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Abstract
Background
Patients with eating disorders often exhibit abnormal eating conditions like food restriction,
adipocyte and body weight reduction, and pathologic anxiety-like behavior. The role of leptin,
which is recognized as an adipocyte-derived hormone, on anxiety-like behavior in eating

disorders is still unclear.

Methods

We investigated the role of leptin on anxiety-like behavior with or without semi-starvation
using the elevated plus-maze test in adolescent female rats. In our first experiment, anxiety-like
behavior was evaluated with the elevated plus-maze test 30 min after intracerebroventricular
administration of 3 pg of leptin or vehicle. In our second experiment, the rats were allowed
access to food for only 2 hr each day for 7 days. Then, leptin or vehicle was administered to the
rats after the last 2 hr feeding period, and anxiety-like behaviors were evaluated in the same

way as in the first experiment.

Results

In the first experiment, there was no difference between the anxiety-like behaviors observed
after leptin administration and those seen after vehicle administration. Under the conditions of
semi-starvation, however, the percentage of time spent in the open arms in the rats given leptin

was lower than that in rats given vehicle.

Conclusions
These results suggest that leptin administration causes anxiety-like behavior only after semi-
starvation. Leptin might play an important role in pathologic anxiety-like behavior in eating

disorders.
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Introduction

Eating disorders most commonly begin during adolescence in females. Eating-disorder
patients (ED) usually restrict their diet because of an excessive interest in body weight and
shape, and believe themselves to be too fat even when they are severely underweight. ED often
exhibit other psychological disorders including depression and anxiety, and a high comorbidity
with anxiety disorder has been observed®. Such psychological changes cause and enhance the
harmful eating behavior of ED. As the etiology of the eating disorder involves a complex
interaction between genetic, environmental, social, and cultural factors, it is difficult to know
whether anxiety symptoms cause anorexic behavior or if maintaining chronic dietary restrictions
induces anxiety. On a neurochemical level, eating disorders and anxiety disorders share a
number of functional abnormalities with respect to their effects on serotonin and other
neurotransmitter systems®. Thus, food restriction might change the functional activity of these
systems, leading to lasting psychological and behavioral alterations®.

In eating disorders, especially in anorexia nervosa (AN), extreme body weight loss leads to a
decrease in adipose tissue and circulating leptin, which is derived primarily from white adipose
tissue. Leptin has multiple effects®® such as acting as a lipostatic negative feedback signal to
regulate energy balance. Increased circulating leptin levels induce its anorectic actions in the
brain®'”. In past studies, semi-starvation produced reductions in anxiety-like behavior in rats'.
The reduction of leptin as a consequence of body weight loss may have an important role in
anxiety-like behavior during stressful states like semi-starvation. However, the
neuropsychological mechanism that explains the observed comorbidity between eating disorders
and anxiety disorders is still unclear.

The purpose of the present study was to determine the effect of leptin on anxiety-like behavior
in adolescent female rats with or without semi-starvation (2 hr access to food per day for a week).
Intracerebroventricular (i.c.v.) administration of leptin was performed and anxiety-like behavior

was evaluated with the elevated plus-maze test (EPM).

Methods

Subjects

For behavioral studies, female Wistar rats (Keari Co., Osaka, Japan) were housed
individually in wire-topped, plastic cages (20xX30X15 cm) in a vivarium with a 12 hr reversed
dark-light cycle (light on 20:00h-8:00h). The vivarium was humidity- and temperature- (22°C)
controlled. Rats had access to standard rodent chow (24.8% crude protein, 4.4% crude fat, 3.5%
crude fiber, 7.0% crude ash, 51.6% nitrogen-free extract, 8.7% water; CE-2, 345.2 cal/100g: CLEA
Japan, Inc., Tokyo, Japan) and water ad libitum before food restriction. Rats were cared for in
compliance with the Guiding Principles for the Care and Use of Animals and the Guidelines for
Animal Experimentation of Osaka City University.
Surgery

Rats were acclimated to the vivarium for at least 1 week and were then implanted with an
indwelling cannula directed unilaterally at the left lateral ventricle. Anesthetized (chloral
hydrate 400 mg/kg, i.p.) subjects were secured in a stereotaxic frame with the tooth bar set 5.0
mm above interaural zero. A straight, stainless steel, 22-gauge guide cannula (Plastics One Inc.,

Roanoke, VA) was positioned above the lateral ventricle (the coordinates were —0.6 mm
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anterior/posterior, £2.0 mm lateral to the bregma, and 3.2 mm ventral from the skull surface'”)
and was anchored to the skull with screws and dental cement. A dummy stylet (Plastics One
Inc., Roanoke, VA) maintained patency. The subjects were housed individually and allowed 1

week to recover from the surgery.

Drugs and injections

Recombinant rat leptin was obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Leptin
was dissolved in artificial cerebrospinal fluid (aCSF; 128 mM NaCl, 1.3 mM CaCl,, 0.9 mM
MgCl,, and 2.6 mM KCI, pH 7.4). The dissolved leptin was divided between several Eppendorf
tubes and stored at —80°C for later use. The stored solution was thawed at room temperature
just before the experiment and was used only once. Three microgram of leptin were
administered intracerebroventricularly. The dose was selected based on previous studies that
indicated that 3 pg of i.c.v. leptin reduced food intake and body weight in rats'®. I.c.v.
administration was performed through a 28-gauge injector that extended beyond the tip of the
guide cannula. The injector was attached via polyethylene (PE-20) tubing to a 10 uL. Hamilton
microsyringe. I.c.v. administrations were conducted over 1 min. The injector was left in place

for 1 min after administration to allow diffusion®®.

Elevated plus-maze test

The EPM apparatus consisted of four arms (50 cm long, 10 cm wide). The two closed arms
had 40-cm-high dark walls, and the two open arms had none. The illuminance of the lighting in
the open arms was 1.5-2.0 lux. The maze was elevated to a height of 50 cm. White noise (70 dB)
was present throughout habituation and testing. The rats were placed individually onto the
center of the apparatus facing a closed arm during the dark cycle. The time spent in and entries
into each arm were detected automatically and recorded by a computer for 5 min (Axis 90,
Neuroscience Inc., Osaka, Japan). The percentage of open arm time, as measured by the time
spent in the open as opposed to the closed arms, has been proposed to relate inversely to
anxiety’, whereas the number of entries into the closed arms provides an index of locomotor
activity'®.
Experimental procedures

Separate groups of rats were tested in the EPM under one of the following two dietary
conditions: 1) free feeding or 2) semi-starvation (2 hr access to food after 22 hr food deprivation,

repeated for 7 days).

Experiment 1: The effects of leptin on anxiety-like behavior

In the first experiment, rats (n=32; 12 weeks old, 230-280g) were used with the EPM two
weeks after their recovery from surgery. Either recombinant rat leptin (3 pg in 5 pL) or 5 pL
aCSF was administered to the left lateral ventricle through the guide cannula. After 30 min of
i.c.v. administration, the rats were tested with the EPM in the dark phase (15:00h). We
measured the time in each arm and entries directed toward each arm to validate the indices of

anxiety-like behavior.

Experiment 2: Effects of leptin on anxiety-like behavior during semi-starvation

In the second experiment, rats (n=35; 12 weeks old, 190-240g) underwent time-restricted
scheduled feeding (2 hr access per day) for 7 days after a week of surgery. The rats were allowed
access to food for 2 hr per day in the dark phase (12:00h-14:00h) and had ad libitum access to
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water. Body weight was measured during semi-starvation. Either leptin (3 pg in 5 pL) or aCSF
was administered intracerebroventricularly after the last 2 hr feeding period of semi-starvation.

Then, anxiety-like behavior was measured with the EPM after 30 min of administration.

Data analysis

The body weights of the rats were measured after they had been subjected to the EPM, and
those of the leptin and vehicle administration groups were compared in both experiments. The
percentage of open arm entries and time spent in the EPM were determined individually. For
graphical presentation, the results were expressed as a percentage of the mean, and all results
were expressed as the mean+=SEM. Statistical comparisons were done using the Student’s ¢-test
between groups. Differences were considered significant at p<0.05. All statistical analyses were
carried out using SPSS 11.5J (SPSS, Inc., Chicago, IL).

Histology

After the experiment, the rats were killed with an overdose of diethyl ether. Then, a little ink
was injected through the guide cannula. The brains of the subjects were then excised and
refrigerated with ice. The chilled brains were cut into coronal sections, and the position of the
cannula was verified using the inkblot to see whether it was within the left lateral ventricle.

Only data from correctly positioned cannulae were included in the analyses.

Results
The mean+SEM body weights of the rats given leptin and vehicle measured after the EPM
were 256.8+10.0g and 253.9+7.3g in experiment 1, and 218.9+4.9g and 220.7+3.7¢g in
experiment 2, respectively. There was no significant difference between the body weights of the

two treatment groups in either experiment (p=0.82) (p=0.77) (Table 1).

Table 1. Body weight after the plus-maze test

Group n Body weight (g)
Experiment 1 Leptin 16 256.8+10.0

Vehicle 16 253.9+7.3
Experiment 2 Leptin 15 218.9+4.9

Vehicle 20 220.7+3.7

The mean (=SEM) body weights of the rats given leptin and vehicle measured
after the plus-maze test. n: the number of rats used.

In experiment 2 body weights of rats were measured at 12:00h and 14:00h, before and after
2hr feeding period, during semi-starvation. Body weights of rats gradually decreased after the
onset of food restriction but almost stabilized as measured at 12:00h after 6 days (Fig. 1).

In experiment 1, which examined the effects of leptin on anxiety-like behavior in rats without
semi-starvation, there was no significant difference with respect to the percentage of time spent
in the open arms [3 ug leptin, 32.59+5.65%; vehicle, 38.70+6.93%; p=0.50] (Fig. 2a) or the
number of closed arms entries [3 pg leptin, 13.00£1.00; vehicle, 12.44+0.88; p=0.68] (Fig. 2b)
between the 3 ug leptin and vehicle administration groups.

In experiment 2, which was carried out under semi-starvation, the percentage of time spent in
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Figure 1. Changes of body weight in the second experiment. Rats (n=35) were acclimated to the vivarium for at
least 1 week before undergoing surgery (Day —7). The rats were subjected to time-restricted scheduled feeding for 7
days after the surgery. Body weights of rats were measured before and after 2hr feeding during semi-starvation. On
day 7, the rats were tested in the plus-maze after the last 2 hr feeding period.
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Figure 2. The effects of i.c.v. administration of 3 ug
leptin on anxiety-like behavior. Results are expressed
as mean=SEM [3 ug leptin, 32.59+5.65%; vehicle,
38.70+6.93%] (a). The effects of an administration of
leptin on the number of closed arms entries. Results are
expressed as mean=SEM [3 pg leptin, 13.00+1.00;
vehicle, 12.44+0.88] (b).
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Figure 3. The effects of i.c.v. administration of 3 pg
leptin on anxiety-like behavior during semi-starvation.
Results are expressed as mean+SEM [3 ng leptin,
55.78+4.83%; vehicle, 67.24+3.13%]. =: p<0.05
compared with the control group by Student’s ¢-test (a).
The effects of an administration of leptin on the number
of closed arm entries during semi-starvation. Results are
expressed as mean=SEM [3 pg leptin, 10.13+0.88;
vehicle, 9.74+0.64] (b).
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the open arms by the rats that had been administered with 3 ug leptin was significantly lower
than that for the rats administered with vehicle [3 pg leptin, 55.78+4.83%; vehicle, 67.24+
3.13%; p=0.045] (Fig. 3a). However, no significant difference in the number of closed arms
entries was found [3 pg leptin, 10.13+0.88; vehicle, 9.74+0.64; p=0.719] (Fig. 3b).

Moreover, in comparison to the without semi-starvation group, the semi-starvation group
spent a higher percentage of time in the open arms and had a higher number of closed arms
entries after both leptin (p<0.01) (p=0.04) and vehicle (p<0.01) (p=0.016) administrations.

Discussion

In this experiment, anxiety-like behavior was evaluated with the EPM 30 min after i.c.v.
administration of leptin or vehicle. There was no difference between the anxiety-like behaviors
observed after leptin administration and those observed after vehicle administration without
semi-starvation. However, under semi-starvation conditions (access to food for only 2 hr a day
for 7 days before treatment) leptin administration induced anxiety-like behavior.

Circulating leptin concentrations are closely related to adipose tissue mass. Plasma leptin
concentrations also respond to acute changes in food intake. Leptin levels increase in rodents
within hours of a meal'” and in humans after several days of overfeeding'®, but decrease in both
species within hours of the initiation of fasting. Plasma leptin levels rapidly decrease after body
weight loss in humans and in rodents?” and can vary between extremely low and being within
the low normal range in AN patients*?”. In this study, the concentration of leptin in the brain
was not measured. From these previous studies, however, a reduction of leptin in the brain of
the rats that underwent semi-starvation is speculated. During periods of reduced leptin
concentrations in the brain, leptin i.c.v. administration will replenish leptin levels and may
affect behavior.

Until recently, there were few reports about the relationship between body weight and
anxiety-like behaviors. In this study, rats that had been semi-starved spent more time in open
arms and had a higher number of open arms entries compared with ad libitum feeding rats
receiving either vehicle or leptin groups. This is consistent with previous studies that showed
that chronic food restriction reduced anxiety in rats'’; however, the neurochemical mechanisms
of this are still underinvestigation. The decreased leptin concentration observed after semi-
starvation might therefore affect anxiety-related behavior. In this study, there was no difference
between the anxiety-like behaviors seen after leptin administration and those seen after vehicle
administration without semi-starvation. This suggests that leptin has little effect on anxiety-
like behavior during normal feeding, but does have an effect after semi-starvation i.e. after leptin
reduction, suggesting that leptin affects anxiety-related behavior.

It is reported that leptin treatment increases exploration of the open arms and locomotor
activity compared with saline-treatment of ob/ob mice, which have a leptin deficiency, in the
EPM#**  These reports are inconsistent with our results. The differences between the rodents
(ob/ob mice or rat) and/or the feeding conditions used might be the cause of this. Alternatively,
the contrary effects of leptin on anxiety-like behavior might be caused by starvation, a type of
stress, which is a common stimulus of the hypothalamic-pituitary-adrenal axis (HPAA)*2".
Corticotropin-releasing factor (CRF) mediates neuroendocrine, autonomic, and behavioral

responses to stress and seems to play a key role in the aetiology of stress-related psychiatric
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diseases such as depression and anxiety®*?". Leptin is involved in not only effects on feeding but
also in endocrine stress responses that are regulated by glucocorticoids®. Previous animal
studies have shown that i.p. injected leptin attenuates restraint stress-induced increases in
plasma ACTH and corticosterone during starvation'®”. Moreover in rats, leptin reduced
treadmill running-induced elevation of corticosterone plasma levels and inhibited the induction
of the type 1 CRF receptor (CRF:R) in the paraventricular hypothalamic nucleus, but strongly
increased the expression of the type 2 CRF receptor (CRF:R) in the ventromedial hypothalamic-
nucleus**”. Whereas, activation of CRF;R is clearly anxiogenic, CRF:R may have a dual role in
fear and anxiety-related behavior as well as in the HPAA response to stress®. Pharmacological
studies have shown that activation of CRF:R can result in both anxiolytic®**® and anxiogenic
effects®**”, which may depend on the specific brain regions involved*’. CRF., which is activated
by fasting, might mediate anxiety-like behavior in rats after semi-starvation.

In this experiment, only one dose (3 nug) was applied to rats, and the dose might have been too
little to affect some behaviors under normal feeding conditions. However, previous reports have
suggested that 3 pg is enough to effect certain behaviors. Administration of i.c.v. leptin altered
food intake and body weight dose-dependently from 1 to 30 pg in rats*”?. Moreover, 3.5 ug leptin
altered meal parameters* and the expression of hypothalamic neuropeptides*. I.c.v. injection of
2 ng leptin also inhibited food intake and increased hypothalamic CRH content’. We injected 3
ug of leptin intracerebroventricularly. The dose of leptin in this study was selected based on
these previous studies. Additional study with other leptin concentrations might clarify the dose-
dependent effect of leptin.

As for locomotor activity, chronic intraperitoneal administration of leptin suppressed semi-
starvation induced hyperactivity’®. Additionally, in activity-based anorexia rats, chronic leptin
treatment (i.c.v. 4 pug/day) reduced running wheel activity*”. However in this study, i.c.v.
administration of leptin did not influence the number of closed arm entries. The effect of leptin
on activity might appear gradually and need continuous administration with or without semi-
starvation.

When using female rats, the estrous cycle influences feeding and anxiety-like behavior. It
was reported that sex steroid hormones affect the anxiety level of ovariectomized mice*®.
Proestrus female rats spend more time in open arms than diestrus rats*. Additionally, under
emotional stress the food intake of female rats is inhibited more than that of male rats, and this
inhibition is more prominent during proestrus than during the other phases of the estrous
cycle®™®. We used female rats because eating disorders are more frequent in females than males.
Regardless of the estrous cycle, there were significant differences in anxiety-like behavior;
therefore, leptin had strong effects on anxiety during semi-starvation.

AN usually begins with harmless dieting, which then gets out of control. Regardless of their
very low body weight, patients with AN desire a lower body weight even though this might lead
to death. This excessive dieting is associated with a distorted image of their bodies, with
patients believing themselves to be too fat even when they are severely underweight. AN
patients have anxiety about gaining weight. We reported that leptin increased anxiety-like
behavior only in semi-starvation rats, which have previously been indicated as a model of AN®".
This might indicate that an increase in plasma leptin in patients with AN leads to resistance to

gaining weight when they recover. During recovery, AN patients show hyperleptinemia, as a
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result of rapid body weight gain®%,

In summary, i.c.v. administration of leptin showed no significant effect on anxiety-like
behavior under normal conditions, whereas during semi-starvation it increased anxiety-like
behavior in female rats. Leptin might play an important role in anxiety-like behavior during
semi-starvation. The increasing leptin level that occurs after gaining weight in ED leads to

increased anxiety, and this might be related to the resistance to therapy seen in ED.
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