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Abstract

Ongoing epidemiological studies estimate that greater than 60% of the adult US population may
be categorized as either overweight or obese. There is a growing appreciation that the
complications of obesity extend to the central nervous system (CNS) and may result in increased
risk for neurological co-morbidities like depressive illness. One potential mechanistic mediator
linking obesity and depressive illness is the adipocyte derived hormone leptin. We previously
demonstrated that lentivirus-mediated downregulation of hypothalamic insulin receptors increases
body weight, adiposity and plasma leptin levels, which is consistent with features of the metabolic
syndrome. Using this novel model of obesity, we examined performance in the forced swim test
(FST), the sucrose preference test and the elevated plus maze (EPM), approaches that are often
used as measures of depressive-like and anxiety-like behaviors, in rats that received third
ventricular injections of either an insulin receptor antisense lentivirus (hypo-IRAS) or a control
lentivirus (hypo-Con). Hypo-IRAS rats exhibited significant increases in immobility time and
corresponding decreases in active behaviors in the FST and exhibited anhedonia as measured by
decreased sucrose intake compared to hypo-Con rats. Hypo-IRAS rats also exhibited increases in
anxiety-like behaviors in the EPM. Plasma, hippocampal and amygdalar brain-derived
neurotrophic factor (BDNF) levels were reduced in hypo-IRAS rats, suggesting that the obesity/
hyperleptinemic phenotype may elicit this behavioral phenotype through modulation of
neurotrophic factor expression. Collectively, these data support the hypothesis for an increased
risk for mood disorders in obesity, which may be related to decreased expression of hippocampal
and amygdalar BDNF.
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1. Introduction

Ongoing epidemiological studies by the Centers for Disease Control estimate that greater
than 60% of the adult US population may be categorized as either overweight or obese [1].
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In addition to peripheral complications, there is a growing appreciation that the
complications of obesity extend to the central nervous system (CNS) [2;3] and may result in
increased risk for neurological co-morbidities like depressive illness. In support of this
hypothesis, clinical studies indicate that there is an association between obesity and mood
disorders [4-15]; this correlation is particularly strong for individuals with a BMI greater
than 40 [7]. A number of factors have been suggested as mechanistic links between obesity
and mood disorders, including socioeconomic status, genetic predisposition and stress
reactivity [8;14]. Another potential mechanistic mediator linking obesity and depressive
illness is the adipocyte-derived hormone leptin.

Leptin is synthesized and secreted by adipocytes and is transported across the blood-brain
barrier (BBB) via a saturable transport system [16]. In the hypothalamus, leptin is
recognized as an important integration factor that regulates food intake, metabolism, body
weight and body composition (For review see, [17]). Beyond the hypothalamus, there is a
growing literature to support a role for leptin in the facilitation of synaptic plasticity (For
reviews see [18-20]). In obesity phenotypes, leptin transport across the blood-brain barrier
is impaired [16;21;22]. Moreover, experimental models of obesity are associated with
deficits in neuroplasticity [23], which supports the hypothesis that reduced CNS leptin
activity may be a mechanistic link between obesity and major depressive illness [24].
However, the wide-range of endocrine and metabolic abnormalities associated with obesity
phenotypes makes it challenging to identify the mechanistic links between obesity and
depressive illness.

We recently developed a lentivirus vector packaged with an insulin receptor (IR) antisense
sequence (IRAS) that when injected into the hypothalamus (hypo-IRAS) selectively
decreases IR signaling in hypothalamus without affecting these parameters in the
hippocampus [25;26]. Hypo-IRAS rats exhibit increases in body weight, body adiposity,
plasma leptin and triglyceride levels, features that are consistent with aspects of the
metabolic syndrome. In view of the increased risk for co-morbid depressive illness in obese
individuals, the aim of the current studies was to determine whether the obesity phenotype
observed in hypo-IRAS rats elicits the development of depressive-like and anxiety-like
behaviors.

2. Materials and Methods

2.1. Animal Protocols

Adult male Sprague Dawley rats (CD strain, Charles River) weighing 225-250 g were
housed in groups of three with ad /ibitum access to food and water, in accordance with all
guidelines and regulations of The University of South Carolina Animal Care and Use
Committee. Animals were maintained in a temperature-controlled room, with a light/dark
cycle of 12/12 h (lights on at 0700h). As described previously [25;26], rats were
anesthetized, placed in the stereotaxic apparatus and lentivirus was injected into the third
ventricle using the following coordinates: AP: —=2.6 mm; L: 0.0 mm; DV: -10.0 mm. Rats
were injected with lentivirus containing an antisense sequence selective for the IR (LV-
IRAS) or control virus (LV-Con). The viral stock (5x10° tu/ul) was injected at a speed of 1
pl/min with a 10 pl Hamilton syringe driven by a motorized stereotaxic injector (Stoelting
53310); the needle was left in place for additional 10 min. Total volume injected was 6 pl.
Rats were returned to the housing colony and blood from the tip of the tail was collected 3—4
weeks after surgery to test leptin, triglycerides and BDNF levels. Once the development of
the hyperleptinemic phenotype was confirmed, behavioral analyses were performed.
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2.2. Elevated Plus Maze Test

The elevated plus maze was used to assess anxiety-like behaviors in hypo-IRAS and hypo-
Con rats, as described in our previous studies [27-29]. Behavioral testing took place
between 0800h and 1100h in a behavioral suite adjacent to the vivarium room. The plus
maze apparatus was made of black Plexiglas had two open arms (56 x 10 x 1 cm) and two
closed arms (56 x 10 x 40 cm) and was elevated 50cm above the floor. A white noise
generator was used to mask extraneous noises and testing occurred in bright light. Rats were
placed in the center of the plus maze facing an open arm and videotaped for 5 minutes. Rats
were then removed and returned to their home cage. The maze was cleaned with a 5%
ammonium hydroxide solution between subjects. An automated Ethovision tracking system
(Noldus Information Technology, Inc, Leesburg, VA) measured time spent in open and
closed arms, entries into open and closed arms, center time, and distance traveled. Open arm
measures were used as a measure of anxiety and the distance traveled was used as a measure
of spontaneous locomotor activity. Percent open arm entries was calculated based number of
open arm entries divided by the total number of arm entries (open + closed) times 100.

2.3. Anhedonia

To evaluate anhedonic-like response to a palatable fluid, a sucrose consumption protocol
was developed. In order to habituate the animals to the sucrose solution, rats were exposed
for 24 hours to two identical bottles containing water and 1% sucrose solution (Sigma
Chemical Co., St Louis MO). The next day the rats were water-deprived for 6 hours (1300h—
1900h) before testing their preference for sucrose (1%) or water (identical bottles) in a three
hour two-bottle choice beginning at 1900h. Consumption of sucrose and water were
determined in this period.

2.4. Forced Swim Test

The FST for “behavior despair” was modified from the test originally described by Porsolt
[30;31]. Testing for both days was done in the early light hours of the light:dark cycle.
Animals were placed in a clear Plexiglas cylinder, 21 cm in diameter and 40.5 cm in height,
filled with 30 cm of room temperature water (25°C) in a separate room with no visual or
audible stimuli. The first day consisted of a fifteen minute pretest, followed 24 hours later by
a five minute test. Animals were viewed and scored later by a scorer blind to the treatment
group via video camera for three behaviors: immobility, climbing and swimming.
Immobility behaviors were defined as little to no movement of the rat. Climbing was defined
as movement in contact with the side of the container. All other movements were defined as
swimming. Behaviors were noted by the scorer every three seconds.

2.5. Acute restraint stress test

Hypo-Con and hypo-IRAS rats were subjected to an acute restraint stress session as
described in our previous studies [32]. Briefly, rats were subjected to restraint stress in wire
mesh restrainers secured at the head and tail ends with clips. Immediately after the rat was
secured in the restrainer, a tail bleed was performed to determine baseline corticosterone
(CORT) values, following which the rats were returned to their home cage. Thirty minutes
after the initiation of stress, the tail was gently massaged to recover blood for peak stress
mediated increases in plasma CORT. Upon completion of this tail bleed, rats were released
from the restrainers and returned to their home cage. One hour later, the tail was gently
messaged to recover blood for post-stress measurement of plasma CORT levels. Plasma
CORT levels were determined by enzyme-linked immunosorbent assay.

Behav Brain Res. Author manuscript; available in PMC 2013 September 16.
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2.6. Plasma endocrine analysis

Plasma triglycerides were determined using an enzymatic kit (modified Trinder) according
to the manufacturer’s instructions (Pointe Scientific, Inc., Canton, MI, USA). Determination
of plasma CORT was performed using a commercially-available ELISA kit (Enzo Life
Sciences, Inc., Plymouth Meeting, PA). Determination of plasma leptin was performed
using a commercially available leptin ELISA kit (Millipore, Corporation, Billerica, MA).
Plasma, hippocampal and amygdalar BDNF levels were determined in samples from rats not
subjected to behavioral tests, using a commercial available ELISA from Promega (BDNF
Emax ImmunoAssay System, Promega Corp., Madison, WI). Hippocampus and amygdala
were isolated and prepared for BDNF analysis as described in our previous studies [33].
ELISA plates were analyzed with a BioTek Synergy microplate reader (BioTek Instruments
Inc., Winooski, VT), according to the manufacturers’ instructions.

2.7. Statistical analysis

Statistical analysis was performed using an unpaired t-test or a one-way ANOVA, followed
by a Student-Newman-Keuls post-hoc test, with P < 0.05 as the criterion for statistical
significance.

3. Results

Three weeks following lentivirus administration, hypo-IRAS rats exhibited significant
increases in body weight, body adiposity, plasma leptin levels and plasma triglyceride
levels, which provide indirect measures of the efficacy of the IRAS construct (Table 1).
Successful downregulation of hypothalamic insulin receptors (IRs) was confirmed by
western blot analysis; IR expression was similar in the hippocampus and amygdala of hypo-
IRAS and hypo-Con rats (Table 1). Since some of the behavioral measures we wished to
examine involve stressful stimuli, we wanted to determine whether stress reactivity was
altered following downregulation of hypothalamic IRs. To address this question, rats were
subjected to an acute (i.e. 30 minute) restraint stress session. In agreement with our previous
studies [25], basal levels of plasma corticosterone (CORT) levels did not differ between
hypo-IRAS and hypo-Con rats (Figure 1). Additionally, stress-induced increases and post-
stress levels of CORT did not differ between the groups, indicating that stress reactivity in
response to an acute stress challenge is not affected in hypo-IRAS rats.

3.1. Evaluation of depressive-like behaviors in hypo-IRAS rats

In an attempt to determine if the obesity/hyperleptinemic phenotype elicits depressive-like
symptoms, hypo-IRAS rats and hypo-Con rats were evaluated in the forced swim test (FST)
and for sucrose intake. In the FST, immobility behaviors are defined as little to no
movement of the rat while active behavior combines climbing and swimming behaviors. An
increase in immobility behaviors (and corresponding decrease in active behaviors) is
considered a measure of behavioral despair. In the fifteen minute pretest, the levels of
immobility and active behavior did not differ between the two groups (Figure 2, Panel A).
However, hypo-IRAS rats exhibited significant increases in immobility (t=2.283, p=0.05)
and reductions in active behaviors (t=2.263, p=0.05) compared to hypo-Con rats during the
5 min test performed 24 hours later (Figure 2, Panel B). It is important to note that the
increases in immobility times observed in hypo-IRAS rats are only apparent during the 5
minute test session performed 24 hours after the pre-test. This indicates that hypo-IRAS rats
do not exhibit immobility (i.e. float) in the test phase simply because of their increased
adiposity. Rather, the increases in immobility time specific to the test phase of the forced
swim test are more likely indicative of behavioral despair.

Behav Brain Res. Author manuscript; available in PMC 2013 September 16.
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As another measure of depressive-like symptoms, we examined sucrose intake in hypo-Con
and hypo-IRAS rats following lentivirus administration. Twenty-four hours following a
habituation period, hypo-IRAS rats and hypo-Con rats were provided access to water and a
1% sucrose solution and fluid intake was monitored during the first three hours of the dark
cycle. While water consumption did not differ between the groups (data not shown), the
ratio of sucrose to water intake was significantly reduced in hypo-IRAS rats compared to
hypo-Con rats (Figure 3). Collectively, these data illustrate that hypo-IRAS rats exhibit
behavioral despair and anhedonia to a palatable sucrose solution.

3.2. Anxiety-like behaviors are increased in hypo-IRAS rats

In order to determine the effects of the obesity/hyperleptinemic phenotype upon anxiety-like
behaviors, performance in the elevated plus maze was examined in hypo-Con and hypo-
IRAS rats. Hypo-IRAS rats exhibited decreases in percent open arm entries (t=2.582,
p<0.02) when compared with hypo-Con rats (Figure 4, Panel A). Conversely, activity
measures in the plus maze, such as distance traveled, did not differ between groups (t=0.686,
p=0.496; Figure 4, Panel B). These data suggest that in addition to eliciting increases in
depression-like behaviors, downregulation of hypothalamic IRs also elicits an increase in
anxiety-like behaviors without changes in locomotor activity.

3.3. Brain-derived neurotrophic factor levels are decreased in hypo-IRAS rats

In view of the proposed role of brain-derived neurotrophic factor (BDNF) in the pathology
of depressive illness (for review, see [34]), we examined BNDF levels in hypo-IRAS and
hypo-Con rats. Plasma BNDF levels were reduced in hypo-IRAS compared to hypo-Con
rats (Figure 5; t=3.17, p<0.01). Similar to observations in mice fed a high-fat diet [35],
BNDF protein expression was reduced in the hippocampus (t=2.515, p<0.03), as well as the
amygdala (t=4.02, p<0.02) of hypo-IRAS rats compared to hypo-Con rats.

4. Discussion

Obesity, defined as a body mass index (BMI) of greater than 30, is associated with a host of
co-morbidities, including cardiovascular disease and type 2 diabetes mellitus (T2DM). In
addition to peripheral consequences, there is a growing appreciation that the complications
associated with obesity extend to the CNS and include increased risk of depressive illness
[4-15]. An important question that remains to be addressed is what are the mechanistic
mediators that link obesity with depressive illness. The results of the current study illustrate
that downregulation of hypothalamic IRs elicits behavioral despair, anhedonia and increased
anxiety-like behavior. Mechanistically, these behavioral changes may be mediated by
increases in adiposity, as well as increases in plasma leptin and/or triglyceride levels elicited
by downregulation of hypothalamic IRs. Indeed, while obese hypo-IRAS rats exhibit
significant increases in plasma leptin and triglyceride levels, other metabolic and endocrine
measures are unaffected. For example, hypo-IRAS rats exhibit normal stress reactivity in
response to an acute stress challenge and exhibit similar responses to an oral glucose
tolerance test when compared with hypo-Con rats [25;26]. These observations suggest that
the adipocyte-derived hormone leptin may provide a mechanistic link between obesity and
depression [24].

In the CNS, the actions of leptin in the hypothalamus are well described and include
regulation of feeding, body weight and metabolism ( For review, see [17]). In addition, there
is a growing literature to support a role for leptin in the facilitation of hippocampal structure
and function [18;36;37]. These structural and functional enhancements of hippocampal
plasticity may contribute to leptin’s ability to improve hippocampal-dependent behavioral
performance [18;38;39]. Conversely, genetic mutations that result in disrupted leptin
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signaling such as in the db/db mouse and the Zucker fa/fa rat are associated with impaired
performance of hippocampal-dependent tasks [40;41]. Leptin transport across the BBB is
impaired under conditions of hyperleptinemia [16;21;22], which has lead to the suggestion
that despite chronically increased circulating leptin levels, decreases in CNS leptin signaling
and/or BBB leptin transport are associated with decreases in synaptic plasticity [23]. In
support of this hypothesis, our recent studies revealed that hypo-IRAS rats exhibit structural
and functional deficits in the hippocampus, including decreases in contextual learning,
decreases in long-term potentiation and morphological changes that include synaptic
reorganization [26;42]. Hypo-IRAS rats also fail to exhibit increased phosphorylation of
STAT3 in response to peripherally administered leptin [42]. The lack of activation of this
key step in leptin receptor signaling indicate that hypo-IRAS rats are leptin resistant and
suggest that the deficits in hippocampal synaptic plasticity observed in hypo-IRAS rats may
result from decreases in BBB leptin transport and/or leptin receptor signaling.

In addition to behavioral measures of synaptic plasticity, previous studies have reported that
leptin possesses anti-depressant and anxiolytic properties [24]. For example, chronic stress-
induced behavioral despair in the forced swim test is reversed by leptin administration in a
dose-dependent manner [43]. Leptin administration also reverses chronic stress-induced
anhedonia as measured by sucrose intake [43]. In the elevated plus maze, leptin
administration increases open arm entries and time spent in the open arm compared to
saline-treated controls [44]. Some additional studies support the hypothesis that decreases in
brain leptin activity is a mechanistic link between obesity and depressive-like behaviors. In
this regard, ob/ob mice, which lack the gene coding for leptin, exhibit increased immaobility
time in the FST compared to wild-type controls [45]. Additionally, db/db mice, which lack
functional leptin receptors, exhibit increased immaobility time in the FST and altered anxiety-
like behaviors [46]. Streptozotocin-treated mice, an experimental model of type 1 diabetes
that have nearly undetectable levels of plasma leptin, exhibit depressive-like [47] and
anxiety-like behaviors [48;49]. Interestingly, depressive-like behaviors in STZ mice are
inhibited by leptin in a dose-dependent manner [50]. The common feature of these studies is
that rodents with impaired leptin signaling (i.e. receptor or ligand deficient) exhibit
depressive-like and anxiety-like behaviors. Using these same behavioral measures, namely
the FST, sucrose preference and the EPM, the current study revealed that an obesity/
hyperleptinemia phenotype of the hypo-IRAS model also elicits behavioral despair and
anxiety-like behaviors.

In addition to leptin, there may be an important role for increases in plasma triglycerides in
obesity-mediated neuroplasticity deficits. Studies by Banks and colleagues have
demonstrated that increases in plasma triglyceride levels inhibit BBB transport of leptin
[51]. In addition to decreasing BBB transport of leptin, triglycerides directly impair
hippocampal synaptic transmission and behavioral performance [52]. Therefore, obesity-
related increases in plasma triglycerides may impair BBB leptin transport, and thereby
reduce leptin-mediated synaptic plasticity in the hippocampus. Such results implicate plasma
increases of both leptin and triglycerides as mechanistic mediators linking depression and
obesity. The results of this study also identify BDNF as a potential mechanistic mediator
that links depression and obesity. BDNF is a major regulator of synaptic plasticity in the
CNS and contributes to a range of adaptive neuronal responses [53-56]. For example,
intrahippocampal administration of BDNF produces antidepressant-like effects [57],
supporting the hypothesis that the mechanisms of action of some antidepressant drugs
involves upregulation of hippocampal BDNF levels [58]. Depressive illness patients exhibit
decreases in plasma BDNF levels [59;60], further supporting the relationship between
depressive illness and BDNF expression. Moreover, downregulation of amygdalar BDNF
expression using antisense oligonucleotide approaches elicits decreases in open arm entries
and open arm time in the elevated plus maze [61]. In the current study, the behavioral
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changes observed in hypo-IRAS rats are accompanied by decreases in plasma, hippocampal
and amygdalar BDNF levels. Such results suggest that there are important interactions
between BDNF, leptin and triglycerides that elicit behavioral deficits in obese rodents.

Beyond leptin, triglycerides and BDNF, other putative factors have received greater
attention as potential mechanistic mediators linking mood disorders and obesity, in
particular stress reactivity and hypothalamic-pituitary-adrenal (HPA) axis function [14].
Indeed, impaired HPA axis function is a common feature of obesity and depressive illness
[62]. Stress has been implicated in the etiology and progression of depressive illness [63]
and rodents subjected to chronic stress paradigms exhibit a depressive-like phenotype [64].
Moreover, stress paradigms reduce hippocampal BDNF levels [65]. These data support the
concept that stress may be an etiological link between obesity and depression. However, the
current results suggest that behavioral despair observed in an obesity/hyperleptinemic
phenotype can be elicited in the absence of increased basal levels of glucocorticoids or
impaired HPA reactivity. Therefore, our data demonstrate that behavioral despair and
enhanced anxiety-like behaviors under conditions of increased adiposity may occur in the
absence of HPA axis dysfunction.

Conclusions

In summary, the results of the current study indicate that a phenotype that is consistent with
aspects of the metabolic syndrome is associated with decreases in hippocampal and
amygdalar BDNF levels and elicits behavioral despair, anhedonia and increases in anxiety-
like behaviors. While increases in plasma triglycerides and plasma leptin, as well as
decreases in BDNF expression, may be factors that link obesity and depression, the
relationship between these potential mechanistic mediators remains to be determined. For
example, could increases in BDNF expression mediated by antidepressants inhibit the
development of a depression-like phenotype even in the absence of changes in plasma leptin
and/or triglyceride levels? Could drugs that reduce plasma triglyceride levels and thereby
restore BBB transport of leptin [51] reverse and/or inhibit behavioral deficits observed in
hypo-IRAS rats? Determination of these relationships between leptin, triglycerides and
BDNF would assist in the development of strategies to ameliorate the neurological co-
morbidities associated with obesity.
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Figure 1.

Downregulation of hypothalamic IRs does not affect HPA axis responses to acute stress.
Virus-treated rats were subjected to an acute (30 minute) restraint stress challenge to
determine if downregulation of hypothalamic IRs affected stress reactivity. Tail bleeds were
performed to determine baseline plasma CORT levels (basal), peak restraint stress-induced
plasma CORT levels (i.e. 30 min stress) and plasma levels 1 hour following termination of
stress (i.e. post-stress). Basal, stress and post-stress plasma CORT levels did not differ in
hypo-IRAS rats when compared to hypo-Con rats, suggesting that downregulation of
hypothalamic IRs does not affect HPA axis responses to acute stress. Data based upon eight
rats per group.
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Figure 2.

Obesity/hyperleptinemic phenotype elicits behavioral despair in the forced swim test (FST).
Downregulation of hypothalamic IRs does not affect immobile or active (swimming and
climbing) behaviors in the 15 minute pre-test (Panel A). Conversely, when subjected to the 5
minute swim test 24 hours later, hypo-IRAS rats exhibit increases in the time spent
immobile and decreases in the time spent in active behaviors when compared to hypo-Con
rats. (Panel B). [* = p<0.05 compared to hypo-Con rats; data based upon at least 10 rats/

group]
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Downregulation of hypothalamic IRs decreases sucrose preference. Following habituation,
hypo-Con and hypo-IRAS rats were provided access to sucrose (1% solution) or water for 3
hours. The sucrose to water ratio was significantly decreased in hypo-IRAS rats compared
with hypo-Con rats, illustrating that hypo-IRAS rats exhibit anhedonia to a palatable
solution. [* = p<0.01 compared to hypo-Con rats; data based upon at least 10 rats/group]
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Figure 4.
Hypo-IRAS rats exhibit increases in anxiety-like behaviors in the elevated plus maze.

Compared to hypo-Con rats, hypo-IRAS rats exhibited significant decreases in percentage of
open arm entries (Panel A). These decreases in open arm behaviors were not the result of
decreased locomotor activity since the distance traveled in the elevated plus maze did not
differ between the groups (Panel B). [* = p<0.02 compared to hypo-Con rats; data based
upon at least 10 rats/group]
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Figure5.

ELISA analysis of BDNF levels in hypo-Con and hypo-IRAS rats. Statistical analysis
revealed that plasma, hippocampal and amygdalar BDNF levels are reduced in hypo-IRAS
rats compared to hypo-Con rats. Data expressed as a percentage of BDNF levels in hypo-
Con rats. Mean hypo-Con levels: plasma = 460.6 = 69.3 pg/ml; hippocampus = 273.7 £ 24.5
pg/mg protein; amygdala = 111.6 + 11.9 pg/mg protein [* = p<0.05 compared to hypo-Con
rats; data based upon at least 6 rats/group]
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Physiological and endocrine parameters in hypo-IRAS and hypo-Con rats.

Table 1

Hypo-Con Hypo-IRAS
Plasma leptin (ng/ml) 8.39+0.1 12.69 + 0.84%
Plasma triglycerides (mg/dl) 125.8 £14.0 | 204.0 + 20.1%
Body weight gain (g) 585+ 45 772+52%
Hypothalamic IR levels (% of hypo-Con) | 100.0 + 8.6 65.1+9.3%
Hippocampal IR levels (% of hypo-Con) 100.0 +14.7 | 110.4+16.7
Amygdalar IR levels (% of hypo-Con) 100 £5.1 91.1+4.2

P<0.05;

#P<0.005
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