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Abstract
Vascular endothelial growth factor (VEGF) signaling is known to be involved in the 
antidepressant-like effects of conventional antidepressants, such as desipramine 
(DMI), a tricyclic antidepressant, and fluoxetine (FLX), a selective serotonin reuptake 
inhibitor; however, the precise role of neuronal VEGF signaling in mediating these ef-
fects remains unclear. Using mice with excitatory neuron-specific deletion of VEGF 
and its receptor, fetal liver kinase 1 (Flk-1) in the forebrain, we examined the effects 
of forebrain excitatory neuron-specific deletion of VEGF or Flk-1 on the antidepres-
sant-like effects of repeated DMI and chronic FLX administration in the forced swim 
test (FST). Repeated intraperitoneal (i.p.) injections of DMI (10, 10, and 20 mg/kg at 
24, 4, and 1 h before the FST, respectively) significantly decreased immobility in con-
trol mice; however, this effect was completely blocked in mice with neuron-specific 
VEGF or Flk-1 deletion. Although chronic treatment with FLX (18 mg/kg/day, i.p.) did 
not impact immobility in control mice 1 day after the 22nd injection, immobility was 
significantly reduced 1 day after the preswim and the 23rd FLX injection. However, 
in mice with neuron-specific Flk-1 deletion, chronic FLX treatment significantly in-
creased immobility in the preswim and failed to produce antidepressant-like effects. 
Collectively, these findings indicate that neuronal VEGF–Flk-1 signaling contributes to 
the antidepressant-like actions of conventional antidepressants.
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1  |  INTRODUC TION

Vascular endothelial growth factor (VEGF, also known as VEGF-A) 
is a pleiotropic growth factor expressed by endothelial cells, neu-
rons, astrocytes, and perivascular macrophages in the brain.1,2 
VEGF levels were found to be reduced in the prefrontal cortex 
(PFC) and hippocampus of a rat model of depression,3 and treat-
ment with chronic fluoxetine (FLX), a selective serotonin reuptake 
inhibitor, enhanced VEGF expression in neurons and endothelial 
cells, but not in astrocytes, in the hippocampal dentate gyrus.1,4,5 
Moreover, pharmacological blockade of fetal liver kinase 1 (Flk-1, 
also known as VEGF receptor 2) reportedly suppressed the neu-
rogenic and behavioral effects of chronic treatment with FLX or 
desipramine (DMI), a tricyclic antidepressant.1,6 Although these 
findings suggest the essential role of VEGF–Flk-1 signaling in the 
antidepressant-like effects of conventional antidepressants, the 
precise function of neuronal VEGF–Flk-1 signaling in mediating 
these antidepressant-like effects remain unclear. Thus, in the 
present study, we addressed this question using mice with fore-
brain excitatory neuron-specific deletion of VEGF or Flk-1, re-
cently developed by our research group.7–9

2  |  METHODS

2.1  |  Animals

Adult male Flk-1flox/flox,10 Vegfaflox/flox,11 Camk2a-Cre;Flk-1flox/flox 
(hereafter, Flk-1NEURON−/−),8,9 and Camk2a-Cre;Vegfaflox/flox (hereafter, 
VegfNEURON−/−)7–9 mice, aged 2–6 months, were group-housed and 
maintained under standard conditions with a 12-h light/dark cycle 
(light on 07:00) and access to food and water ad libitum. All experi-
ments were in accordance with the National Institutes of Health 
guidelines and were approved by the Yale University Animal Care 
and Use Committee.

2.2  |  Drug treatments and forced swim test (FST)

DMI (Sigma) and FLX (Spectrum Chemical) were dissolved in sterile 
saline prior to administration. DMI (10, 10, and 20 mg/kg, respec-
tively) or saline was administered repeatedly by intraperitoneal (i.p.) 
injections 24, 4, and 1 h before the FST, as previously described.12 
FLX (18 mg/kg/day) or saline was i.p. administered for 23 days, as 
earlier described.13 The preswim and FST were conducted 24 h after 
the 22nd and 23rd FLX/saline injections, respectively, as previously 
described.7,8,13–15 The 23rd FLX/saline injection was performed 
30–60 min after the preswim. Briefly, mice were subjected to a 10-
min swim in a 4-L glass beaker (16 cm diameter, 24.5 cm height) con-
taining water (24 ± 1°C, 15 cm depth) and the experimental session 
was recorded. The duration of immobility was measured between 2 
and 6 min in a blinded manner.

2.3  |  Statistical analysis

Data are presented as the mean ± standard error of the mean (SEM). 
Data were analyzed by two-way analysis of variance (ANOVA), fol-
lowed by the Tukey's post hoc test using the GraphPad Prism 6 
software (GraphPad Software). Differences with P < 0.05 were con-
sidered statistically significant.

3  |  RESULTS

Repeated i.p. injections of DMI significantly reduced immobility 
in littermate controls (Flk-1flox/flox and Vegfaflox/flox, but Camk2a-Cre 
negative), and this effect was completely blocked in Flk-1NEURON−/− 
(Figure 1A) and VegfNEURON−/− mice (Figure 1B). In control Flk-1flox/flox 
mice, chronic FLX administration did not impact immobility in the 
preswim (Figure  2A) but significantly decreased immobility in the 
FST (Figure 2B). Conversely, Flk-1NEURON−/− mice chronically admin-
istered FLX exhibited a significant increase in immobility in the 
preswim when compared with chronic saline-injected Flk-1NEURON−/− 
mice and littermate controls chronically administered saline or FLX 
(Figure 2A). In the FST, the antidepressant-like effect of chronic FLX 
was completely blocked in Flk-1NEURON−/− mice (Figure 2B). The raw 
data are provided in Data S1.

4  |  DISCUSSION

Herein, our findings revealed that the antidepressant-like effects 
of repeated DMI and chronic FLX were blocked by excitatory 

F I G U R E  1  The antidepressant-like effect of repeated DMI was 
blocked in Flk-1NEURON−/− and VegfNEURON−/− mice. (A) Experimental 
timeline. The effects of forebrain excitatory neuron-specific 
knockout of Flk-1 (B; interaction, F1, 53 = 5.59, P = 0.0218, two-
way ANOVA, n = 14 or 15) and VEGF (C; interaction, F1, 30 = 5.62, 
P = 0.0244, two-way ANOVA, n = 7–10) on the antidepressant-
like effect of repeated DMI in the FST. Data are expressed as 
means ± SEM. *P < 0.05 (Tukey's post hoc test).
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neuron-specific deletion of VEGF or Flk-1 in the forebrain, and ex-
tended our recently reported findings, which demonstrated the key 
role of neuronal VEGF–Flk-1 signaling in the antidepressant-like ef-
fects of ketamine, an N-methyl-D-aspartate receptor antagonist.8 
Furthermore, the present results are consistent with previous find-
ings that pharmacological blockade of VEGF–Flk-1 signaling could 
attenuate the antidepressant-like effects of conventional antide-
pressants,1,6 as well as resolvin E1, an eicosapentaenoic acid me-
tabolite,16 and exercise.17 Given that VEGF is not only expressed 
by neurons but also endothelial cells, astrocytes, and perivascular 
macrophages in the brain,1,2 we cannot rule out the possibility that 
VEGF–Flk-1 signaling in non-neuronal cells could mediate the be-
havioral effects of these antidepressants. However, to our knowl-
edge, the present results provide the first evidence that neuronal 
VEGF–Flk-1 signaling plays an essential role in the antidepressant-
like effects of repeated DMI and chronic FLX.

Chronic treatment with FLX induced a prodepressant-like ef-
fect in Flk-1NEURON−/− mice, consistent with our previous finding 
that a single dose of ketamine elicited prodepressant-like effects in 
Flk-1NEURON−/− mice in the preswim.8 Although mechanisms under-
lying these prodepressant-like effects in Flk-1NEURON−/− mice remain 
unclear, these abnormal behavioral responses to FLX and ketamine 
may be related to neuronal Flk-1 knockout across the forebrain, 
given that ketamine did not induce prodepressant-like effects in 
mice with medial PFC-specific Flk-1 knockdown.8 Further studies 
are required to identify brain regions responsible for mediating the 
abnormal behavioral responses to FLX and ketamine in Flk-1NEURON−/− 
mice. Moreover, it will be interesting in future studies to determine 
whether other antidepressants can also induce prodepressant-like 
effects in Flk-1NEURON−/− mice, although three injections of DMI did 
not induce these effects (Figure 1B).

In conclusion, our findings highlight the relevance of neuronal 
VEGF–Flk-1 signaling in mediating the antidepressant-like effects of 
conventional antidepressants, as well as those of the rapid-acting 
antidepressant ketamine.4,5,8,18 Nevertheless, in-depth investiga-
tions are needed to ascertain whether neuronal VEGF–Flk-1 signal-
ing mediates the behavioral effects of conventional antidepressants 
and ketamine in chronic stress models of depression, such as chronic 
unpredictable stress and chronic social defeat, and in females be-
cause females are twice as likely to develop depression than males.19
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