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Abstract

Background: Leptin, an adipose-derived hormone, has been implicated in emotional regulation. We have previously shown 
that systemic administration of leptin produces anxiolytic-like effects and deletion of the leptin receptor, LepRb, in midbrain 
dopamine neurons leads to an anxiogenic phenotype. This study investigated whether activation or deletion of LepRb in the 
ventral tegmental area of adult mice is capable of inducing anxiolytic and anxiogenic effects, respectively.
Methods: Mice were cannulated in the ventral tegmental area and received bilateral intra-ventral tegmental area infusions 
of leptin or the JAK2/STAT3 inhibitor AG490. Anxiety-like behaviors were assessed using the elevated plus-maze, light-dark 
box, and novelty suppressed feeding tests. Deletion of LepRb in the ventral tegmental area was achieved by bilateral injection 
of AAV-Cre into the ventral tegmental area of adult Leprflox/flox mice. Anxiety-related behaviors were evaluated 3 weeks after 
viral injection.
Results: Intra-ventral tegmental area infusions of leptin reduced anxiety-like behaviors, as indicated by increased percent 
open-arm time and open-arm entries in the elevated plus-maze test, increased time spent in the light side and decreased 
latency to enter the light side of the light-dark box, and decreased latency to feed in the novelty suppressed feeding test. 
Blockade of JAK2/STAT3 signaling in the ventral tegmental area by AG490 attenuated the anxiolytic effect produced by 
systemic administration of leptin. Leprflox/flox mice injected with AAV-Cre into the ventral tegmental area showed decreased 
leptin-induced STAT3 phosphorylation and enhanced anxiety-like behaviors in the elevated plus-maze test and the novelty 
suppressed feeding test.
Conclusions: These findings suggest that leptin-LepRb signaling in the ventral tegmental area plays an important role in the 
regulation of anxiety-related behaviors.
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Introduction
The adipocyte-derived hormone leptin is a pleiotropic hor-
mone that affects multiple physiological processes, including 
appetite, body weight, neuroendocrine function, and emotional 
behaviors (Bjorbaek et  al., 1998; Friedman and Halaas, 1998; 
Schwartz et  al., 2000; Lu et  al., 2006; Lu, 2007; Liu et  al., 2010, 
2011; Guo et al., 2012, 2013; Guo and Lu, 2014; Wang et al., 2015). 

Previous studies have shown that systemic administration of 
leptin elicits anxiolytic-like effects in mice (Liu et al., 2010) and 
rats (Haque et  al., 2013). By contrast, leptin-deficient (ob/ob) 
mice exhibit increased anxiety behaviors in multiple behavioral 
tests (Asakawa et al., 2003; Finger et al., 2010). Moreover, clinical 
research reported that plasma leptin levels are correlated with 
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anxiety states (Lawson et al., 2012; Yoshida-Komiya et al., 2014). 
These studies support an important role for leptin in the regula-
tion of anxiety-related behaviors.

Leptin exerts its biological effects via the full-length func-
tional leptin receptor (LepRb). Leptin binding to LepRb initiates a 
cascade of signaling events involving activation of janus kinase 
2/signal transducer and activator of transcription 3 (JAK2/STAT3), 
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and 
extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathways 
(Bjorbaek et al., 1997; Yamashita et al., 1998; Myers, 2004). Within 
the brain, LepRb expression has been observed in limbic brain 
structures such as the hippocampus, prefrontal cortex, and ven-
tral tegmental area (VTA) (Elmquist et al., 1998; Scott et al., 2009; 
Guo et al., 2013). Deletion of LepRb specifically in the hippocam-
pus or in glutamate neurons located in the hippocampus and 
prefrontal cortex causes a depressive-like phenotype, but not an 
anxiety phenotype (Guo et al., 2012; Guo et al., 2013). Dopamine 
neurons in the midbrain are direct targets for leptin (Figlewicz 
et al., 2003; Fulton et al., 2006; Hommel et al., 2006; Scott et al., 
2009; Leshan et al., 2010; Liu et al., 2011). We have demonstrated 
that ablation of LepRb in dopamine neurons results in a robust 
anxiogenic phenotype (Liu et al., 2011). LepRb-expressing dopa-
mine neurons in the midbrain are found in both the VTA and 
substantia nigra (Scott et  al., 2009). It has been reported that 
neurotoxin lesions of dopamine neurons in the substantia nigra 
or tetrodotoxin inactivation of this region results in increased 
anxiety behavior in the elevated plus-maze and abnormal 
fear responses (Baldi et  al., 2007; Wang et  al., 2007; Baldi and 
Bucherelli, 2010; Ho et  al., 2011). Therefore, the specific role of 
VTA LepRb in the regulation of anxiety remains to be clarified.

In the present study, we assessed the effects of activation of 
LepRb in the VTA by local infusion of leptin on anxiety-related 
behaviors. The underlying molecular mechanisms of leptin 
action on anxiety were explored. Furthermore, we examined the 
influence of adeno-associated virus (AAV)-Cre-mediated genetic 
deletion of LepRb in the VTA on anxiety-related behaviors.

Methods

Animals

Adult male C57BL/6J mice (8 weeks) were purchased from the 
Jackson Laboratory (Bar Harbor, ME) and allowed to acclimate 
for at least 1 week before the experimental procedures. Leprflox/

flox mice on a 129-C57BL/6J-FVB mixed background were obtained 
from Dr. Streamson Chua (Albert Einstein College of Medicine, 
Bronx, NY) (McMinn et al., 2004) and maintained by inbreeding for 
at least 6 generations. All mice were housed in groups of 5 under a 
12-h-light/-dark cycle (lights on at 7:00 am) with ad libitum access 
to food and water except during behavioral tests. All animal pro-
cedures were conducted in accordance with NIH guidelines and 
approved by the Institutional Animal Care and Use Committee 
of the University of Texas Health Science Center at San Antonio.

Behavioral Procedures

Behavioral tests were performed on male C57BL/6J mice (10–12 
weeks old) and male Leprflox/flox mice (11–14 weeks old) during 
the late light phase between 2:00 and 5:00 pm. On the test day, 
animals were separated into individual cages, transferred to the 
testing room, and habituated to the room conditions for 3 to 4 
hours prior to beginning behavioral experiments. After each test 
session, the apparatus was thoroughly cleaned with 20% alcohol 
to eliminate the odor and trace of the previously tested animal. 

All behaviors were scored and analyzed by the experimenters 
who were blind to the treatments or genotypes.

Elevated Plus-Maze Test
This test is a widely used anxiety paradigm, which is based on 
the natural conflict between the drive to explore a new environ-
ment and the tendency to avoid a potentially dangerous area 
(Rodgers and Dalvi, 1997). The elevated plus-maze was made of 
white acrylic, with 4 arms (30 cm long and 5 cm wide) arranged 
in the shape of a “plus” sign and elevated to a height of 70 cm 
from the floor. Two arms have no side or end walls (open arms). 
The other 2 arms have side walls and end walls (12 cm high) but 
are open on top (closed arms). The open and closed arms inter-
sect, having a central 5 × 5-cm square platform giving access 
to all arms. Mice were placed in the central square facing the 
corner between a closed arm and an open arm and allowed to 
explore the elevated plus-maze for 5 minutes. Their behaviors 
on the elevated plus-maze were recorded by a CCD camera posi-
tioned directly above the elevated plus-maze. The time spent on 
the open and closed arms and the number of entries made into 
each arm were scored. Entry was defined as all 4 paws being 
positioned within 1 arm. The degree of anxiety was assessed by 
calculating the percentage of open arm entries (entries into the 
open arms/total entries into all arms) and percentage of open 
arm time (time spent in the open arms/total time spent in all 
arms).

Light-Dark Box Test
This test is based upon a conflict between the innate aversion 
to brightly illuminated areas and the spontaneous exploratory 
activity (Crawley and Goodwin, 1980). The apparatus consisted 
of a polypropylene cage (45 × 27 × 30 cm) separated into 2 com-
partments by a partition, with a rectangular opening (7 × 7 cm) 
at floor level. The larger compartment (27 × 27 cm) was open-
topped, transparent, and brightly lit (900 lux). The smaller com-
partment (18 × 27 cm) had black painted sides and was covered 
at the top with black Plexiglas. For each test, the mouse was 
placed in the center of the dark compartment facing away from 
the opening. The latency to the light side, time spent in the light 
compartment, and the number of transitions between 2 com-
partments was recorded for 5 minutes.

Novelty Suppressed Feeding Test
The novelty suppressed feeding test is a behavioral model of 
anxiety based on the conflict between hunger and aversion to 
a brightly lit, novel environment. Mice were food deprived for 
24 hours prior to the test. At the time of testing, one food pellet 
was placed on a white filter paper located in the middle of an 
open field (60 × 60 × 40 cm) covered with 2 cm of fresh bedding. 
Each mouse was placed in one corner and allowed to explore for 
a maximum of 10 minutes. The latency to begin eating the food 
pellet was recorded. Mice were immediately removed from the 
open field and transferred back to its home cage. The amount of 
food consumption for 5 minutes was measured.

Locomotor Activity

The locomotor activity was measured using the open field loco-
motor system (Omnitech Electronics Inc, Columbus, OH). The 
test apparatus consisted of an open field box (40 × 40 × 30 cm) 
made of transparent acrylic surrounded by 3 sets of 16 photo-
beam arrays in the horizontal x and y axes as well as in the ven-
tricle z axis. Locomotor movements were determined by breaks 
in photobeams and converted into distance traveled with the 
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Fusion Software. Total distance traveled for 15 minutes was ana-
lyzed using the Fusion Software (Omnitech Electronics).

Cannulation and Microinjection

Adult male C57BL/6J mice were anesthetized with 43 mg/kg 
ketamine, 9 mg/kg xylazine, and 1.4 mg/kg acepromazine in 
saline. A 26-gauge, stainless-steel, double-guide cannula (C235G; 
Plastics One) was stereotaxically implanted 2 mm above the 
VTA (coordinates relative to bregma: AP, 3.4 mm; ML, ± 0.4 mm, 
and DV, 4.8 mm from the surface of the skull). A stainless-steel 
dummy cannula, extending 0.5 mm beyond the guide cannula 
tip, was used to seal the guide cannula when not in use.

After surgery, the animals were housed individually to avoid 
damage to guide and dummy cannula. Animals were allowed to 
recover for 7 days and handled daily to minimize stress caused 
by the microinjection procedure. On the experimental day, a 
bilateral injection cannula (33 gauge) was inserted into the 
guide cannula, extending 2 mm beyond the tip of the guide can-
nula. Based on the effective doses of intra-VTA leptin injection 
on intracellular signaling and feeding behavior (Hommel et al., 
2006; Morton et al., 2009; Verhagen et al., 2011; Bruijnzeel et al., 
2013), we chose 2 different doses, 0.05 μg and 0.5 μg per side, to 
determine the effect of intra-VTA infusion of leptin on anxiety-
related behaviors. Recombinant mouse leptin (R&D Systems, 
Inc., Minneapolis, MN) was freshly dissolved in artificial cerebro-
spinal fluid (aCSF; CaCl2·2H2O 0.133 g/L, MgCl2·6H2O 0.1 g/L, KCl 
0.2 g/L, KH2PO4 0.2 g/L, NaCl 8.0 g/L, Na2HPO4 1.15 g/L) before use. 
The JAK2/STAT3 inhibitor, AG490 (Selleck Chemicals, Houston, 
TX), was solubilized in dimethyl sulfoxide. Leptin, AG490, or 
vehicle in a volume of 0.2 μL were bilaterally infused into the 
VTA for 2 minutes at a speed of 0.1 μL/min by using an infusion 
pump through a 5-µL syringe connected to the injection can-
nula. The injector was held in place for an additional minute 
after the end of infusion to avoid backflow. Mice were subjected 
to the elevated plus-maze, light-dark box, novelty suppressed 
feeding, or locomotor activity tests 30 minutes after intra-VTA 
microinjection. All microinjections were performed on con-
scious, unrestrained, freely moving mice in their home cages.

At the end of the experiments, mice were anesthetized, and 
Indian ink was bilaterally infused into the VTA using the same 
microinjection procedure as described above. Thirty minutes 
following ink injection, animals were killed by decapitation 
and coronal brain sections were cut and stained with toluidine 
blue. Location of the microinjection cannula tips and the locus 
of microinjection were identified under light microscopy. Mice 
with improper cannula placement were excluded from the sta-
tistical analysis.

AAV-Cre-Mediated Deletion of LepRb in the VTA of 
Adult Leprflox/flox Mice

An AAV-Cre/loxP system was used to achieve region-specific 
deletion of LepRb using AAV2-mediated Cre recombinase 
expression in adult Leprflox/flox mice, in which exon 17, a critical 
exon involved in LepRb signaling, is floxed (McMinn et al., 2004). 
AAV2 has the advantages of high neurotropism and restricted 
transduction (Tenenbaum et al., 2004). AAV2 was used to medi-
ate expression of the Cre-GFP fusion protein and GFP. The viral 
vectors were constructed and produced as described in previ-
ous studies (Guo et al., 2013). AAV-Cre-GFP and AAV-GFP viruses 
(with titers of 1 × 1012 infectious units/mL) were injected bilat-
erally into the VTA of Leprflox/flox mice (coordinates relative to 
bregma: AP, -3.2 mm; ML, ± 1.0 mm; DV, -4.6 mm from the surface 

of the skull, at an angle of 7.5° with the sagittal plane). A volume 
of 0.5 µL of AAV vectors was delivered with a slow injection rate 
(1.0 µL/10 min) through a 33-gauge stainless-steel microinjector 
attached to a digital stereotaxic arm and connected to an infu-
sion pump. Because AAV-mediated gene transfer became evi-
dent 2 weeks after injection, mice were tested for anxiety-like 
behaviors 3 weeks after intra-VTA injection of AAV-Cre-GFP and 
AAV-GFP. The elevated plus-maze, light-dark box, and novelty 
suppressed feeding tests were performed as described above.

At the end of experiments, mice were food deprived over-
night and received an i.p. injection of leptin (5 mg/kg). Mice were 
transcardially perfused 2 hours after the injection. Brains were 
removed, postfixed overnight, and then cryoprotected in 30% 
sucrose and cut into 40-µm-thick coronal sections. Injection 
sites and AAV transduction in the VTA were verified by examin-
ing GFP expression. Mice with missed injections were excluded 
from statistical analysis. The effectiveness of AAV-Cre–medi-
ated LepRb deletion in the VTA was examined by assessing 
leptin-induced p-STAT3. Free-floating sections were pretreated 
with 1% NaOH, 1% H2O2, 0.3% glycine, blocked by using block-
ing buffer containing 1% bovine serum albumin, 0.3% normal 
goat serum, 0.3% Triton X-100, then incubated with a rabbit anti-
GFP antibody (1:1000, Chemicon Inc., Temecula, CA) or a rabbit 
anti-pSTAT3 (Tyr705) antibody (1:1000, Cell Signal Technology, 
Danvers, MA) for 48 hours at 4°C. Sections were then rinsed 
and incubated with a secondary biotinylated anti-rabbit anti-
body (1:1000; Vector Laboratories, Burlingame, CA), labeled with 
avidin-biotin complex, and then stained with nickel-enhanced 
diaminobenzidine to visualize the immunoreactivity for GFP 
or p-STAT3. Every sixth section spaced 240 μm apart through-
out the rostral/caudal extent of the VTA was used to access the 
number of p-STAT3–positive cells. The number of p-STAT3–posi-
tive cells was multiplied by 6 to obtain the total number of cells.

Statistical Analysis

Results are expressed as mean ± SEM. Statistical analyses were 
performed using 1-way ANOVA on leptin treatment with multi-
ple doses and 1-way ANOVA with repeated measures on loco-
motor activity and body weight, followed by Bonferroni/Dunn 
posthoc comparisons. Two-tailed Student’s t test was used to 
compare 2 treatment group means. P < .05 was considered sta-
tistically significant.

Results

Effects of Intra-VTA Infusion of Leptin on Anxiety-
Related Behaviors

We performed 3 behavioral tests to assess the effects of lep-
tin in the VTA on anxiety-related behaviors. First, the effects 
of intra-VTA infusions of different doses of leptin on anxiety 
were examined in the elevated plus-maze test. Thirty-nine mice 
were weighed and counter-balanced into 3 treatment groups 
that received bilateral intra-VTA microinjection of aCSF (n = 14), 
0.05 µg/side (n = 12), or 0.5 µg/side (n = 13) leptin. Thirty minutes 
after infusion of leptin or aCSF into the VTA of freely moving 
mice, mice were allowed to explore on the elevated plus maze 
for 5 minutes. We found that leptin produced a significant main 
effect on the percentage of open arm entries [F(2, 36) = 3.493; P < 
.05] and the percentage of open arm time [F(2, 36) = 3.910; P < .05]. 
Posthoc comparisons revealed that leptin at the dose of 0.5 µg/
side, but not at the lower dose, 0.05 µg/side, induced a significant 
increase in the percentage of open arm entries (P < .05) and the 
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percentage of open arm time (P < .05) (Figure 1A-B), suggesting a 
dose-dependent effect. Leptin at either dose had no significant 
effect on the number of total arm entries [F(2,36) = 0.77; P = .472] 
(Figure 1C), suggesting that locomotor activity in this test is not 
altered. Because 0.5 µg/side leptin was effective in the elevated 
plus maze test, this dosage was chosen to assess the effects of 
leptin on anxiety in the following behavioral tests.

Sixteen mice were weighed and counter-balanced into 2 
treatment groups that received aCSF (n = 8) or leptin (0.5  µg/
side; n = 8). Thirty minutes after infusion of leptin or aCSF into 
the VTA, mice were subjected to the light-dark test. Individual 
mice were placed in the center of the dark compartment fac-
ing away from the opening to the light side and allowed to 
explore for 5 minutes. Intra-VTA infusion of leptin (0.5 µg/side) 
significantly decreased the latency to enter the light compart-
ment (t(14) = 2.115; P = .05) and increased the total time spent in 
the light compartment (t(14) = 2.125; P = .05) (Figure 2A-B) but did 
not affect the number of transitions between the light and dark 
compartments (t(14) = 1.612; P = 0.129) (Figure 2C).

The novelty suppressed feeding test assesses anxiety by 
measuring the latency of a fasted animal to approach and eat a 
familiar food in a novel environment (Shephard and Broadhurst, 
1982). Following 24-hour food deprivation, mice were weighed 
and counter-balanced into 2 treatment groups that received 
a bilateral intra-VTA microinjection of aCSF (n = 6) or leptin 
(0.5  µg/side; n = 7). Thirty minutes after infusion of leptin or 
aCSF, mice were placed in one corner of an open-field arena 
with one pellet of regular mouse food in the center. Leptin sig-
nificantly decreased the latency to feed (t(11) = 2.243; P = .05), with 
no significant effect on home-cage food consumption during a 
5-minute period (t(11) = 0.6818; P = .5095) (Figure 3).

The effects of intra-VTA infusions of leptin (0.5 µg/side) on 
locomotor activity were evaluated by using the open field loco-
motor system. Twelve mice were weighed and counter-balanced 
into 2 treatment groups that received aCSF (n = 6) or leptin 
(0.5 µg/side; n = 6). Thirty minutes after infusion of leptin or aCSF, 
total distance traveled was measured for 15 minutes. Distance 
traveled in 5-minutes bins was analyzed. ANOVA with repeated 
measures revealed no significant treatment effect on distance 
traveled (F(1,35) = 0.392, P =  .545). Total distance traveled in 15 
minutes was not different between vehicle-treated and leptin-
treated groups (t(10) = 0.626, P = .5453) (Figure 4).

The microinjection sites were confirmed histologically in 
all mice that were used for behavioral tests described above 
(Figure  5). Mice with misplaced cannula were excluded from 
data analysis.

Effects of Intra-VTA Infusions of AG490 on Leptin-
Induced Anxiolytic Effects

To determine possible molecular mechanisms underlying lep-
tin action on anxiety-related behaviors, mice received bilat-
eral intra-VTA infusions of the JAK2/STAT3 inhibitor, AG490 
(0.15 nmol/side), or vehicle (1.67% dimethyl sulfoxide). The dose 
of AG490 was selected based upon previous reports showing 
that AG490 at a dose range of 0.01–1.0 nmol is effective to block 
the central effects of leptin (Morrison et al., 2007; Morton et al., 
2009; Roman et al., 2010). Sixty minutes after intra-VTA micro-
injection, mice were injected with saline or leptin (1 mg/kg, i.p.) 
(Liu et al., 2010). The elevated plus-maze test was performed 30 
minutes after leptin injection. Statistical analysis revealed a sig-
nificant effect of drug treatment on the percentage of open arm 
entries [F(2,34) = 9.495, P < .001] (Figure 6A) and the percentage 
of open arm time [F(2,34)  =  3.745, P < .05] (Figure  6B). Posthoc 
analyses showed that leptin treatment significantly increased 
the percentage of open arm entries; this effect was attenuated 
by pretreatment with AG490 in the VTA (P < .05). These data indi-
cate that blockade of JAK2/STAT3 signaling in the VTA was able 
to inhibit leptin’s anxiolytic effects (Figure 6).

Targeted Deletion of LepRb in the VTA Induces an 
Anxiogenic Phenotype

Adult male Leprflox/flox mice received bilateral infusion of AAV-
Cre-GFP and AAV-GFP into the VTA (Figure 7A-B). To validate the 
functional loss of LepRb in the VTA, leptin-induced phospho-
rylation of STAT3 was evaluated using immunohistochemical 
staining. p-STAT3–positive cells were found in the VTA of AAV-
GFP–injected mice. Only scattered cells showed positive immu-
nostaining for p-STAT3 in the VTA of AAV-Cre-GFP–injected mice 
(Figure  7C). Cell counting analysis revealed that AAV-Cre-GFP 
injection greatly reduced the number of p-STAT3–positive cells, 
an indicator of functional LepRb expression, in the VTA com-
pared to AAV-GFP injection (AAV-GFP: 490 ± 109; AAV-Cre-GFP: 
148 ± 26; t(8) = 3.052; P =  .016). These data confirmed the loss of 
LepRb in the VTA induced by AAV-Cre-GFP in Leprflox/flox mice.

To evaluate the effects of LepRb deletion in the VTA on 
anxiety-related behaviors, mice were subjected to the elevated 
plus-maze test 3 weeks after AAV injection. Mice injected with 
AAV-Cre-GFP in the VTA displayed a decrease in the percentage 
of open arm entries (t(26) = 2.647; P = .01) and the percentage of 
open arm time (t(26) = 2.197; P = .04) without affecting the number 
of total arm entries (t(26) = 0.4711; P = .64). These observations in 

Figure 1.  Intra-ventral tegmental area (VTA) infusion of leptin dose-dependently induces anxiolytic effects in the elevated plus-maze test. Mice received an intra-VTA 

infusion of leptin (0.05, 0.5 μg/side) or vehicle (artificial cerebrospinal fluid [aCSF]) 30 minutes before the test. (A) Percent open arm entries. (B) Percent open arm time. 

(C) The number of total entries made into open and closed arms. n = 12 to 14 each group. *P < .05, compared with the aCSF-injected control group.
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the elevated plus maze test suggest that LepRb deletion in the 
VTA causes anxiogenic-like behavior (Figure  8B). Moreover, in 
the light-dark box test, mice injected with AAV-Cre-GFP tended 
to explore the light compartment to a lesser extent than mice 
injected with AAV-GFP (latency to enter the light side: t(24) = 1.908; 
P = .07; time spent in the light side: t(24) = 1.738; P = .095; num-
ber of transitions between the light and dark compartments: 
t(24) = 1.900; P = .07) (Figure 8C). In the novelty suppressed feed-
ing test, mice injected with AAV-Cre-GFP exhibited significantly 
longer latencies to feed than did the AAV-GFP–injected mice 
(t(25) = 2.045; P = .05), while home-cage food consumption in a 

period of 5 minutes immediately following the behavioral test 
was not different between 2 treatment groups (t(26)  =  0.2202; 
P = .83) (Figure  8D). Body weight was monitored before and 
after intra-VTA microinjection of AAV-Cre-GFP and AAV-GFP 
and showed no difference between 2 treatment groups [F(1, 
153) = 0.02, P = .88] (Figure 8E).

Discussion

In the present study, we provided evidence that leptin-LepRb 
signaling in the VTA participates in mediating anxiety-related 

Figure 2.  Effects of intra-ventral tegmental area (VTA) infusion of leptin on anxiety behavior in the light-dark box test. Mice received an intra-VTA infusion of leptin 

(0.5 μg/side) or vehicle (artificial cerebrospinal fluid [aCSF]) 30 minutes before the test. The latency to enter the light side (A), total time spent in the light side (B), and 

number of transition between light and dark compartments (C) were measured during the 5-minute test. n = 8 each group. *P < .05, compared with the aCSF-injected 

control group.

Figure 3.  Effects of intra-ventral tegmental area (VTA) infusion of leptin on anxiety behavior in the novelty suppressed feeding test. Mice fasted for 24 hours received 

an intra-VTA infusion of leptin (0.5 μg/side) or vehicle (artificial cerebrospinal fluid [aCSF]) 30 minutes before the test. (A) The latency to feed. (B) Home-cage food con-

sumption within 5 minutes immediately after the test. n = 6–7 each group. * P < .05 compared with the aCSF-injected control group.

Figure 4.  Effects of intra-ventral tegmental area (VTA) infusion of leptin on locomotor activity. Mice received an intra-VTA infusion of leptin (0.5 μg/side) or vehicle 

(artificial cerebrospinal fluid [aCSF]) 30 minutes before the locomotion test. (A) The distance traveled in 5-minute bins. (B) Total distance traveled within the 15 minutes. 

n = 6 each group.
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behaviors. Our previous studies have demonstrated that sys-
temic administration of leptin produces anxiolytic effects and 
deletion of LepRb in dopamine neurons causes anxiogenic-
like behaviors in mice (Liu et al., 2010, 2011). The present find-
ings demonstrate that activation of LepRb in the VTA produces 

anxiolytic-like effects in multiple behavioral tests, and inacti-
vation of LepRb in the VTA by a Cre-loxP system results in an 
anxiogenic phenotype. The Jak/STAT3 signaling pathway seems 
to mediate leptin action in the VTA on anxiety-related behav-
iors. Our findings emphasize the importance of leptin and its 

Figure 5.  Histological verification of intra-ventral tegmental area (VTA) injection sites. (A) Representative images showing the deposition sites within the VTA. Arrows 

indicated the rostral-caudal sequence of the coronal sections. (B) Schematic illustration of bilateral injection sites in the VTA. The drawings of coronal sections were 

derived from the atlas of Paxinos and Franklin (2001).

Figure 6.  Effects of intra-ventral tegmental area (VTA) infusion of AG490 on leptin’s anxiolytic effects in the elevated plus-maze test. Mice received an intra-VTA infu-

sion of AG490 (0.15 nmol/side) or vehicle 60 minutes before an i.p. injection of leptin (1 mg/kg) or saline. The elevated plus-maze test was performed 30 minutes after 

leptin injection. (A) Percent open arm entries. (B) Percent open arm time. (C) The number of total entries made into open and closed arms. n = 10 to 14 each group. 

***P < .001, compared with the Vehicle+Saline control group; ##P < .01, compared with the Vehicle+Leptin group. (D) Schematic illustration of bilateral injection sites in 

the VTA.
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interaction with LepRb in the VTA in controlling emotional 
behaviors.

The VTA is an anatomically and functionally heterogeneous 
brain structure. It is well known that the VTA plays an important 
role in motivation and reward processing but is also involved 
in processing aversive stimuli (Bromberg-Martin et  al., 2010; 
Ungless et al., 2010). First, stress, a major risk factor for the devel-
opment of anxiety disorders, increases c-Fos expression in the 
VTA neurons, mainly in dopamine neurons (Deutch et al., 1991; 
Beck and Fibiger, 1995; Campeau et al., 1997; Morrow et al., 2000; 
Berton et al., 2006; Hoffman et al., 2013). It has been reported 
that a considerable number of dopamine neurons are excited 
by aversive stimuli (Anstrom and Woodward, 2005; Anstrom 
et al., 2009; Brischoux et al., 2009; Cao et al., 2010; Razzoli et al., 
2011; Valenti et  al., 2011). Second, stressful events are associ-
ated with mesolimbic dopamine release in the projection sites 
of VTA dopamine neurons, such as the nucleus accumbens and 
prefrontal cortex (Thierry et al., 1976; Abercrombie et al., 1989; 
Kalivas and Duffy, 1995; Butts et al., 2011). Third, fear reactions 
and anxiogenic responses can be provoked by electrical stimu-
lation of VTA neurons (Stevens and Livermore, 1978), whereas 
lesions or inactivation of the VTA decreases anxiety-like behav-
ior (Borowski and Kokkinidis, 1996; Munro and Kokkinidis, 1997; 
Gifkins et  al., 2002; de Oliveira et  al., 2006; Corral-Frias et  al., 
2013). The VTA contains predominantly dopaminergic neurons 
(65%), but GABAergic neurons (~30%) and glutamate neurons 
(~5%) have also been identified in this region (Swanson, 1982; 

Margolis et al., 2006; Nair-Roberts et al., 2008; Yamaguchi et al., 
2011). Local administration of compounds influencing the 
dopaminergic, GABAergic, and glutamatergic systems in the 
VTA modulates anxiety-related behavior and fear responses. 
Intra-VTA infusions of dopamine D2/3 agonists, D1 antagonists, 
GABAA receptor agonists, or NMDA receptor antagonists have 
been reported to elicit anxiolytic effects in the elevated plus-
maze test and decrease fear measured with fear-potentiated 
startle (Borowski and Kokkinidis, 1996; Munro and Kokkinidis, 
1997; Gifkins et al., 2002; de Oliveira et al., 2006, 2009; Zarrindast 
et al., 2012; Corral-Frias et al., 2013). By contrast, local adminis-
tration of GABAA receptor antagonists has been shown to cause 
anxiogenic effects in the elevated plus-maze test (Frye and Paris, 
2009). Recently, it was demonstrated that stimulation and inhi-
bition of dopamine vs GABA neurons in the VTA affect anxiety-
related behaviors and aversive responses (Tan et al., 2012; van 
Zessen et al., 2012; Jennings et al., 2013; Danjo et al., 2014). These 
studies suggest that VTA neurons may serve as a neural sub-
strate that modulates different aspects of aversive responses 
and anxiety-related behaviors.

In the present study, we demonstrated that infusions of lep-
tin into the VTA reduced anxiety-like behaviors in the elevated 
plus maze, light-dark box, and novelty suppressed feeding 
tests. These anxiety tests are based on the conflict between 
innate drive to explore a novel environment or seek foods and 
aversion to bright illumination, spaciousness, and elevation. 
Anxiolytic effects in these tests results from either increased 

Figure 7.  Adeno-associated virus (AAV)-Cre–mediated deletion of leptin receptor (LepRb) in the intra-ventral tegmental area (VTA) of adult Leprflox/flox mice. (A) Sche-

matic diagram depicting the floxed Lepr allele and the Lepr floxed allele after Cre recombination. (B) Left, schematic illustration of AAV injection (Paxinos and Franklin, 

2001). Right, Cre-GFP expression in the VTA. (C) Immunohistochemical staining showing leptin-induced STAT3 phosphorylation in the VTA in AAV-GFP (left) and AAV-

Cre-GFP (right) injected mice. IP, interpeduncular nucleus; ML, medial lemniscus; SN, substantia nigra.
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drive to explore or decreased aversion to the fearful conditions. 
In the novelty suppressed feeding test, leptin, as an appetite 
suppressant, would be expected to decrease the drive to feed 
in the open field. Indeed, infusions of leptin into the VTA have 
been reported to decrease food intake (Hommel et  al., 2006; 
Morton et  al., 2009; Bruijnzeel et  al., 2013; Mietlicki-Baase 
et al., 2015). A decrease in latencies to feed following intra-VTA 
infusions of leptin may suggest that the appetite-suppressing 
effect of leptin is overridden by its fear-reducing, anxiolytic 
effect. Home-cage food consumption within 5 minutes imme-
diately following the test was not altered by intra-VTA leptin 
infusion. This seems to be contradictory to the previous reports 
that leptin in the VTA inhibits food intake (Hommel et al., 2006; 
Morton et al., 2009; Bruijnzeel et al., 2013; Mietlicki-Baase et al., 
2015). However, none of these studies have shown that lep-
tin acutely decreases fasting-induced feeding within a short 
period of time (< 30 minutes) after intra-VTA infusion. Clinical 
data indicate that leptin influences energy metabolism but 

that it does not act as an immediate satiety factor (Sinha et al., 
1996; Joannic et al., 1998; Licinio et al., 2014).

Our earlier studies have shown that inactivation of LepRb by 
deleting its coding exon 17 specifically in midbrain dopamine 
neurons using a transgenic mouse line, in which Cre recom-
binase expression is driven by the dopamine transporter pro-
moter, causes a robust anxiogenic phenotype (Liu et al., 2011). 
The present study used an AAV-cre/loxP system to achieve the 
VTA-specific inactivation of LepRb in adult mice. The advantage 
of this approach is bypassing potential developmental effects 
of LepRb. Mice injected with AAV-Cre-GFP in the VTA exhibited 
increased anxiety-related behaviors in the elevated plus-maze 
and novelty suppressed feeding tests, suggesting that functional 
LepRb in the VTA is required for normal anxiety-like behaviors. 
We noticed that mice injected with AAV-Cre-GFP in the adult 
VTA showed less severe behavioral deficits than conditional 
knockout mice lacking LepRb in dopamine neurons induced 
by the Cre transgenic mouse line (Liu et  al., 2011). This could 

Figure 8.  Adeno-associated virus (AAV)-Cre–mediated leptin receptor (LepRb) deletion in the ventral tegmental area (VTA) results in anxiogenic-like behaviors. (A) 

Timeline of experimental procedures and behavioral tests. (B) Elevated plus-maze test. Left, percent open arm entries; middle, percent open arm time; right, number of 

total entries. n = 13 to 15 each group. (C) Light-dark box test. Left, latency to enter the light side; middle, time spent in the light compartment; right, number of transi-

tions between light and dark compartments. n = 12 to 14 each group. (D) Novelty suppressed feeding test. Left, latency to feed; right, home-cage food consumption 

within 5 minutes immediately after the test. n = 12 to 15 each group. (E) Body weight before or after AAV injection. n = 10 to 13 each group. *P < .05; **P < .01 compared 

with the AAV-GFP control group.
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be due to incomplete deletion in the VTA of mice injected with 
AAV-Cre-GFP and/or the contribution of LepRb outside the VTA 
in conditional LepRb knockout mice.

JAK2/STAT3 is a major signaling pathway stimulated by lep-
tin in the VTA (Fulton et al., 2006; Hommel et al., 2006; Morton 
et al., 2009; Liu et al., 2011). To explore the molecular mecha-
nisms underlying leptin action on anxiety, we examined the 
influence of the pretreatment with the JAK2/STAT3 inhibitor 
AG-490 in the VTA on systemic leptin injection-induced anxi-
olytic effects. We found that leptin-induced increase in the 
percentage of open arm entries in the elevated plus maze test 
was attenuated by intra-VTA infusions of AG-490. This finding 
suggests that leptin’s anxiolytic effect is mediated, at least in 
part, by the JAK2/STAT3 signaling pathway in the VTA. However, 
other leptin signaling pathways in the VTA may also participate 
in mediating leptin action on anxiety as AG-490 only partially 
blocked the effect of leptin.

Effects of leptin on anxiety-related behaviors in the VTA are 
likely to be mediated by inhibiting activity of dopamine neurons. 
We have previously shown that the majority of leptin-induced 
p-STAT3 occurs in dopamine neurons (Liu et al., 2011). Systemic 
administration of leptin decreases the frequency of dopamine 
neuron firing in the VTA of anesthetized rats (Hommel et  al., 
2006). Deletion of LepRb in dopamine neurons increases bust fir-
ing of dopamine neurons in the VTA of anesthetized mice (Liu 
et al., 2011). These studies, together with the current finding of 
anxiogenic behaviors in mice with LepRb deletion specifically in 
the VTA, support that VTA dopamine neurons serve as a neural 
substrate on which leptin acts to reduce anxiety-like behaviors 
through LepRb. The anxiolytic effects of leptin in the VTA could 
include both presynaptic and postsynaptic mechanisms. Recent 
electrophysiological studies have shown that leptin acts on 
presynaptic terminals, suppressing excitatory synaptic trans-
mission onto VTA dopamine neurons (Thompson and Borgland, 
2013). These studies suggest that leptin in the VTA can reduce 
activity of dopamine neurons, either by directly inhibiting 
neuron firing and/or indirectly by dampening excitatory input 
to dopamine neurons. These 2 mechanisms may occur simul-
taneously in mice receiving intra-VTA injection of leptin. On 
the other hand, because a moderate number of LepRb neurons 
(~30%) are nondopaminergic (Scott et  al., 2009; Leshan et  al., 
2010; Liu et  al., 2011), it is possible that GABAergic and gluta-
mate neurons in the VTA may also participate in leptin actions 
on anxiety.

In summary, we have shown that activation and inactivation 
of LepRb in the VTA result in opposite changes in anxiety levels. 
Recent clinical studies have identified significant correlations 
between fluctuations in plasma leptin concentrations and emo-
tional states (Licinio et al., 2014). Increased human leptin levels 
are suggested to promote positive feelings (Licinio et al., 2014). 
Our previous studies have shown that leptin regulates depres-
sion-related behaviors via interacting with LepRb in the hip-
pocampus (Garza et al., 2012; Guo et al., 2012, 2013; Guo and Lu, 
2014; Wang et al., 2015). The present study suggests that leptin 
regulates anxiety-related behaviors through LepRb in the VTA. 
Whether LepRb neurons in the VTA and hippocampus represent 
unique cell populations that participate in the distinct circuits 
governing depressive and anxious states remains to further elu-
cidated in future studies.
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