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Abstract

Rationale—Our previous studies in rats have shown that the adipocyte-derived hormone leptin
induces antidepressant-like effects with a behavioral profile similar to selective serotonin reuptake
inhibitor (SSRI) antidepressants. Acute SSRI treatment causes paradoxical anxiogenic responses,
although chronic treatment has therapeutic effects on anxiety. However, the role of leptin in
anxiety remains to be established.

Objectives—The scope of this study was to investigate the acute effects of leptin on anxiety-
related behaviors in comparison with the SSRI antidepressant fluoxetine.

Materials and methods—Adult male C57BL/6J mice received intraperitoneal injection of
leptin or fluoxetine. Thirty minutes after injection, mice were subjected to the tail suspension test
(TST) and forced swim test (FST) for evaluating antidepressant activity. Anxiety-like behavior
was assessed in the elevated plus maze (EPM), social interaction, and open field tests 30 min
following drug treatment.

Results—While leptin and fluoxetine showed similar antidepressant-like behavioral effects in
the TST and FST, they differed in the behavioral assays for anxiety. Open arm exploration in the
EPM was increased by leptin but decreased by fluoxetine. Analysis of social interaction revealed
that distinct social behavioral components were modulated by leptin and fluoxetine. The total time
of active social behaviors was increased by leptin but reduced by fluoxetine. In addition, self-
grooming, a non-social behavior, was suppressed by leptin treatment. Neither leptin nor fluoxetine
produced significant effects in the open field test.

Conclusions—In contrast to anxiogenic-like effects induced by acute fluoxetine, leptin elicits
anxiolytic-like effects after acute administration. These results suggest that leptin has both
antidepressant-like and anxiolytic-like properties.
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Introduction

Leptin, a 16-kDa protein, is encoded by the obese (ob) gene and secreted by adipocytes
(Zhang et al. 1994). It can be transported across the blood—brain barrier to enter the brain,
where it binds to its receptors to influence a wide spectrum of functions. It is well
documented that leptin acts as a negative feedback signal in the regulation of food intake
and body weight gain via interaction with receptors localized in the hypothalamus.
However, leptin receptors are also distributed in other brain areas, including several limbic
structures implicated in the control of mood and emotion (Leshan et al. 2006; Scott et al.
2009). Our previous pharmacological studies have shown that leptin has antidepressant-like
properties (Lu et al. 2006). Circulating leptin levels are low in rat models of depression (Lu
et al. 2006), and some patients with major depression also have low levels of leptin in serum
or cerebrospinal fluid (Atmaca et al. 2002; Jow et al. 2006; Kraus et al. 2001; Westling et al.
2004). Depression is often comorbid with anxiety. However, whether leptin plays a role in
the modulation of anxiety behaviors remains to be characterized.

Current antidepressants, especially selective serotonin reuptake inhibitors (SSRIs) are
clinically effective for the treatment of anxiety disorders after chronic administration.
However, these SSRIs can worsen anxiety in the initial phase of the treatment (Den Boer
and Westenberg 1990; den Boer et al. 1987; Gorman et al. 1987; Grillon et al. 2007; Jick et
al. 2004). The anxiogenic effect of acute SSRIs, especially fluoxetine, has been
demonstrated in animal models (Belzung et al. 2001; Burghardt et al. 2004; Drapier et al.
2007; File et al. 1999; Griebel et al. 1994; Kurt et al. 2000). Leptin and fluoxetine exhibit
similar antidepressant-like behavioral profiles in the rat forced swim test (Lu et al. 2006;
Lucki 1997; Page et al. 1999). Evidence has suggested that leptin may functionally interact
with the serotonergic system (Calapai et al. 1999; Charnay et al. 2000; Collin et al. 2000;
Finn et al. 2001; Hay-Schmidt et al. 2001). The aim of the present study was to characterize
the acute pharmacological effects of leptin on anxiety-like behaviors in comparison with the
SSRI fluoxetine. We showed the antidepressant-like effects of leptin and fluoxetine in two
mouse behavioral tests for screening antidepressants, i.e., tail suspension and forced swim
tests. The effects of leptin and fluoxetine on anxiety-like behavior were evaluated using the
elevated plus maze, social interaction, and open field tests. We found that acute
administration of leptin produces anxiolytic effects, while acute fluoxetine elicits anxiogenic
effects in the same anxiety tests.

Materials and methods

Animals

Adult male C57BL/6J mice (8 weeks old on arrival, The Jackson Laboratory) were housed
in groups of five under a 12-h light—dark cycle (lights on at 0700 hours) with ad libitum
access to food and water except during behavioral tests. Animals were allowed to acclimate
for at least 1 week before beginning the experiments. All animal procedures 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.
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Recombinant rat leptin (R&D systems, Inc., Minneapolis, MN) and fluoxetine hydrochloride
(Sigma-Aldrich, St. Louis, MO) were dissolved in saline before use. For all behavioral
experiments, 0, 0.25, and 1.0 mg/kg leptin and 10 mg/kg fluoxetine were given
intraperitoneally (i.p.) with an injection volume of 10 ml/kg. Saline was given i.p. asa
vehicle control. The dose for fluoxetine was selected based upon previous reports showing
that fluoxetine at this dose is effective in reducing depressive (Dhir and Kulkarni 2007;
Perrault et al. 1992; Ukai et al. 1998) and enhancing anxiety-related behaviors after acute
administration (Griebel et al. 1995; Holmes and Rodgers 2003; Kurt et al. 2000).

Behavioral testing

All behavioral tests were performed during the late light phase between 1400 and 1700
hours. Mice were handled and sham-injected for 2 days before drug administration and
behavioral testing. On the test day, animals were weighed, counterbalanced into different
groups, and singly housed in a new cage with some home cage bedding to avoid the stressful
effect of sequential removal of the mice from the cage on remaining mice (Kask et al. 2001).
Animals were transferred to the testing room and habituated for 3—4 h prior to the beginning
of the experiments. The animals were used only once for behavioral testing. Each behavioral
test was performed multiple times using different animals except for the locomotor activity
measurement. The group size was derived from the sum of animal number for each
treatment in individual behavioral test.

Tail suspension test—Tail suspension test (TST) is widely used for screening
antidepressant properties of drugs (Steru et al. 1985). The apparatus was constructed of a
wooden box (30x30%x30 cm) with an open front. A horizontal bar was placed 1 cm from the
top and a vertical 9 cm bar hanging down in the center. Fifty-six animals were weighed and
counter-balanced into four different treatment groups that received i.p. injection of drugs or
vehicle: saline (n=18), 0.25 mg/kg leptin (n=9), 1 mg/kg leptin (n=15), or 10 mg/kg
fluoxetine (n=14). Thirty minutes after receiving i.p. injection, mice were individually
suspended by the tail to the vertical bar with adhesive tape affixed 2 cm from the tip of the
tail. A charge-coupled device (CCD) camera was positioned in front of the TST box. The
animal’s behavior was recorded for 6 min. The immobility and escape-oriented behaviors
were subsequently scored by a trained observer who was blind to the treatments. The
apparatus was cleaned with 20% alcohol between each animal. Immobility is defined as the
absence of any limb or body movements, except those caused by respiration.

Forced swim test—This test was performed using the original method described by
Porsolt (Porsolt et al. 1977). Thirty-eight mice were weighed and counter-balanced into four
different treatment groups that received i.p. injection of drugs or vehicle: saline (n=11), 0.25
mg/kg leptin (n=9), 1 mg/kg leptin (n=9), or 10 mg/kg fluoxetine (n=9). Thirty minutes after
i.p. injection, mice were placed in a clear Plexiglas cylinder (25 cm high; 10 cm in diameter)
filled to a depth of 15 cm with 24°C water. The tank was cleaned, and fresh water was used
for each animal. A CCD camera positioned directly above the cylinder recorded the swim
session. In a 6-min test session, the first 2 min were designated as a habituation period, and
the duration of immobility was measured during last 4 min using Noldus EthoVision 3.0
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system (Noldus Information Technology Inc., Leesburg, VA). The software acquired all
pixel coordinates of the tracking object in 200-ms intervals and determined the changed
pixels of this object between current sample and previous sample (referred to as changed
area). Mobility was calculated using the following formula: Mobility = (CAn/(An_1 + An) x
100 (CAn=changed area for current sample; An=area for current sample; An_,=area for
previous sample). If the mobility value was less than 20%, the animal was considered
immobile. This threshold was chosen as it produced similar immobility scores as using
manual scoring method.

Elevated plus maze—Forty-eight mice were weighed and counter-balanced into four
treatment groups that received i. p. injection of either drug or vehicle: saline (n=12), 0.25
mg/kg leptin (n = 10), 1 mg/kg leptin (n = 16), or 10 mg/kg fluoxetine (n=10). Mice were
tested in an elevated plus maze test 30 min after i.p. injection. The elevated plus maze was
made of white acrylic, with four 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 two arms have side and end walls (12-cm high) but are open on
top (closed arms). The open and closed arms intersect, having a central 5x5 cm square
platform giving access to all arms. The 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 min. Their activity on the elevated plus maze was recorded. After each test, the maze
was thoroughly cleaned with 20% alcohol to eliminate the odor and trace of the previously
tested animal. The time spent on the open and closed arms and the numbers of entries made
into each arm were measured. Entry was defined as all four paws being positioned within
one 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).

Social interaction—Saocial interaction is another measure of anxiety (File and Seth 2003).
The test apparatus consisted of a white box (40x40x40 cm) with an open top. The
illumination in the test arena was adjusted to 250 Ix. Animals were not habituated to the test
box prior to testing. Seventy mice (35 pairs) were assigned into four treatment groups
receiving i.p. injection: saline (n=9 pairs), 0.25 mg/kg leptin (n=8 pairs), 1 mg/kg leptin
(n=10 pairs), or 10 mg/kg fluoxetine (n=8 pairs). Thirty minutes after i.p. injection, mice
were tested for social interaction with an unknown test partner from different cages but with
the same treatment and approximately the same body weight (<0.6+0.1 g difference in body
weight). Two mice were placed simultaneously in the opposite corners of arena. Their social
activity was recorded for 10 min using a CCD camera that was mounted directly over the
test arena. The apparatus was thoroughly cleaned and dried after each test session with 20%
alcohol. The behaviors of animals were scored by two trained observers, who were blind to
the experimental conditions. The active social behaviors were scored, including nosing,
following, and non-aggressive physical contacts (body sniffing, anogenital sniffing, and
body crossing; Murcia et al. 2005; Stemmelin et al. 2008; To et al. 1999; Yamada et al.
2000). In addition, self-grooming and locomotor activity in the test area were quantified.
Self-grooming was characterized by forepaw licking, face washing, scratching, and sniffing
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themselves. Locomotor activity was assessed by placing a grid (4x4) over the test arena on
the computer screen and counting the number of squares crossing.

Open-field exploration—The apparatus was made of wood and consisted of a 60x60 cm
open arena with 40-cm-high walls. The open field arena was divided into nine equal squares.
The center square was defined as the central zone, in which animal’s activity is usually
regarded as a measure of anxiety (Simon et al. 1994; Treit and Fundytus 1988). The four
corners of the test arena were adjusted to even illumination. Thirty-one mice were assigned
into four treatment groups: saline (n=9), 0.25 mg/kg leptin (n=6), 1 mg/kg leptin (n=9), or
10 mg/kg fluoxetine (n=7). Thirty minutes after i.p. injection, mice were placed in the center
of the arena. Their activity in the arena was recorded for 5 min using a CCD camera. The
open field apparatus was cleaned after each testing session to prevent subsequent mice from
being influenced by odors deposited by previous animals. Activities in the central zone
including the number of entries, the distance traveled and total time spent in the central zone
were measured using the Noldus EthoVision 3.0 system. The percent distance mice traveled
in the central zone over total distance traveled in the open arena was also quantified. The
overall motor activity during the open field test was assessed as the total distance traveled
(horizontal movement) and the number of rearing events (vertical movement).

Locomotor activity—Twenty-four mice were studied in this experiment: saline (n=6),
0.25 mg/kg leptin (n=6), 1 mg/kg leptin (n=6), or 10 mg/kg fluoxetine (n=6). After i.p.
injection, mice were immediately placed in an open field arena (40x40%40 cm) and allowed
to freely explore for total 60 min. The apparatus was cleaned after each test session. The
total distance traveled in a 5-min interval was measured using a Noldus EthoVision 3.0
system.

Statistical analysis

Results

Results are expressed as meanzstandard error of the mean (SEM). One-way analysis of
variance (ANOVA) was used for the analysis of behavioral data collected from the
depression and anxiety behavioral tests. One-way ANOVA with repeated measures was
used to analyze the time course of locomotor activity. Post hoc comparisons were performed
using Bonferroni/Dunn. P<0.05 was considered statistically significant.

Effect of leptin in comparison with fluoxetine on depression-like behaviors

Antidepressant effects of leptin as well as fluoxetine were assessed in mice with the TST
and forced swim test (FST). In both tests, animals are subjected to an inescapable stressful
situation and develop a characteristic immobile posture. The duration of immobility in TST
and FST has been inferred as an index of “behavioral despair” (Porsolt et al. 1977; Steru et
al. 1985). In mice, it has been shown that a single injection of antidepressant drugs is
capable of acutely reducing immobility time (Cesana et al. 1993; Cryan et al. 2005). Thus,
the effects of leptin and fluoxetine on immobility were examined 30 min after a single i.p.
injection. ANOVA analysis indicated that leptin had a significant effect on immobility time
in the TST [F(2,39)= 4.239, P<0.05]. Post hoc comparisons revealed that leptin at 1 mg/kg

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 June 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 6

significantly decreased the immobility time by 35% compared to vehicle-treated controls
(P<0.01; Fig. 1a). Leptin at a lower dose of 0.25 mg/kg failed to show a significant effect.
Immobility time was also significantly reduced by fluoxetine (10 mg/kg) compared to the
vehicle treatment (P<0.01; Fig. 1a). This is consistent with previous findings on fluoxetine
at this dose in the same test (Jain et al. 2003; Perrault et al. 1992; Ukai et al. 1998). Such
antidepressant behavioral effects of leptin and fluoxetine were confirmed in the FST. Acute
administration of leptin also manifested a shorter time of immobility in FST [F(2,26)=4.815,
P<0.05]. Post hoc analysis indicated significant decreases in immobility in response to leptin
at doses of 0.25 mg/kg (P<0.05) and 1.0 mg/kg leptin (P<0.05; Fig. 1b). The immobility
time was also significantly decreased by fluoxetine as compared to the vehicle treatment
(P<0.001; Fig. 1b). These results confirmed the antidepressant properties of leptin and
fluoxetine.

Effect of leptin in comparison with fluoxetine on anxiety-related behaviors

We performed three tests to assess the effect of leptin on anxiety-related behaviors in
comparison with that of fluoxetine. First, we examined the effects of leptin and fluoxetine
on elevated plus maze behaviors. The elevated plus maze is a widely used anxiety paradigm,
which is based upon the animal’s conflict between an innate fear of exposed spaces and a
tendency to explore new environments. This test has high predictive validity for expressing
anxious behavior, and anxiolytic drugs such as diazepam and alprazolam consistently
exhibit positive effects when administered shortly before testing (Griebel et al. 1996). The
percentage of open arm entries and time spent in the open arms has been validated as a
measure of anxiety (Rodgers and Dalvi 1997). Thirty minutes after administration of leptin,
fluoxetine, or vehicle, mice were allowed to explore on the elevated plus maze for 5 min.
We found that leptin evoked a significant effect on the percentage of open arm entries [F(2,
35)=4.792, P<0.05] and the percentage of time spent in the open arms [F(2, 35)=3.194,
P<0.05]. Post hoc comparisons revealed that leptin at the dose of 1 mg/kg but not at the
lower dose, 0.25 mg/kg, significantly increased the percentage of time spent in the open
arms (P<0.05) and the percentage of entries into the open arms (P<0.01; Fig. 2a, b),
suggesting a dose-dependent effect. In contrast, acute injection of fluoxetine at the dose
eliciting antidepressant effects (10 mg/kg) decreased the percentage of open arm entries
(P<0.05) and time spent in the open arm (P<0.05; Fig. 2a, b). This finding is in agreement
with previous reports on the effect of fluoxetine on the elevated plus maze behaviors (Kurt
et al. 2000; Silva and Brandao 2000). Neither leptin nor fluoxetine significantly changed the
number of total arm entries [ANOVA, F(3,44)=2.161, P=0.1061] (Fig. 2c), indicating no
effect on locomotor activity. Together, these data suggest that leptin is anxiolytic and
fluoxetine is anxiogenic in the elevated plus maze test.

The effects of leptin and fluoxetine on anxiety levels were also examined in the social
interaction test. In this test, two mice from the same treatment group that were unfamiliar to
each other were simultaneously placed in a novel test arena. Following acute administration
of saline, leptin, or fluoxetine, active social behavior was scored. ANOVA analyses revealed
a significant effect of leptin treatment on the total social interaction time [F(2, 24)=
6.341.042, P<0.01]. Leptin at the dose of 1 mg/kg significantly increased the total social
interaction time as compared to vehicle-treated controls (P<0.01; Fig. 3a). In contrast,
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fluoxetine (10 mg/kg) decreased total social interaction time relative to vehicle-treated
controls (P<0.05; Fig. 3a). These data confirmed the anxiolytic and anxiogenic effects of
leptin and fluoxetine, respectively. Further dissection of active social behavior into nosing,
following and non-aggressive physical contacts (body sniffing, anogenital sniffing, and body
crossing), demonstrated the significant effects of drug treatment on these social behaviors
[F(3, 31)=6.476, P<0.01 for nosing; F(3, 31)=8.732, P<0.001 for following; F(3, 31)=4.445,
P<0.01 for non-aggressive physical contacts]. Leptin at 1 mg/kg significantly increased
nosing (P<0.05) and following (P<0.01) social behaviors, and fluoxetine decreased nosing
(P<0.05) and non-aggressive physical contacts (P<0.05) (Fig. 3a1-3). The fluoxetine-treated
mice showed no following behavior. These results indicate that leptin and fluoxetine affect
distinct social behavioral components. Aggressive behaviors such as biting attacks,
mounting, and wrestling were rarely observed in all pairs regardless of their treatment. In
addition, leptin at the dose of 1 mg/kg significantly decreased the time spent self-grooming,
a response to novelty stress (P<0.05), whereas fluoxetine treatment did not show any effect
on self-grooming behavior (P=0.313; Fig. 3b). As a control for nonspecific changes in
locomotor activity, square crossing was also measured. No differences in locomotion were
observed after either leptin or fluoxetine treatment [F(3,31)= 0.999, P=0.4061] (Fig. 3c).
Together, these results indicate that leptin promotes active social interaction and suppresses
stress responses, whereas fluoxetine inhibits active social behaviors

Additionally, we performed the open field test, which is a standard neophobic test of anxiety
based upon the same conflict situation as in the elevated plus maze test. In this test, mice
naturally tend to avoid open spaces. Thus, the time spent in the central zone of the open field
arena is a measure of anxiety state (Prut and Belzung 2003). Mice were tested for 5 min in
the open field after receiving i.p. injection of saline, leptin, or fluoxetine. Neither leptin nor
fluoxetine showed significant effects on time spent in the central zone [F(3, 27)=0.663,
P=0.582], numbers of entries into the central zone [F(3, 27)=0.514, P=0.676], and
locomotor activity in the central zone [F(3, 27)=0.710, P=0.554] (Table 1). Furthermore, the
percentage of distance traveled in the central zone (calculated as distance traveled/ total
distance traveled) was not affected by either compound [F(3, 27)=0.955, P=0.428] (Table
1). The horizontal locomotor activity (total distance traveled) and vertical activity (rearing)
during the open field test was quantified and showed no difference between treatment
groups [F(3, 27)=0.147, P=0.931 for total distance traveled; F(3, 27)= 1.046, P=0.388 for
rearing]. These results suggest that this test under the conditions set for this study is not
sensitive to either leptin or fluoxetine.

Effect of leptin in comparison with fluoxetine on locomotor activity

Locomotor activity was measured to ensure that the effects of leptin and fluoxetine in the
anxiety and depression behavioral tests were not due to nonspecific changes in locomotor
activity. Sixty-minute locomotor activity was analyzed in 5-min intervals. The locomotor
activity for 60 min was analyzed and pooled over 5-min bins. The locomotor activity
decreased significantly over time in all treatment groups [F(11, 220)=11.585, P<0.0001];
however, there was no difference between the treatment groups [F(33, 220)=0.813,
P=0.757] (Fig. 4a). No significant difference in total distance traveled between groups was
noted [F(3, 11)=0.430, P=0.734] (Fig. 4b). These results confirm that effects of leptin and
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fluoxetine on depression-and anxiety-like behaviors are not due to changes in nonspecific
locomotor activity.

Discussion

The main finding of the present study was that acute leptin treatment in mice produced
anxiolytic-like effects as indicated by increased novelty exploration, enhanced active social
behavior, and reduced self-grooming. In contrast, acute treatment with the SSRI
antidepressant fluoxetine, an antidepressant clinically used for the treatment of anxiety after
chronic administration (Schoevers et al. 2008), elicited anxiogenic-like effects in the same
behavioral tests. In addition, this study showed that leptin, similar to fluoxetine, reduced
“behavioral despair” in the TST and FST, which confirmed the antidepressant-like efficacy
in rats reported previously (Lu et al. 2006). These results suggest that leptin could represent
a novel therapeutic target for the treatment of both depression and anxiety.

The observations that acute administration of leptin in mice can decrease immobility in the
TST and FST, two tests for screening novel antidepressants, confirmed the antidepressant-
like potential as reported previously in rats (Lu et al. 2006). However, a study by Hirano et
al. showed that leptin had antidepressant-like effects in the TST in diabetic mice but not in
non-diabetic mice (Hirano et al. 2007). This discrepancy may be due to differences in age
and strain of mice used in these studies. Antidepressant response, as measured by the TST
and FST, varies with age and strain of animals (Crowley et al. 2005; Mason et al. 2009).
Hirano et al. used the juvenile ICR mice (4-week-old), whereas we used adult C57/ BL mice
(9-10-week-old at the time for behavioral tests) in the present study. It has been
demonstrated that juvenile mice have higher immobility in both the TST and FST and are
less sensitive to antidepressant drugs in comparison with adult mice (Mason et al. 2009).
This could provide an explanation for the discrepancies between our findings and the report
by Hirano et al.

The SSRI antidepressants have been used successfully in the treatment of several anxiety
disorders including generalized anxiety disorders (Ball et al. 2005; Sramek et al. 2002),
panic disorders (Bruce et al. 2003), social anxiety disorder (Blanco et al. 2003), obsessive—
compulsive, and post-traumatic stress disorders (Berlant 2003; den Boer et al. 1995).
However, the initial effect of acute administration of SSRIs in humans is anxiogenic (Den
Boer and Westenberg 1990; den Boer et al. 1987; Gorman et al. 1987; Grillon et al. 2007;
Jick et al. 2004). This acute anxiogenic behavioral effect was observed in the present study
in behavioral assays for anxiety. In the elevated plus maze test, a widely used behavioral
paradigm to assess anxiety levels (Lister 1987; Pellow et al. 1985), mice treated acutely with
fluoxetine spent shorter times in the open arms and made fewer entries into the open arms
without changing closed arm entries, indicating enhanced anxiety behavior. The anxiogenic
activity of fluoxetine was also observed in another behavioral test for anxiety, i.e. the social
interaction test. In this test, increases in active social interaction are indicative of an
anxiolytic effect, and decreases indicate an anxiogenic response. A single injection of
fluoxetine reduced the total time spent by a pair of male mice in active social interaction.
Our findings of anxiogenic effects of acute fluoxetine treatment are in general agreement
with previous reports in rats or mice (Bagdy et al. 2001; Drapier et al. 2007; File et al. 1999;
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Holmes and Rodgers 2003; Silva and Brandao 2000). In contrast, we found that acute
administration of leptin displays opposite effects on anxiety-related behaviors in the same
tests under the same testing conditions. In the elevated plus maze test, acute leptin treatment
increased the frequency and time spent on open arms, indicative of an anxiolytic effect. An
earlier study reported that repeated administration of leptin for 5 days in leptin-deficient
(ob/ob) obese mice increased open arm time and entries (Asakawa et al. 2003). However,
this study cannot rule out the possibility that the increase in open arm entries is attributable
to nonspecific locomotor elevation because of lack of wild-type controls and increased total
arm entries induced by leptin treatment in these ob/ob mice (Asakawa et al. 2003). It has
been previously shown that leptin deficiency or leptin receptor deficiency results in
decreased locomotor activity (Dauncey 1986; Kudo et al. 2004; Laposky et al. 2006), and
leptin replacement in leptin-deficient mice restores locomotor activity (Pelleymounter et al.
1995). However, leptin treatment in wild-type mice exhibited no stimulatory effect on
locomotion, as indicated by the measures of total arm entries in the elevated plus maze.
Thus, our findings in wild-type mice support a specific anxiolytic-like effect of leptin in the
elevated plus maze test.

The anxiolytic effect of leptin was confirmed in the social interaction test. A marked
increase in total time spent in active social behavior was observed after acute administration
of leptin at 1 mg/kg. Further dissection of active social behavior indicated that leptin
significantly increased nosing and following behaviors without affecting non-aggressive
physical contacts. To our knowledge, leptin’s effects on social interaction have not been
previously reported. In addition, we found that self-grooming, a non-social behavior, was
suppressed by leptin treatment. When animals are exposed to mild threat or a stressful
environment, self-grooming behavior can occur (Gispen and Isaacson 1981; Spruijt et al.
1992; van Erp et al. 1994). Anxiogenic stimuli can increase self-grooming, whereas
anxiolytic drugs decrease self-grooming, which has been considered as an index of anxiety
(Lazosky and Britton 1991; Moody et al. 1988). In our study, animals were tested in an
unfamiliar open field arena; the novelty stress could contribute to the observed self-
grooming behavior. The inhibitory effect of leptin on self-grooming therefore is indicative
of anxiolytic-like activity. We also measured anxiety levels in the open field test following
acute administration of leptin and fluoxetine. However, this test appears to be insensitive to
either compound. Mice receiving leptin or fluoxetine failed to show any difference in
expression of anxiety-related behaviors including the measures of entries, time, and distance
traveled in the central zone of the open field arena. This is somewhat surprising given the
positive effects of leptin and fluoxetine identified in the elevated plus maze and social
interaction test. It is possible that our testing conditions were not optimal for detecting
anxiogenic and anxiolytic effects. Alternatively, the open field paradigm may be insensitive
to acute effects of leptin and fluoxetine. In line with this possibility, it has been suggested
that the open field test is not sensitive to non-benzodiazepine agents (Prut and Belzung
2003).

Our data suggest that leptin has putative anxiolytic and antidepressant properties with rapid
onset of action. While the neural substrates and molecular mechanisms underlying the rapid
behavioral action of leptin remain to be determined, a growing body of evidence support that
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neuroplasticity is involved in the therapeutic action of mood-alleviating drugs. For instance,
adult hippocampal neurogenesis has been demonstrated to play an important role in
antidepressant and anxiolytic action (David et al. 2009; Jiang et al. 2005; Santarelli et al.
2003). Adult hippocampal neurongenesis can be promoted by leptin both in vitro and in vivo
(Garza et al. 2008). However, the regulation of hippocampal neurogenic activity is unlikely
to be a mechanism underlying the acute response to leptin because neurogenesis is a
relatively slow process with multi-steps including proliferation of progenitors,
differentiation, maturation, and integration of newborn neurons into hippocampal circuitry
(Ming and Song 2005). After cell division, it takes about 4 weeks for newly generated
neurons in the dentate gyrus to develop functional properties similar to those of mature
granule cells (van Praag et al. 2002). Thus, changes in neurogenesis would not be expected
to occur during acute leptin treatment. On the other hand, emerging evidence suggests that
changes in synaptic plasticity are involved in the response to anti-depressants. Particularly,
glutamatergic neurotransmission has been recently implicated in a possible mechanism for
rapid onset antidepressants (Berman et al. 2000; Zarate et al. 2006; Preskorn et al. 2008). In
contrast to monoamine-based classical antidepressants requiring weeks or months of
treatment before a therapeutic effect is observed, a single injection of ketamine, a glutamate-
NMDA antagonist, induces a rapid (within 2 h) and sustained (up to 2 weeks) antidepressant
effect in treatment-refractory patients with depression (Berman et al. 2000; Zarate et al.
2006). Preclinical studies also suggest that drugs targeting various components of glutamate
neurotransmission have anxiolytic effects (Bergink et al. 2004). Several lines of evidence
suggest a role of leptin in glutamatergic transmission and plasticity. Electrophysiological
recording on brain slices reveals that leptin treatment can modulate glutamate
neurotransmission both presynaptically and postsynaptically (Harvey et al. 2006; Oomura et
al. 2006; Xu et al. 2008). Moreover, chronic elevation of leptin regulates expression of
glutamate receptors (Walker et al. 2007). Whether and how glutamate activity is involved in
the acute behavioral responses to leptin await for further investigation.

In summary, the results of this study support a role of leptin in both anxiety- and depression-
related behaviors. It is noteworthy that its anxiolytic effects after acute administration is in
contrast to SSRI antidepressants, which require chronic treatment to reduce anxiety in
rodents and humans (Burghardt et al. 2004; Den Boer and Westenberg 1990; den Boer et al.
1987; Gorman et al. 1987; Griebel et al. 1994; Kurt et al. 2000). Given that a large
proportion of depressed patients also have anxiety disorders (Pollack 2005), the
antidepressant- and anxiolytic-like properties of leptin have clinical significance especially
for the treatment of comorbid conditions. However, questions remain on how long the acute
behavioral effects of a single systemic injection of leptin can last and whether these effects
will be sustained after chronic administration. In a rat chronic unpredictable stress model of
depression, we observed that chronic injection (2 weeks) of leptin to rats subjected to daily
stress reversed the stress-induced depression-like behavior (unpublished data). Future
studies will investigate the effect of chronically administered leptin on anxiety-like behavior
and test whether leptin is effective in animal models with genetic manipulations or
environmental exposures predisposing to anxiety.
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Fluoxetine

Antidepressant-like effect of acute administration of leptin and fluoxetine. a The tail
suspension test (TST) was performed 30 min after i.p. injections of saline (n=18), 0.25
mg/kg leptin (n=9), 1 mg/kg leptin (n=15), or 10 mg/kg fluoxetine (n=14). The animal’s
behavior was recorded for 6 min, and immobility time was assessed for the entire period of 6
min. b The forced swim test (FST) was performed 30 min after i.p. administration with
saline (n=11), 0.25 mg/kg leptin (n=9), 1 mg/kg leptin (n=9), or 10 mg/kg fluoxetine (n=9).
The animal’s behavior was recorded for 6 min, and immobility time was scored during the
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last 4 min. Data are expressed as the mean+SEM. *P<0.05, **P<0.01, and ***P<0.001
compared with the vehicle-treated control group
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Fig. 2.
Effect of acute administration of leptin and fluoxetine on the elevated plus maze behavior.

Mice were injected i.p. with saline (n=12), 0.25 mg/kg leptin (n=10), 1 mg/kg leptin (n=16),
or 10 mg/kg fluoxetine (n=10) 30 min before the 5 min elevated plus maze test. The
percentage of entries made into the open arms/total entries made into all arms [OTR(e)] (a)
and the percentage of time spent in the open arms/total time spent [OTR(t)] in all arms (b),
as well as the number of total arm entries (c) were calculated. Data are expressed as mean+
SEM. *P<0.05 and **P<0.01 compared with the vehicle-treated control group
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Fig. 3.

Effect of leptin and fluoxetine on social interaction. Mice were i.p. injected with saline (n=9
pairs), 0.25 mg/kg leptin (n=8 pairs), 1 mg/kg leptin (n=10 pairs), or 10 mg/kg fluoxetine
(n=8 pairs) 30 min before the social interaction test. a The total time spent in active social
interaction: al nosing, a2 following. Fluoxetine-treated mice showed no following behavior.
a3 Non-aggressive physical contacts. b Self-grooming. ¢ The locomotor activity, which was
assessed by quantifying the number of square crossing on the base of the arena. Data are
expressed as mean+SEM. *P<0.05, **P< 0.01 compared with the vehicle-treated control

group
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Fig. 4.
Effect of leptin and fluoxetine on locomotor activity. Mice were injected i.p. with saline

(n=6), 0.25 mg/kg leptin (n=6), 1 mg/kg leptin (n=6), or 10 mg/kg fluoxetine (n=6) and
immediately placed in an open field arena. Animals were allowed to freely explore for a
total of 60 min. a The distance traveled in a 5 min interval. b Total distance traveled within
the entire 60 min. Data are expressed as mean+SEM
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