Understanding at a
subcellular level how these
ligands and their receptor
systems interact … will
contribute to the
identification of additional
novel treatment strategies.
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As ketamine treatment becomes more ubiquitous in the
clinic, with the first treatment approved by the Food and
Drug Administration for nasally administered esketamine re-
cently becoming available (11, 12), research such as the work
presented by Deyama et al. is essential for clarifying the
mechanisms by which ketamine affects the brain. These
results clearly support an essential role for VEGF signaling in
the mPFC in mediating the antidepressant effects of ket-
amine; however, whether these results will translate to hu-
mans remains to be seen. Several studies have assessed
levels of VEGF in clinical populations and, although increased
bloodVEGF levels have been reported in patients withmajor
depression, the opposite or no relationship has also been
reported (13, 14). This discrepancy is likely due to the use of
distal measurements (i.e., serum, plasma), which may not
reflect changes in VEGF signaling occurring in circumscribed
regions of the brain. Interestingly, a study with a small sam-
ple has reported that ECT, a prominent intervention for
treatment-resistant depression, produces increases in VEGF
in the serum of patients with treatment-resistant depression
(15). Further clinical studies with larger samples and more
sensitive measurements related to brain function will be
essential for confirming the importance of VEGF signaling in
ketamine administration in humans and for understanding
its relation to other proposed signaling systems.

Although the present study suggests that VEGF is im-
portant, this does not preclude the involvement of other neu-
ronal systems in mediating the effects of ketamine, such as
signaling via BDNF and other neurotrophic factors. BDNF
has been independently linked to the plasticity associated
with ketamine administration in the mPFC (16) and hippo-
campus (17), as well as to antidepressant responses in hu-
mans (9). Both BDNF and VEGF signaling converge on the
mechanistic target of rapamycin complex 1 (mTORC1)
pathway (4, 18), which has also been implicated in ketamine’s
mechanism of action (19, 20). Understanding at a subcellular
level how these ligands and their receptor systems interact,
particularly with other proposed mechanisms of action, such
as glutamine, NMDA receptor, and AMPA receptor signal-
ing, will contribute to the identification of additional novel
treatment strategies. Studies designed to parse these in-
teractions necessitate the use of animal models, and the
conditional knockout models characterized in the present
study will be valuable in understanding the complex interplay
between the many neurotrophic factors, neurotransmitters,
and other cellular processes involved.

It is also important to appreciate the complexities of the
neural circuitry that underlies adaptive and maladaptive
mood regulation. In addition to themPFC,which is a focus of
the present study, other prefrontal regions and subcortical
structures, such as the hippocampus and amygdala, are im-
plicated in major depressive disorder (21). Thus, an in-
teresting unanswered question is the extent to which VEGF
signaling influences the interplay between the mPFC and
various other regions involved in mood regulation (22).
Another group has confirmed that VEGF signaling in the

hippocampus is at least partly responsible for the antide-
pressant effects of ketamine (23). Moreover, the activation of
pathways between the ventral hippocampus and the mPFC
recapitulates the effects of a single dose of ketamine (24) in a
process that appears to be dependent on BDNF signaling. In
addition to understanding the molecules involved, defining
the specific circuitry in which they exert their effects will
be an important step for future targeted manipulations in
preclinical models that will guide molecularly based, circuit-
specific treatment development.

Progress in understanding major depressive disorder,
particularly in its treatment-resistant forms, is challenging.
This is partially due to the complexities in our current con-
struct of major depression, which is highly heterogeneous
and likely involves different pathophysiologies. Additionally,
because of methodological constraints, research in patient
populations is limited in its ability to precisely identify mo-
lecular and cellular mechanisms. Although studies in animal
models cannot fully capture the complex phenotypes associ-
ated with depression (25), they provide useful insights into the
molecular underpinnings of the neural circuit alterations im-
plicated in psychiatric disorders and their treatment. Deyama
et al. add to our knowledge of the mechanisms by which ket-
amine induces its antidepressant effects, pointing to the VEGF
system as a mediator of neural plasticity in the mPFC.
Ketamine is a novel and promising treatment for those suffering
from depression, and further understanding its mechanism
of action paves the way for a new generation of fast-acting
antidepressants with reduced potential for off-target effects.
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