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VGF and its C-terminal peptide TLQP-62 in ventromedial
prefrontal cortex regulate depression-related behaviors and the
response to ketamine
Cheng Jiang 1, Wei-Jye Lin1,2,3, Benoit Labonté1,4, Carol A. Tamminga5, Gustavo Turecki 6, Eric J. Nestler 1,7, Scott J. Russo 1,7 and
Stephen R. Salton1,7,8

Patients with major depressive disorder (MDD) often have structural and functional deficits in the ventromedial prefrontal cortex
(vmPFC), but the underlying molecular pathways are incompletely understood. The neuropeptide precursor VGF (non-acronymic)
plays a critical role in depression and antidepressant efficacy in hippocampus and nucleus accumbens, however its function in
vmPFC has not been investigated. Here, we show that VGF levels were reduced in Brodmann area 25 (a portion of human vmPFC)
of MDD patients and in mouse vmPFC following chronic restraint stress (CRS), and were increased by ketamine in mouse vmPFC.
VGF overexpression in vmPFC prevented behavioral deficits induced by CRS, and VGF knockdown in vmPFC increased susceptibility
to subchronic variable stress (SCVS) and reduced ketamine’s antidepressant efficacy. Acute intra-vmPFC TLQP-62 infusion induced
behavioral phenotypes that mimic those produced by antidepressant drug treatment. These antidepressant-like effects were
sustained for 7 days and were abolished by local Bdnf gene ablation, or pretreatment with xestospongin C, an inhibitor of IP3-
mediated Ca2+ release, or SKF96365, an inhibitor of store-operated and TRPC channel-mediated Ca2+ entry. In conclusion, VGF in
the vmPFC regulates susceptibility to stress and the antidepressant response to ketamine. TLQP-62 infusion produces sustained
antidepressant responses that require BDNF expression and calcium mobilization in vmPFC.
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INTRODUCTION
Major depressive disorder (MDD) is a highly prevalent mental
illness [1] with limited effective treatment options available. The
ventromedial prefrontal cortex (vmPFC) is an important compo-
nent of brain circuits that regulate affective behaviors [2]. Reduced
volume in subgenual anterior cingulate cortex (sgACC; a portion of
human vmPFC), which includes Brodmann area (BA) 25 posteriorly
and parts of BA24 and BA32 anteriorly [3] has been observed in
depressed patients [4], and spine loss and decreased dendritic
arborization in the vmPFC (including prelimbic and infralimbic
cortexes) have been reported in rodents following chronic stress
exposure [5]. Recent preclinical studies also revealed that vmPFC
stimulation [6] and lesion [7] induce antidepressant and prode-
pressant effects in rodents, respectively.
VGF (non-acronymic) is a neuropeptide precursor that is

robustly regulated by neurotrophic growth factors [8], including
brain-derived neurotrophic factor (BDNF). Stress exposure in
rodents and MDD in humans decrease and increase VGF
expression in hippocampus and nucleus accumbens, respectively
[9, 10]. VGF has antidepressant efficacy in hippocampus while it is
pro-depressant in nucleus accumbens [10]. Exercise or treatment

with antidepressants, including ketamine and imipramine,
increases VGF expression in hippocampus [9–11]. VGF-derived
carboxy-terminal peptides TLQP-62 and AQEE-30 (named by 4 N-
terminal amino acids and length), administered via intra-
hippocampal or intracerebroventricular infusion, produce anti-
depressant effects [9–11], while TLQP-62 additionally enhances
memory formation [12, 13], potentially by influencing synaptic
plasticity and neurogenesis [14, 15]. Previous studies implicate the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor subunit GluR1 in the pathophysiology of depression
[16, 17]. Interestingly, our recent study found that intrahippo-
campal TLQP-62 infusion promotes GluR1 phosphorylation
(Ser845) and increases synaptic GluR1 abundance in a
rapamycin-sensitive manner, suggesting a potential molecular
mechanism underlying the antidepressant actions of TLQP-62 [10].
Reduced VGF expression has been reported in sgACC of human

subjects with MDD [18]. In the present study, we sought to
determine whether VGF expression is regulated in a specific sub-
region of human sgACC (BA25) and whether rodent vmPFC VGF/
TLQP-62 regulates depression-related behaviors and response to
ketamine treatment by influencing vmPFC GluR1 levels.
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MATERIALS AND METHODS
Animals
Generation of Vgfflpflox/flpflox (abbreviated here Vgfff/ff) mice and
breeding scheme has been previously described [12]. C57BL/6 J,
Vgfff/ff, BDNF floxed [19] (designated Bdnfflox/flox, BL6/sv129 back-
ground; generously provided by Dr. Eric Nestler) at 2–4 months of
age were housed on a 12 h light-dark cycle with ad libitum access
to food and water. All mice were single housed at least 3 days
prior to the start of behavioral experiments. All mouse studies
were conducted in accordance with the U.S. National Institutes of
Health Guidelines for the Care and Use of Experimental Animals,
using protocols approved by the Institutional Animal Care and Use
Committee of the Icahn School of Medicine at Mount Sinai.

Stereotaxic viral and peptide infusion
Vgfff/ff, Bdnfflox/flox, or wild-type mice at 2–4 months of age were
anesthetized with a mixture of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Thirty-three gauge syringe needles (Hamilton, Reno,
Nevada) were used to bilaterally infuse 0.5 μl of Adeno-Associated
Virus (AAV) or peptide into mouse vmPFC (AP=+ 1.85, ML= ±0.8,
and DV=−2.3 from Bregma (mm) at 10°) at a rate of 0.1 μl per
min. The needle remained in place for 5 min before removal to
prevent backflow. AAV-CreGFP and AAV-GFP (AAV2 genotype,
AAV2 serotype), and AAV5-GFP and AAV5-VGF (mouse VGF cDNA
in pTR-UF12, AAV5 serotype), were prepared by the Vector Core at
the University of North Carolina at Chapel Hill. Peptides TLQP-62
and its scrambled control SC-62 were synthesized by GenScript
(Piscataway, New Jersey). Mice were allowed to recover for 21 days
before behavioral testing.

Chronic restraint stress
Chronic restraint stress (CRS) was performed as previously
described [20]. Briefly, mice were group housed and individually
placed into well-ventilated 50ml conical tubes for 2 h each day for
14 consecutive days. Body weight was measured in the morning
of the first restraint session and again in the morning after the last
restraint session.

Subchronic variable stress
Subchronic variable stress (SCVS) was performed as described
previously [21]. Briefly, it consisted of three different stressors (foot
shock, tail suspension and restraint stress) that were alternated
over 6 days to avoid habituation. On day 1, foot shock consisted of
100 random mild electric shocks at 0.45mA over 1 h. On day 2, tail
suspension stress lasted 1 h. On day 3, restraint stress was applied
by placing mice into 50ml conical tubes for 1 h within their home
cages. The same stressors were repeated for the next 3 days in the
same order. Body weight was measured in the morning of the first
stress session and again in the morning after the last stress session.

Forced swim test
Forced swim test (FST) was performed under bright light. Mice
were placed in 4 L beakers containing ~3 L of tap water at a
temperature of 25 ± 1 °C for 6 min. Behavior was recorded and
immobility time, defined as the absence of any movement except
that necessary for the mice to keep their heads above water, was
manually counted over the last 4 min.

Open field test
The open field test (OFT) was performed under red light. Mice
were placed in an open field arena (44 × 44 cm), and video
tracking software (Ethovision 3.0, Noldus Information Technology,
Leesburg, Virginia) was used to measure total movement of mice
over 10 min.

Sucrose splash test
The sucrose splash test (SST) was performed as described
previously [22]. Briefly, mice were sprayed with 10% sucrose

solution onto their dorsal coat in the home cages under red light.
After sucrose solution was applied, the behavior was recorded for
5 min. The time spent grooming was manually counted for the
entire 5 min.

Female urine sniffing test
The female urine sniffing test (FUST) was performed as described
previously [23] with minor modifications. Mice were first
habituated to a cotton tip applied with sterile water for 1 h in
the home cages under red light. Then the cotton tip was removed,
and mice were left undisturbed for 45 min. Subsequently, a cotton
tip applied with 75 μl of female urine was inserted into the cage
and the behavior was recorded for 5 min. The time spent sniffing
the cotton tip was manually counted for the entire 5 min.

qPCR and western blot analyses
cDNA from human postmortem tissue and mouse vmPFC was
subjected to qPCR analysis using TaqMan universal PCR master
mix (Thermo Fisher Scientific, Waltham, Massachusetts) and
PerfeCta SYBR Green FastMix (Quanta Biosciences, Beverly,
Massachusetts), respectively. Total homogenate and synapto-
somes were analyzed by SDS-PAGE and western blotting [10].
Detailed descriptions are included in Supplemental Methods.

Drugs and treatments
Ketamine (20 mg/kg, i.p., Vedco, Saint Joseph, Missouri) was
diluted in 0.9% saline. Xestospongin C (2.2 ng/side, intra-vmPFC,
#ab120914, Abcam, Cambridge, Massachusetts) was dissolved in
DMSO before diluting in 0.9% saline (0.5% final DMSO concentra-
tion). SKF96365 (0.2 μg/side, intra-vmPFC, #ab120280, Abcam,
Cambridge, Massachusetts) was dissolved in 0.9% saline.

Human postmortem tissues
Demographic characteristics associated with the human tissue
samples, provided by the Dallas Brain Collection and Quebec
Suicide Brain Bank, are listed in Supplemental Methods and
Supplemental Table 1.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 7.
Details of statistical analyses including test used, exact sample
sizes and P values for each figure are included in the Figure
Legends, Supplemental Methods and/or in Supplemental Table 2.

RESULTS
VGF expression is downregulated in BA25 in depressed patients
and in the vmPFC in mice following chronic restraint stress (CRS)
We determined VGF mRNA levels in human postmortem BA25
from MDD patients and healthy controls. VGF mRNA levels were
significantly decreased in BA25 of both male and female (Fig. 1a)
MDD patients compared to control subjects. To validate these
human findings in mice, we exposed two cohorts of male wild-
type mice to 14 days of CRS and then behaviorally assessed one
cohort and collected vmPFC for gene expression analysis from
another identically treated, independent cohort (Fig. 1b). Body
weight measurements were conducted on both cohorts. We chose
body weight measurement, sucrose splash test (SST) and forced
swim test (FST) to determine depression-related phenotypes, as
these assess body weight loss, lack of motivation, and coping
strategy to acute stress, which recapitulate some of the core
symptoms of human MDD patients [24, 25] and represent the
process that is potentially affected by MDD [26]. Stressed mice
showed significantly reduced body weight, decreased grooming
time in the SST, and increased immobility time in the FST without
significant difference in overall locomotor activity (Fig. 1c–f). To
investigate whether VGF is regulated in the vmPFC by CRS, vmPFC
was dissected 48 h after the last restraint session for western blot
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analysis (Fig. 1g). Levels of the VGF proprotein (detected as a ~90
kD doublet by antibody specific for VGF C-terminus) [27] were
significantly reduced in the vmPFC of stressed mice compared to
unstressed control mice (Fig. 1h). Similarly, in female wild-type
mice that were exposed to subchronic variable stress (SCVS)
(Supplemental Fig. 1A), VGF mRNA levels were reduced in the
vmPFC (Supplemental Fig. 1B).

VGF overexpression in the vmPFC prevents the development of
depression-related behaviors following CRS
Having shown that CRS exposure reduces VGF expression in the
vmPFC and induces depression-related phenotypes, we investi-
gated whether virus-mediated VGF overexpression in the vmPFC
is sufficient to rescue CRS-induced depression-related phenotypes
by injecting AAV5-VGF or AAV5-GFP into the vmPFC of wild-type
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mice. After 21 days of recovery, mice were subjected to CRS and
subsequently assessed for behaviors (Fig. 2a). VGF overexpression
was confirmed by western blot (Fig. 2b). Consistent with our
above-mentioned findings, CRS reduced body weight, decreased
grooming time in the SST and increased immobility time in the
FST in AAV-GFP-injected controls but not in AAV-VGF-injected
mice, without affecting overall locomotor activity (Fig. 2c–f).
Western blot analysis revealed that VGF overexpression in the
vmPFC alleviated the CRS-induced GluR1 reduction in synapto-
somes 24 h after the last behavioral testing (Fig. 2g).

VGF deficiency in the vmPFC increases susceptibility to subchronic
variable stress (SCVS)
To determine the roles of vmPFC VGF in regulating depression-
related behaviors, we stereotaxically administered adeno-
associated virus (AAV), either AAV2-Cre or AAV2-GFP, into the
vmPFC of homozygous floxed VGF (Vgfff/ff) mice [12] and
behaviorally assessed them following SCVS exposure (Fig. 3a).
SCVS is sufficient to induce depression-related phenotypes in
female but not male mice [21], which makes it a useful tool to
examine increased stress susceptibility in male mice. Localized Vgf
ablation in the vmPFC was confirmed using western blot analysis
(Fig. 3b). Consistent with a previous report in male wild-type mice,
SCVS failed to induce depression-related phenotypes in AAV-GFP-
injected male Vgfff/ff mice and did not affect overall locomotor
activity (Fig. 3c–g). However, stressed AAV-Cre-injected Vgfff/ff

mice showed significantly reduced body weight, decreased
grooming time in the SST, and decreased sniffing time in the
female urine sniffing test (FUST) compared to unstressed AAV-Cre-
injected mice, and increased immobility time in the FST compared
to stressed AAV-GFP-injected mice (Fig. 3c–g). To investigate the
potential molecular mechanism underlying VGF knockdown-
mediated susceptibility, we analyzed levels of the AMPA receptor
subunit, GluR1, in synaptosomes of vmPFC 24 h after the last
behavioral testing. We observed a significant reduction of GluR1 in
SCVS-exposed AAV-Cre-injected mice compared to stressed AAV-
GFP-injected mice, which is absent in control mice (Fig. 3h).

VGF knockdown in the vmPFC blocks the antidepressant effects of
ketamine
Previous studies reported that VGF expression is upregulated in
hippocampus by exercise, and by imipramine or ketamine
treatment [9–11]. Here, we examined VGF expression in the
vmPFC at various time points after acute ketamine injection (20
mg/kg, i.p.) (Fig. 4a). This dose has been previously reported to
induce antidepressant effects in rodent models [10, 28]. VGF
protein levels were significantly upregulated by ketamine in the
total homogenate of the vmPFC at 30 min, 24 h, 3 days and 7 days
post treatment compared to their respective controls (Fig. 4b). To
test whether VGF expression in the vmPFC is required for the rapid
antidepressant effects of ketamine, we subjected AAV-Cre/AAV-
GFP-injected Vgfff/ff mice to the FST or OFT 30min after ketamine
treatment. We found that VGF knockdown in the vmPFC abolished

ketamine-induced reduction in immobility time at this time point
(Fig. 4c) without affecting locomotor activity (Fig. 4d). In addition,
we determined the requirement of vmPFC VGF in sustained action
of ketamine by subjecting AAV-Cre/AAV-GFP-injected Vgfff/ff mice
to behavioral assessments starting at the 3rd day after ketamine
treatment (Fig. 4e). Ketamine did not affect locomotor activity on
the 3rd day after treatment (Fig. 4f), and its antidepressant effects
were evident in the SST and FST on the 5th and 7th days after
treatment, respectively (Fig. 4g, h). Western blot analysis showed
that ketamine treatment increases GluR1 level in vmPFC synapto-
somes in AAV-GFP-injected mice on the 8th day after injection,
which was absent in AAV-Cre-injected mice (Fig. 4i).

Acute intra-vmPFC infusion of VGF C-terminal peptide TLQP-62
produces sustained antidepressant-like effects that require vmPFC
BDNF expression and calcium mobilization
Previous studies demonstrated that acute intra-hippocampal
infusion of TLQP-62 induces both rapid and sustained
antidepressant-like effects [9, 10], with rapid efficacy requiring
hippocampal BDNF expression [10]. We therefore investigated
whether intra-vmPFC TLQP-62 (0.5 µg/side) infusion induced
sustained behavioral phenotypes that mimic antidepressant drug
treatment-induced behaviors, and whether this was dependent on
vmPFC BDNF expression. Our results demonstrate that intra-
vmPFC TLQP-62 infusion produced sustained antidepressant-like
effects that last up to 7 days after treatment, which were blocked
by AAV-Cre-mediated BDNF ablation in the vmPFC of homozygous
Bdnfflox/flox mice (Fig. 5a–d), suggesting that vmPFC BDNF is
required for the sustained actions of TLQP-62. Notably, the
antidepressant actions of ketamine, scopolamine and GLYX-13, all
of which exhibit comparable rapid and sustained effects as seen
with TLQP-62, have been demonstrated to be dependent on BDNF
[29–31].
TLQP-62 has been reported to induce insulin secretion in

insulinoma cells by increasing intracellular calcium mobilization
[32], which is one of the cellular mechanisms underlying BDNF
secretion in neurons [33]. To test whether the sustained
antidepressant-like efficacy of intra-vmPFC TLQP-62 infusion
depends on intracellular calcium mobilization, we locally pre-
treated the mice in the vmPFC with xestospongin C (2.2 ng/side),
an inhibitor of inositol 1,4,5-trisphosphate (IP3)-dependent calcium
release [34], 25 min before peptide infusion (Fig. 5f). Subsequent
behavioral tests indicated that xestospongin C pretreatment did
not affect the behaviors of SC-62-infused mice in the OFT, SST and
FST, but did block the behavioral responses in TLQP-62-infused
mice (Fig. 5g–i). Store-operated calcium entry (SOCE) via Orai and/
or TRPC channels is a Ca2+ entry mechanism that is activated
following IP3-mediated Ca2+ release from the endoplasmic
reticulum (ER) and consequent reduction of luminal ER Ca2+

[35]. To test whether SOCE is involved in the sustained actions of
intra-vmPFC TLQP-62 infusion, we locally pretreated mice in the
vmPFC with SKF96365 (0.2 µg/side), a SOCE inhibitor [36], 25 min
before peptide infusion (Fig. 5k). We found that SKF96365

Fig. 1 VGF expression is regulated by depression in the vmPFC. a Human VGF mRNA levels were reduced in postmortem Brodmann area (BA)
25 of male and female MDD subjects compared to controls (n= 15–16 per group for male, n= 11–13 per group for female). b Timeline of 14-
day chronic restraint stress (CRS) experiment and behavioral tests on male mice. c Body weight was reduced in male mice subjected to CRS
(n= 13–15 per group). Body weight data from all control and stressed mice are presented, including those sacrificed for VGF expression
analysis without behavioral testing. d No significant difference in locomotor activity was observed between control and CRS-exposed male
mice (n= 9 per group). e Grooming time in the SST was reduced in male mice subjected to CRS (n= 8–9 per group). f Immobility time in the
FST was increased in male mice subjected to CRS (n= 8–9 per group). g Coronal schematics of mouse brain highlighting vmPFC collected
(gray circle). Brain atlas adapted from Allen Brain Institute [67]. h VGF protein levels were reduced in vmPFC of male mice subjected to CRS
compared to controls (n= 8–9 per group). All data are presented as mean ± s.e.m. Two-way analysis of variance following by Bonferroni’s
multiple comparisons test (male) or Student’s t-test (female) for (a); Student’s t-test for (c, d–f, h); (t* P < 0.05 using Student’s t-test, *P < 0.05,
***P < 0.001, ****P < 0.0001). CTL control, CRS chronic restraint stress, BW body weight, OFT open field test, SST sucrose splash test, TC tissue
collection, FST forced swim test
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pretreatment completely blocked the behavioral responses to
TLQP-62 infusion (Fig. 5l–n). In addition, on the 8th day after TLQP-
62 infusion, we collected the vmPFC and analyzed GluR1 levels in
synaptosomes. We found that TLQP-62 infusion significantly
increased GluR1 abundance in vmPFC synaptosomes, which was
blocked by BDNF knockdown, as well as by pretreatment with

xestospongin C or SKF96365 (Fig. 5e, j, o). These data suggest that
increased synaptic expression of GluR1, regulated by IP3-mediated
Ca2+ release, SOCE, and/or TRPC-mediated extracellular calcium
entry, could contribute to the molecular mechanisms that underlie
the antidepressant actions of intra-vmPFC TLQP-62 infusion
(Fig. 5p).

Fig. 2 AAV-VGF-mediated VGF overexpression in vmPFC increases resilience to chronic restraint stress. a Timeline of stereotaxic surgery,
chronic restraint stress (CRS) and behavioral tests. b Western blot analysis showed significantly increased VGF protein levels in vmPFC of AAV-
VGF-injected wild-type mice sacrificed 21 days after virus injection (n= 4–5 per group). c AAV-VGF-injected wild-type mice showed increased
body weight compared to AAV-GFP-injected wild-type mice following CRS (n= 8–9 per group). d No significant difference in locomotor
activity was observed between vmPFC-AAV-GFP-injected and vmPFC-AAV-VGF-injected wild-type mice in the OFT (n= 7–9 per group). e AAV-
VGF-injected wild-type mice showed increased grooming time in the SST compared to AAV-GFP-injected wild-type mice following CRS (n=
8–9 per group). f AAV-VGF-injected wild-type mice showed reduced immobility time in the FST compared to AAV-GFP-injected wild-type mice
following CRS (n= 8–9 per group). g The total abundance of GluR1 was significantly reduced in synaptosomes of AAV-GFP- but not AAV-VGF-
injected wild-type mice following CRS (n= 4–5 per group). All data are presented as mean ± s.e.m. Student’s t-test for b. Two-way analysis of
variance following by Bonferroni’s multiple comparisons test or Student’s t-test for c–g (t* P < 0.05 using Student’s t-test, *P < 0.05, ***P < 0.001,
****P < 0.0001). CTL control, CRS chronic restraint stress, BW body weight, OFT open field test, SST sucrose splash test, FST forced swim test, TC
tissue collection

VGF and its C-terminal peptide TLQP-62 in ventromedial prefrontal cortex. . .
C Jiang et al.

975

Neuropsychopharmacology (2019) 44:971 – 981



DISCUSSION
In the current study, we demonstrated that VGF mRNA expression
is reduced in postmortem BA25 of human MDD subjects. BA25 is
the posterior portion of sgACC [3], which is importantly implicated
in the pathophysiology of MDD [4]. Our observation that VGF is
specifically reduced in BA25 complements a previous study
documenting reduced VGF broadly in sgACC [18]. Reduced levels
of inhibitory interneuron markers have been reported in sgACC of
MDD subjects [18], which is consistent with reduced density of
inhibitory interneurons observed in the prefrontal cortex in this
condition [37]. VGF is expressed in interneurons [38], and it has
been proposed that VGF synthesized in and secreted from
inhibitory interneurons may play an important role in regulating
depression-related behaviors [10]. Thus, lower VGF levels in BA25
of MDD patients could possibly result from reduced inhibitory
interneuron numbers. Reduced volume has been documented in
sgACC of MDD subjects [4], which is attributed to decreased
number and density of glial cells [39], likely oligodendrocytes [40].

Because VGF promotes oligodendrogenesis and myelination [41],
reduced VGF levels in BA25 could potentially lead to a reduction in
the number of oligodendrocytes, and hence contribute to
volumetric shrinkage in this region.
One limitation of our current study is that there are differences

in PMI between control and MDD in our limited cohort of human
postmortem samples (Supplemental Table 1). However, there is no
significant correlation between PMI and VGF mRNA levels in both
male and female subjects (Supplemental Fig. 2A, B). Indeed, our
findings that VGF expression is downregulated in the vmPFC
(closely matched in PMI) of male mice exposed to CRS and female
mice exposed to SCVS lend support to the validity of our human
postmortem study. The rodent vmPFC correlates to sgACC of
humans, as the infralimbic cortex (IL-PFC; a portion of rodent
vmPFC) anatomically correlates to human BA25 region [42].
Rodent vmPFC has been extensively implicated in depression-
related behaviors and response to antidepressant treatment.
Chronic social defeat stress reduced neuronal activity in the

Fig. 3 AAV-Cre-mediated VGF knockdown in vmPFC increases susceptibility to subthreshold stress. a Timeline of stereotaxic surgery,
subchronic variable stress (SCVS) and behavioral tests. b Western blot analysis showed significantly reduced VGF protein levels in vmPFC of
AAV-Cre-injected Vgfff/ff mice sacrificed 21 days after virus injection (n= 4–5 per group). c AAV-Cre-injected Vgfff/ff mice showed reduced body
weight compared to AAV-GFP-injected Vgfff/ff mice following SCVS (n= 7–8 per group). d No significant difference in locomotor activity was
observed between vmPFC-AAV-GFP- and vmPFC-AAV-Cre-injected Vgfff/ff mice in the OFT (n= 7–8 per group). e AAV-Cre-injected Vgfff/ff mice
showed reduced grooming time in the SST compared to AAV-GFP-injected Vgfff/ff mice following SCVS (n= 7–8 per group). f AAV-Cre-injected
Vgfff/ff mice showed reduced sniffing time in the FUST compared to AAV-GFP-injected Vgfff/ff mice following SCVS (n= 6–8 per group). g AAV-
Cre-injected Vgfff/ff mice showed increased immobility time in the FST compared to AAV-GFP-injected Vgfff/ff mice following SCVS (n= 7–8 per
group). h The total abundance of GluR1 was significantly reduced in synaptosomes of AAV-Cre-injected but not AAV-GFP-injected Vgfff/ff mice
following SCVS (n= 4–5 per group). All data are presented as mean ± s.e.m. Student’s t-test for b. Two-way analysis of variance following by
Bonferroni’s multiple comparisons test or Student’s t-test for c–h (t* P < 0.05 using Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, **** P <
0.0001). CTL control, SCVS subchronic variable stress, BW body weight, OFT open field test, SST sucrose splash test, FUST female urine sniffing
test, FST forced swim test, TC tissue collection

VGF and its C-terminal peptide TLQP-62 in ventromedial prefrontal cortex. . .
C Jiang et al.

976

Neuropsychopharmacology (2019) 44:971 – 981



Fig. 4 VGF deficiency in vmPFC attenuates the efficacy of the rapid-acting antidepressant ketamine. a Timeline of acute ketamine treatment
(20mg/kg, i.p.) and tissue collection time points. b Acute ketamine treatment (20mg/kg, i.p.) significantly increased VGF protein expression in
the vmPFC 30min, 24 h, 3 days and 7 days post injection (30min: n= 4 per group; 24 h: n= 5–6 per group; 3 d: n= 4 per group; 7 d: n= 5 per
group). (c) Acute ketamine treatment (20mg/kg, i.p.) significantly reduced the immobility time in the FST in vmPFC-AAV-GFP- but not AAV-
Cre-injected Vgfff/ff mice, compared to saline treatment 30 min post injection (n= 9–10 per group). d Acute ketamine treatment (20mg/kg, i.p.)
did not affect the locomotor activity in vmPFC-AAV-GFP-injected and AAV-Cre-injected Vgfff/ff mice 30min post injection (n= 10–11 per
group). e Timeline of acute ketamine treatment paradigm and behavioral tests. f Acute ketamine treatment (20mg/kg, i.p.) did not affect the
locomotor activity in vmPFC-AAV-GFP-injected and AAV-Cre-injected Vgfff/ff mice on the 3rd day post injection (n= 5–6 per group). g Acute
ketamine treatment (20mg/kg, i.p.) significantly increased grooming time in the SST in vmPFC-AAV-GFP- but not AAV-Cre-injected Vgfff/ff mice
compared to saline treatment on the 5th day post injection (n= 5–6 per group). h Acute ketamine treatment (20mg/kg, i.p.) significantly
reduced immobility time in the FST in vmPFC-AAV-GFP-injected but not AAV-Cre-injected Vgfff/ff mice compared to saline treatment on the 7th
day post injection (n= 5–6 per group). i The total abundance of GluR1 was significantly increased in synaptosomes of AAV-GFP-injected but
not AAV-Cre-injected Vgfff/ff mice receiving ketamine (n= 5 per group). All data are presented as mean ± s.e.m. Student’s t-test for b. Two-way
analysis of variance following by Bonferroni’s multiple comparisons test for (c, d, f–i) or Student’s t-test (g) (t* P < 0.05 using Student's t-test, *P
< 0.05). OFT open field test, SST sucrose splash test, FST forced swim test, TC tissue collection, SAL saline, KET ketamine
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vmPFC [6], while optogenetic stimulation of IL-PFC has been
shown to induce antidepressant effects [6] and silencing of IL-PFC
neurons is sufficient to block the antidepressant actions of
ketamine [43]. Our findings in the vmPFC, together with our
recent study demonstrating that hippocampal VGF is

downregulated in stressed mice [10], are consistent with previous
reports that documented reduced BDNF levels in the PFC and
hippocampus in stressed rodents [44], suggesting that VGF, within
the prefrontal cortical-limbic circuit, plays an important role in
regulating depression-related behavior, as does BDNF.
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Connectivity between hippocampus and vmPFC is sensitive to
stress [45]. Thus parallel, stress-induced changes in VGF expression
in the vmPFC and hippocampus may significantly contribute to
the associated changes in volume and dendritic morphology that
are observed in these two brain regions in stressed animals [46],
and potentially could affect the connectivity between these
regions as VGF C-terminal peptides TLQP-62 and AQEE-30, have
been shown to potentiate synaptic transmission (21), promote
dendritic maturation [47], and induce synaptogenesis (20). That
ablation of VGF in either vmPFC (shown here) or dHc (shown
previously in refs [10, 48]) each increased sensitivity to stress or
blocked rapid-acting antidepressant efficacy, is also suggestive
that neural pathways connecting vmPFC and dHc, which could be
impacted by either dHc or vmPFC manipulation, are critical to the
actions of VGF in the regulation of depression-related behaviors.
Importantly, our study revealed that VGF levels in the vmPFC

dictate susceptibility or resilience to stress exposure. VGF
deficiency in vmPFC led to increased susceptibility to subthres-
hold stress exposure in SCVS. Previous studies suggest that
vmPFC dysfunction could result in abnormal stress responses [49].
VGF plays an indispensable role in the formation of secretory
granules [50, 51], the regulated release of neurotrophins and
other growth factors [13], and the promotion of neuronal survival
and dendritic outgrowth [47, 52]. Reduced VGF levels could
perhaps dysregulate neuronal homeostasis in the vmPFC,
disrupting its normal function and increasing susceptibility to
stress. Importantly, VGF knockdown in vmPFC in unstressed
control mice did not affect their behaviors, indicating that VGF-
mediated effects on susceptibility require stress exposure.
Conversely, VGF overexpression in vmPFC promoted resilience
to chronic stress exposure in CRS, perhaps by preventing the
downregulation of VGF expression in vmPFC that is caused by
CRS, thus maintaining normal vmPFC function in response to
stress exposure. Previous studies have shown that GluR1 knock-
out mice exhibit depression-related behaviors [17] and that GluR1
is downregulated in the PFC [16] following chronic stress
exposure. Our observations that VGF knockdown results in lower
synaptosomal GluR1 levels following subthreshold stress expo-
sure and that VGF overexpression abolishes chronic stress-
induced GluR1 reduction indicate that VGF-dependent changes

in GluR1 levels following stress exposure likely contribute to the
development of susceptibility or resilience.
In the present study, we report that acute ketamine treatment

increases VGF protein levels in the vmPFC as early as 30 min and
for up to 7 days post injection. This rapid increase of VGF protein is
consistent with our previously observed VGF induction in
hippocampus [10] and comparable to reported BDNF elevations
in hippocampus [53]. A sustained increase of VGF protein levels is
in line with long-lasting BDNF induction previously demonstrated
in both PFC and hippocampus [54]. We also showed that VGF
knockdown in the vmPFC blocks both rapid and sustained
antidepressant effects of ketamine, suggesting that VGF expres-
sion in the vmPFC is required for the actions of ketamine, as it is in
hippocampus [10]. Phosphorylation of GluR1 Ser845 regulates
trafficking and incorporation of GluR1-containing AMPA receptors
into synapses [55]. It has been shown that ketamine rapidly
induces GluR1 phosphorylation at Ser845 in hippocampus in a
VGF-dependent manner [10], leading to increased GluR1 levels in
synaptosomes, and that GluR1 Ser845 phosphorylation is required
for both rapid and sustained antidepressant actions of ketamine
[56]. We documented ketamine-induced GluR1 elevation in
synaptosomes that lasts up to 8 days post treatment, in line with
a previous report [57]. That VGF knockdown abolishes this GluR1
elevation and ketamine’s antidepressant action indicates that VGF-
mediated synaptic incorporation of GluR1-containing AMPA
receptors and subsequent synaptic potentiation [58] may underlie
the sustained antidepressant actions of ketamine.
Finally, we confirmed that a single acute intra-vmPFC infusion of

VGF C-terminal peptide TLQP-62 produces sustained (up to 7 days)
behavioral changes that mimic antidepressant drug treatment-
induced behaviors, which complements our previous study
demonstrating rapid antidepressant effects of intra-hippocampal
TLQP-62 infusion 30min after administration [10]. The sustained
actions of intra-vmPFC TLQP-62 infusion also parallel the previously
demonstrated time frame of ketamine’s antidepressant efficacy [57]
that was reproduced in this study, and sustained efficacy of TLQP-62
previously noted 6 days after infusion into mouse hippocampus [9].
Previous studies reported that reduced hippocampal BDNF expres-
sion blocks the antidepressant effects of intra-hippocampal TLQP-62
infusion [10] and ketamine treatment [53]. Similarly, reduced vmPFC

Fig. 5 The antidepressant efficacy of acute intra-vmPFC TLQP-62 infusion requires vmPFC BDNF and Ca2+ mobilization. a Timeline of
behavioral paradigm for vmPFC AAV-Cre-injected Bdnfflox/flox mice receiving TLQP-62 infusion. b No significant difference was observed in
locomotor activity between vmPFC AAV-GFP-injected and AAV-Cre-injected Bdnfflox/flox mice on the 3rd day post TLQP-62 (0.5 μg/side) infusion
(n= 8–9 per group). c vmPFC AAV-GFP-, but not AAV-Cre-injected Bdnfflox/flox mice displayed increased grooming time in the SST on the 5th
day post TLQP-62 (0.5 μg/side) infusion (n= 8–9 per group). d vmPFC AAV-GFP-, but not AAV-Cre injected Bdnfflox/flox mice displayed reduced
immobility time in the FST on the 7th day post TLQP-62 (0.5 μg/side) infusion (n= 8–9 per group). e The total abundance of GluR1 was
significantly increased in synaptosomes of AAV-GFP-injected but not AAV-Cre-injected Bdnfflox/flox mice receiving TLQP-62 (n= 5–6 per group).
f Timeline of behavioral paradigm for wild-type mice receiving TLQP-62 infusion following pretreatment with xestospongin C (XeC). g No
significant difference was observed in locomotor activity between XeC and DMSO pretreated wild-type mice on the 3rd day post TLQP-62 (0.5
μg/side) infusion (n= 6–7 per group). h Wild-type mice pretreated with DMSO but not XeC displayed increased grooming time in the SST on
the 5th day post TLQP-62 (0.5 μg/side) infusion (n= 6–7 per group). i Wild-type mice pretreated with DMSO but not XeC displayed reduced
immobility time in the FST on the 7th day post TLQP-62 (0.5 μg/side) infusion (n= 6–7 per group). j The total abundance of GluR1 was
significantly increased in synaptosomes of DMSO- but not XeC-pretreated wild-type mice receiving TLQP-62 (n= 5 per group). k Timeline of
behavioral paradigm for wild-type mice receiving TLQP-62 infusion following pretreatment with SKF96365 (SKF). l No significant difference
was observed in locomotor activity between SKF and saline pretreated wild-type mice on the 3rd day post TLQP-62 (0.5 μg/side) infusion (n=
7 per group). m Wild-type mice pretreated with saline but not SKF displayed increased grooming time in the SST on the 5th day post TLQP-62
(0.5 μg/side) infusion (n= 7 per group). n Wild-type mice pretreated with saline but not SKF displayed reduced immobility time in the FST on
the 7th day post TLQP-62 (0.5 μg/side) infusion (n= 7 per group). o The total abundance of GluR1 was significantly increased in synaptosomes
of saline- but not SKF-pretreated wild-type mice receiving TLQP-62 (n= 6 per group). p Schematic model of antidepressant actions of TLQP-
62. We propose that TLQP-62 induces IP3-mediated Ca2+ release from endoplasmic reticulum (ER), depleting Ca2+ pool in ER, which is sensed
by stromal interaction molecule 1 (STIM1). STIM1 then activates Ca2+ channel on the membrane, which is formed by Orai or TRPC, allowing
Ca2+ influx via store-operated calcium entry (SOCE) and/or TRPC-mediated extracellular calcium entry. The increased intracellular Ca2+ level
stimulates BDNF secretion, promotes BDNF/TrkB signaling and the mTOR pathway, then rapid local synthesis and secretion of VGF (TLQP-62)
and BDNF, and synthesis, phosphorylation and insertion of GluR1. All data are presented as mean ± s.e.m. Two-way analysis of variance
following by Bonferroni’s multiple comparisons test for b–e, g–j, l–o (#P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001). OFT open field test, SST
sucrose splash test, FST forced swim test, TC tissue collection, STIM1 stromal interaction molecule 1, Orai calcium-release-activated calcium
channel protein, TRPC transient receptor potential canonical, XeC xestospongin C, SKF SKF96365
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BDNF expression blocks the sustained antidepressant actions of
intra-vmPFC infused TLQP-62. BDNFMet/Met mice, which exhibit
disrupted BDNF distribution, sorting, trafficking and secretion [59],
show impaired responses to novel antidepressants such as
ketamine, scopolamine and GLYX-13 [29–31]. Could the antidepres-
sant actions of intra-vmPFC TLQP-62 also be dependent on BDNF
trafficking and secretion in this region? Previous studies strongly
suggest that TLQP-62 may be a critical component of a positive
autoregulatory feedback loop that potentiates local BDNF synthesis
and secretion and BDNF/TrkB signaling [60], regulating depression-
related behaviors and memory. Moreover, we found that local BDNF
knockdown abolishes increased GluR1 levels in vmPFC synapto-
somes 8 days after TLQP-62 infusion. This observation complements
our previous report that local BDNF expression is necessary for
increased GluR1 phosphorylation 2 h after intra-hippocampal TLQP-
62 administration [10], indicating that normal BDNF levels are
required for TLQP-62-induced synaptic trafficking of GluR1 and
synaptic incorporation of GluR1-containing AMPARs.
The importance of Ca2+ signaling in depression and the

response to antidepressant treatment has been extensively
demonstrated [29–31, 61]. Here, we showed that the antidepres-
sant effects and increased GluR1 levels in synaptosomes induced
by intra-vmPFC TLQP-62 infusion are blocked by local pretreatment
with xestospongin C or SKF96365, which inhibit IP3-mediated Ca2+

release from endoplasmic reticulum (ER) [34] and SOCE via Orai and
TRPC channels [36, 62], respectively. Ca2+ store depletion from ER
caused by Ca2+ release induces conformational transition of STIM1,
an ER Ca2+ content sensor, which enables STIM1 to interact with
and activate Orai and TRPC channels to allow Ca2+ influx (SOCE)
[63]. Indeed, evidence supports requirements for ER-dependent
Ca2+ release and SOCE in BDNF secretion [33, 64] and synaptic
GluR1 trafficking [65], both of which have been proposed to be
mechanisms underlying the antidepressant actions of intra-
hippocampal TLQP-62 administration [10]. Consistent with our
observation that intracellular Ca2+ mobilization and SOCE is
necessary for TLQP-62-induced GluR1 elevation in vmPFC synapto-
somes, BDNF has been reported to regulate GluR1 trafficking via
IP3- and SOCE-mediated Ca2+ signaling [65]. TRPC channels can
also function in a STIM1-independent manner (SOCE-independent)
[63], and the calcium channel blocker SKF96365 notably has broad,
dose-dependent activity against TRPC (SOCE or receptor-mediated
calcium entry), T-type, and L-type channels [66]. Because the TLQP-
62 receptor also remains to be identified, further studies are
warranted to more precisely delineate the cellular mechanisms
underlying TLQP-62-induced Ca2+ influx.
In conclusion, our results suggest that vmPFC VGF is critically

involved in the pathophysiology of depression. We propose that
VGF and its C-terminal peptide TLQP-62 in the vmPFC potentially
increase intracellular Ca2+ levels via IP3-mediated Ca2+ release from
ER, and/or via Ca2+ influx mediated by SOCE and/or TRPC
mechanisms, which subsequently stimulate BDNF secretion. This
promotes BDNF/TrkB signaling and mTOR pathway activation,
resulting in increased expression and phosphorylation (Ser845) of
GluR1, stimulating synaptic trafficking of GluR1 and GluR1-
dependent synaptic potentiation [58], thus regulating depression-
related behaviors and the response to ketamine [10, 60].
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