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Abstract
Epidemiological studies estimate that greater than 60% of the adult US population may be
categorized as either overweight or obese and there is a growing appreciation that the
complications of obesity extend to the central nervous system (CNS). While the vast majority of
these studies have focused upon the hypothalamus, more recent studies suggest that the
complications of obesity may also affect the structural and functional integrity of the
hippocampus. A potential contributor to obesity-related CNS abnormalities is the adipocyte-
derived hormone leptin. In this regard, decreases in CNS leptin activity may contribute to deficits
in hippocampal synaptic plasticity and suggest that leptin resistance, a well described phenomenon
in the hypothalamus, may also be observed in the hippocampus. Unfortunately, the myriad of
metabolic and endocrine abnormalities in diabetes/obesity phenotypes makes it challenging to
assess the role of leptin in hippocampal neuroplasticity deficits associated with obesity models. To
address this question, we examined hippocampal morphological and behavioral plasticity
following lentivirus-mediated downregulation of hypothalamic insulin receptors (hypo-IRAS).
Hypo-IRAS rats exhibit increases in body weight, adiposity, plasma leptin and triglyceride levels.
As such, hypo-IRAS rats develop a phenotype that is consistent with features of the metabolic
syndrome. In addition, hippocampal morphological plasticity and performance of hippocampal-
dependent tasks are adversely affected in hypo-IRAS rats. Leptin-mediated signaling is also
decreased in hypo-IRAS rats. We will discuss these findings in the context of how
hyperleptinemia and hypertriglyceridemia may represent mechanistic mediators of the
neurological consequences of impaired hippocampal synaptic plasticity in obesity.
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1. Introduction
The escalating obesity epidemic is an important health care issue that has critical socio-
economic consequences. There is a growing appreciation that the complications of
metabolic diseases extend to the central nervous system (CNS) and, as a result, the
neurological consequences of obesity have been receiving greater attention [1;2]. In this
regard, increases in obesity and/or body mass index (BMI) are associated with decreased
cognitive function in humans [3-6]. In rodents, hippocampal-dependent behaviors are
impaired in experimental models of obesity [7-19], as well as in genetic mutations that result
in disrupted leptin signaling, such as in the db/db mouse and the Zucker fa/fa rat [8;17].
Some of these studies have investigated hippocampal insulin resistance as a mechanistic
mediator of these behavioral deficits, including our previous demonstration that insulin
receptor (IR) signaling is reduced in obese Zucker rats [17]. However, the potential impact
of hyperleptinemia has often been overlooked in these studies. In obesity phenotypes,
hypothalamic leptin signaling is impaired, which leads to and/or contributes to leptin
resistance (For review, see [20]). Additionally, leptin transport across the blood-brain barrier
(BBB) is impaired in obesity phenotypes [21-24]. This has lead to the suggestion that
decreases in hippocampal leptin signaling and/or BBB leptin transport contribute to the
decreases in hippocampal synaptic plasticity observed in obesity.

We have developed a lentiviral vector that contains an antisense sequence selective for the
IR (LV-IRAS) [25]. When injected into the third ventricle to target IRs expressed in the
hypothalamus (hypo-IRAS), IRAS-treated rats exhibit significant decreases in IR expression
and signaling in the hypothalamus when compared to rats treated with the control virus
(hypo-Con); these parameters are unaffected in the hippocampus. Downregulation of
hypothalamic IRs produces the expected increases in body weight, body adiposity, plasma
leptin levels and plasma triglyceride levels [25;26], features that are consistent with aspects
of the metabolic syndrome. As such, hypo-IRAS rats exhibit an obesity phenotype that
provides an experimental model to examine the impact of elevated plasma leptin and
triglyceride levels upon hippocampal synaptic plasticity. In this regard, we recently reported
that high-frequency stimulation of the Schaffer collaterals fails to elicit long term
potentiation (LTP) in the CA1 region of hypo-IRAS rats, a deficit in synaptic transmission
that may be related to decreases in Ser845 phosphorylation of hippocampal GluA1 receptor
subunits [26]. These results indicate that some measures of synaptic plasticity are impaired
in the hippocampus of hypo-IRAS rats. In view of these observations, the aim of the current
study was to determine whether the hyperleptinemic/obesity phenotype observed in hypo-
IRAS rats adversely affects other aspects of hippocampal synaptic plasticity, including
morphological and behavioral measures of neuroplasticity. Additionally, since leptin
resistance may involve impairments in leptin signaling and/or BBB leptin transport, we also
examined leptin signaling in hypothalamus following peripheral administration of leptin in
hypo-IRAS rats.

2. Materials and methods
2.1. Animal protocols

Adult male Sprague Dawley rats (CD strain, Charles River) weighing 200-250 g were
housed in groups of three with ad libitum access to food and water, in accordance with all
guidelines and regulations of The University of South Carolina Animal Care and Use
Committee. Lentivirus production and hypothalamic administration were performed as
described in our previous studies [25;26]. Briefly, 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. The viral stock (6 ul of 5×106 tu/ul)
was injected at a speed of 1 ul/min with a 10 ul Hamilton syringe driven by a motorized
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stereotaxic injector (Stoelting 53310). Rats were injected with either the LV-IRAS construct
(hypo-IRAS) or the LV-control construct (hypo-Con). After surgery, hypo-IRAS and hypo-
Con rats were housed individually in a BSL2 facility for at least three weeks prior to
subsequent analyses. At the end of these experiments, blood was collected by tail bleed for
plasma endocrine analysis.

2.2. Plasma endocrine analysis
Enzyme-linked immunosorbent assay (ELISA) analysis was performed for leptin (Linco
Research, Billerica, MA) in plasma isolated from hypo-Con and hypo-IRAS rats [25;26].
ELISA plates were analyzed according to the manufacturer’s instructions using a Tecan
SPECTRAFluor plate reader (Tecan U.S., Inc., Durham, NC). Plasma triglycerides were
determined using an enzymatic kit (modified Trinder) according to the manufacturer’s
instructions (Pointe Scientific, Inc., Canton, MI, USA). Statistical analysis was performed
using an unpaired t-test with P < 0.05 as the criterion for statistical significance.

2.3. Contextually-Conditioned Freezing
Conditioned freezing was assessed as described previously [27]. Rats were placed in a 46 ×
24 × 22 cm shock box inside an acoustic isolation chamber and allowed to explore for 3
minutes to assess unconditioned freezing (Unconditioned freezing). Rats were conditioned
with 3 context-footshock pairings (1 mA, 1 sec shocks) delivered with a 60 sec intershock
interval (ISI; acquisition freezing). Forty-eight hours later rats were returned to the context
for 8 minutes for analysis of contextually-conditioned freezing (retention test). Freezing
behavior, defined as the absence of movement except for respiration, was assessed from
video tapes by an observer blind to the treatment status of the animal. Freezing was scored
for the 3 minutes before shocks, for 1 min after each shock during acquisition, and for 8 min
during the retention test. Freezing behavior was analyzed using a one-way (virus treatment)
repeated measures ANOVA with time as the within-subjects factor. Significance level was
set at P<0.05, and the Student-Newman-Keuls test was used for post-hoc analysis. Two
hours after the completion of the retention test, rats were anesthetized and transcardially
perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde. All brains were
then processed for c-Fos immunoreactivity.

2.4. Immunohistochemical approaches
Immunohistochemistry was performed as described in our previous studies [27-30]. For
immunofluorescence studies, rat brain sections were washed with PBS and then incubated
with primary antisera raised against the presynaptic protein synaptophysin (1:1000 dilution;
Santa Cruz Biotechnology, Inc.) and the postsynaptic protein PSD-95 (1:1000 dilution;
Upstate Biotechnology). Following an overnight incubation at 4°C, sections were washed in
PBS and then incubated with secondary antisera conjugated with Alexa 488-labeled anti-
rabbit IgGs (1:200, Molecular Probes) and Alexa 568-labeled anti-mouse IgGs (1:200,
Molecular Probes) for 3-4 hours at room temperature. Following incubation with secondary
antisera, sections were rinsed in PBS, mounted on glass slides and coverslipped with
Aquamount (Polysciences, Inc.). Sections were examined with a Zeiss LSM510 confocal
laser scanning microscope.

Immunohistochemistry for c-Fos was performed as described in our previous studies
[27;30]. Briefly, sections were washed with tris-buffered saline (TBS) and incubated with c-
Fos primary antisera at a dilution of 1:15000 for 24 hours at 4°C (Calbiochem, La Jolla,
CA). Rat brain sections were washed with TBS and then incubated in biotinylated donkey
anti-rabbit secondary (1:1000) for 90 minutes at room temperature. Following washes with
TBS, sections were incubated horseradish peroxidase-conjugated streptavidin (1:600) at
room temperature for 1 hour. Fos-like immunoreactivity was developed using
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diaminobenzidine as a substrate. Counting of c-Fos-positive neurons was performed on six
rats per group using two representative sections from similar rostral-caudal levels. Statistical
analysis was performed using an unpaired t-test with P < 0.05 as the criterion for statistical
significance.

2.5. Immunoblot analysis
Immunoblot analysis was performed as described in our previous studies [25;26;31]. Briefly,
20 μg of total membrane fractions were separated by SDS/PAGE (10%), transferred to
nitrocellulose (NC) membranes and blocked in TBS plus 10% non fat dry milk. NC
membranes were then incubated with primary antisera (PSD-95 or synaptophysin) in TBS/
5% non fat dry milk. After overnight incubation at 4°C, blots were washed with TBS plus
0.05% Tween 20 (TBST) and incubated with peroxidase-labeled species-specific secondary
antibodies. NC membranes were then washed with TBST and developed using enhanced
chemiluminescence reagents (GE Healthcare) as described by the manufacturer.
Normalization for protein loading was performed using a mouse monoclonal primary
antibody selective for actin (Sigma Chemical Company).

2.6. Immunohistochemical analysis of leptin signaling
Hypo-Con and hypo-IRAS rats were given an intraperitoneal (i.p.) injection of leptin (5 mg/
kg) and 45 minutes later were transcardially perfused with saline followed by 4%
paraformaldehyde in PBS. Rat brains were then processed for pSTAT3
immunohistochemistry as described by Levin and coworkers [32] based upon previously
established protocols [33]. Briefly, free-floating sections were washed in potassium
phosphate-buffered saline (KPBS) at room temperature, followed by an incubation in 1%
NaOH, 1% H2O2 in KPBS. Sections were washed in KPBS and then incubated in 0.3%
glycine/KPBS. Sections were then incubated in SDS/KPBS solution for 10 min, washed in
KPBS and then blocked in 4% normal horse serum (NHS)/0.4% Triton X/KPBS. Sections
were then incubated in this buffer with pSTAT3 primary antisera (Cell Signaling
Technology) overnight at 4°C, followed by a 1 hour incubation at room temperature.
Sections were washed in 1% NHS/0.02% Triton/KPBS and then incubated with biotinylated
anti-rabbit IgGs for 1 hour at room temperature. Sections were washed, incubated with ABC
reagents for 1 hour at room temperature, washed in KPBS and developed using
diaminobenzidine as a substrate.

3. Results
3.1. Development of obesity/hyperleptinemic phenotype

Our previous studies determined that an IR antisense lentivirus downregulated hypothalamic
IR expression, increased body weight and plasma leptin levels [25;26]. These parameters
were used as biomarkers to evaluate the efficacy of LV-IRAS administration in the current
studies. Approximately three weeks after hypothalamic LV administration, hypo-IRAS rats
exhibited significant increases in plasma leptin levels when compared to hypo-Con rats.
Hypo-IRAS rats also exhibited significant increases in body weight gain and in plasma
triglycerides (Table 1). Additionally, western blot analysis revealed that IR expression was
significantly decreased in the hypothalamus of hypo-IRAS rats when compared with hypo-
Con rats (Table 1). Collectively, these data confirm the efficacy of the hypo-IRAS construct,
and the development of the obesity phenotype.

3.2. Contextually-conditioned freezing is impaired in hypo-IRAS rats
To determine whether the obesity phenotype elicited by downregulation of hypothalamic
IRs produced deficits in hippocampal-dependent behaviors, contextually-conditioned
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freezing was performed in hypo-IRAS and hypo-Con rats. As shown in Figure 1,
unconditioned freezing (minutes 1-3 before shocks) and acquisition of freezing behavior
(minutes 4-6) were similar in hypo-Con and hypo-IRAS rats during the conditioning session
on day 1. However, similar to observations in mice provided a high-fat diet to induce obesity
[14], hypo-IRAS rats exhibited significant decreases in freezing behavior in the retention
test 48 hours later when compared to the hypo-Con rats. The absence of behavioral changes
in unconditioned freezing period and in the acquisition period suggests that differences in
pain sensitivity are not responsible for the differences in freezing behavior observed during
the retention test.

3.3. Fear conditioning-induced c-Fos expression is reduced in the CA1 region of hypo-
IRAS rats

As a measure of neuronal activation, freezing-induced c-Fos expression was examined in the
hippocampus of hypo-IRAS and hypo-Con rats. Two hours after completion of the retention
test, hypo-IRAS and hypo-Con rats were perfused with 4% paraformaldehyde and processed
for c-Fos immunohistochemistry. As shown in Figure 2, Fos-like immunoreactivity (FLI)
was observed in neuronal nuclei in the CA1 region of the hippocampus of hypo-Con rats
two hours following fear conditioning (Panel A); however, hypo-IRAS rats did not exhibit
appreciable FLI in the CA1 region following fear conditioning (Panel B). In the dentate
gyrus, FLI induced by fear conditioning was similar in hypo-Con and hypo-IRAS rats
(Panels C and D, respectively). Cell counting confirmed these observations. While FLI was
unchanged in the dentate gyrus, c-Fos expression was significantly reduced in the CA1
region of hypo-IRAS rats two hours following contextual fear conditioning when compared
to hypo-Con rats (Figure 3).

3.4. Downregulation of hypothalamic IRs alters hippocampal synaptic morphology
We have previously observed changes in the distribution of the presynaptic protein
synaptophysin (SYN) and the postsynaptic protein PSD-95 in experimental paradigms that
are associated with behavioral deficits in hippocampal plasticity, such as in type 1 diabetic
rats and in rats exposed to stress levels of glucocorticoids [28]. In view of these
observations, the distribution and expression of SYN and PSD-95 was determined in the
hippocampus of hypo-IRAS rats and hypo-Con rats by confocal fluorescence
immunohistochemistry. As shown in Figure 4, PSD-95 (red) and SYN (green) exhibited the
expected localization profiles in the CA3 region of the hippocampus of hypo-Con rats
(Panels A and C, respectively). Conversely, hypo-IRAS rats exhibited significant clustering
and redistribution of both PSD-95 and SYN. Specifically, PSD-95 immunofluorescence was
clustered and less organized in the CA3 region of hypo-IRAS rats (Panel B) when compared
to hypo-Con rats (Panel A). Similarly, SYN immunofluorescence in hypo-IRAS rats
exhibited a dramatic increase in clustering in the oriens layer of CA3 (Panel D), presumably
representing mossy fibers terminals that form synaptic contacts with CA3 pyramidal
neurons. Higher power magnification further identified SYN clustering in the CA3 region of
hypo-IRAS rats (Panel F) compared to the expected profile of SYN expression observed in
hypo-Con rats (Panel E). In order to determine whether these observations reflect changes in
total protein expression, western blot analysis was performed in total membrane extracts
isolated from the hippocampus of hypo-IRAS and hypo-Con rats. Immunoblot analysis
revealed that the changes in the distribution of PSD-95 immunoreactivity identified by
fluorescence immunohistochemistry were associated with increases in total hippocampal
PSD-95 protein expression in hypo-IRAS rats. Increases in hippocampal SYN levels
observed in hypo-IRAS rats did not achieve statistical significance (Figure 5).

Grillo et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2012 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.5. Downregulation of hypothalamic insulin receptors impairs leptin signaling
Leptin activation of the long form of the leptin receptor (LRb) stimulates the JAK/STAT
pathway, resulting in phosphorylation of JAK2 and STAT3. Phospho-STAT3 (pSTAT3)
serves as a transcriptional regulator to increase the expression of (among other genes)
suppressor of cytokine signaling 3 (SOCS3), which mediates feedback inhibition of LRb.
(For review of these pathways, see [34]). To determine whether downregulation of
hypothalamic IRs affects leptin-mediated signaling, hypo-Con and hypo-IRAS rats received
an i.p. injection of leptin (5 mg/kg) and 45 minutes later were perfused for
immunohistochemical analysis for pSTAT3. As shown in Figure 6, peripheral leptin
administration elicited the expected increases in pSTAT3 levels in the hypothalamus of
hypo-Con rats (Panel A). Conversely, peripheral leptin administration failed to elicit
phosphorylation of STAT3 in the hypothalamus of hypo-IRAS rats (Panel B). These results
demonstrate that hypo-IRAS rats develop leptin resistance, which may result from decreases
in BBB transport of leptin and/or decreases in hypothalamic LRb-mediated signaling.

4. Discussion
The results of the current study confirm and extend our previous findings [26] that the
development of an obesity/hyperleptinemic phenotype elicited by the region-specific
downregulation in hypothalamic IR expression adversely affects the structural integrity and
functional plasticity of the hippocampus. Specifically, hypo-IRAS rats exhibit decreases in
contextual fear conditioning that are accompanied by decreases in c-Fos expression in the
CA1 region of the hippocampus. Interestingly, our previous studies determined that hypo-
IRAS rats exhibit electrophysiological deficits in the CA1 region, thereby providing another
example of decreased neuronal activation in the hippocampus of hypo-IRAS rats. Beyond
these functional measures, hypo-IRAS rats exhibit significant clustering and redistribution
of SYN and PSD-95 in the CA3 region. Changes in the expression and distribution of
PSD-95 observed in this study may contribute to the decreases in Ser845 phosphorylation of
GluA1, as well as decreases in hippocampal synaptic transmission observed in hypo-IRAS
rats [26]. The inability of peripherally administered leptin to elicit phosphorylation of
STAT3 suggests that decreases in BBB transport of leptin and/or deficits in LRb signaling
may also contribute to these deficits in hippocampal plasticity. Indeed, since leptin transport
is impaired in obesity phenotypes [21-23], these results support the hypothesis that cognitive
deficits in obesity may result in part from deficits in BBB leptin transport and decreased
central LRb signaling.

4.1. Leptin signaling and neuroplasticity
Leptin is synthesized and secreted by adipocytes and is transported across the BBB via a
saturable transport system [21]. The actions of leptin in the hypothalamus are well
characterized and include the regulation of food intake, metabolism, body weight and body
composition (For review see, [35]). Beyond the hypothalamus, leptin receptor expression
and activity also regulates hippocampal synaptic plasticity. For example, intrahippocampal
administration of leptin [36], as well as peripheral administration of leptin [37] enhances
hippocampal-dependent behavioral performance in a dose-dependent manner.
Mechanistically, LRb activation of JAK/STAT and/or Akt signaling may contribute to
leptin’s ability to enhance hippocampal synaptic plasticity [38]. Farther downstream of these
signaling events, leptin may enhance cognitive function through modulation of
glutamatergic neurotransmission [39-41] and glutamate receptor trafficking [42;43], as well
as through modification of the structural properties of hippocampal neurons [44]. If
increases in leptin activity contribute to neuroplasticity, then reductions in CNS leptin
activity may impair hippocampal synaptic plasticity; clinical and pre-clinical data support
this hypothesis. As described above, cognitive function is impaired in obese humans [3-6]
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and performance of hippocampal-dependent behaviors is impaired in rodent models of
obesity, including genetic mutations that result in disrupted leptin signaling [7-19]. The
complexity of metabolic and endocrine disturbances in obesity makes it challenging to
specifically determine the mechanisms that are responsible for, or participate in, the
cognitive deficits observed in obesity phenotypes. In hypo-IRAS rats, hypothalamic-
pituitary-adrenal axis activity and metabolic responses to an oral glucose tolerance test are
unaffected, at least under the experimental conditions described in our current and previous
studies. Therefore, hypo-IRAS rats provide an obesity model to examine the potential role of
hyperleptinemia and hypertriglyceridemia in the hippocampal synaptic plasticity deficits
observed in obesity.

4.2. Hyperleptinemia and impaired neuroplasticity: putative mechanisms
While our current and previous studies demonstrate that the obesity phenotype elicited by
downregulation of hypothalamic IRs impairs hippocampal plasticity, the mechanism(s)
through which these deficits occurs remains to be elucidated. For example, do hippocampal
plasticity deficits reflect decreases in hippocampal IR levels or do they result from the
development of the obesity phenotype: our previous studies support the latter hypothesis. In
this regard, we have previously shown that lentivirus expression is limited to the
hypothalamus when the LV constructs are injected into the third ventricle [25]. In addition,
we have also demonstrated that hippocampal IR levels and activity are unaffected in hypo-
IRAS rats [25;26]. Therefore, while insulin is recognized as an important mediator of
hippocampal synaptic plasticity [45], our data illustrate that the deficits in synaptic plasticity
observed in hypo-IRAS rats is not the result of decreased IR expression or activity.
However, previous observations involving leptin and triglycerides provide a conceptual
framework that allow for the development of a potential hypothesis regarding obesity-
induced hippocampal plasticity deficits. As described above, leptin transport across the BBB
is reduced in obesity phenotypes [21-24]. Multiple mechanisms may regulate leptin
transport across the BBB, but increases in plasma levels of triglycerides may be most
relevant to the current studies since hypo-IRAS rats exhibit increases in plasma triglycerides
([26]; also see Table 1). In addition to decreasing BBB transport of leptin, triglycerides
directly impair hippocampal synaptic transmission and behavioral performance [7]. Such
results suggest that increases in plasma triglyceride levels observed in obesity may impair
synaptic plasticity by acting directly in the hippocampus, as well as by decreasing BBB
transport of leptin. Collectively, these findings provide the framework for the mechanisms
through which decreasing hypothalamic IRs adversely affects hippocampal synaptic
plasticity (Figure 7). As observed in knockout mice and in antisense oligonucleotide
approaches that decreased hypothalamic IR expression [46;47], lentivirus-mediated
downregulation of hypothalamic IRs increases body weight and adiposity. Increases in
adiposity are accompanied by increases in plasma levels of leptin, as well as by increases in
plasma triglyceride levels. Plasma triglycerides impair BBB transport of leptin [48], thereby
decreasing the ability of leptin to enhance hippocampal synaptic plasticity. Additionally,
triglycerides may directly impair hippocampal plasticity [7]. Several lines of evidence
provide additional support for this hypothesis. To begin, impairments in BBB transport of
leptin in rodents can be reversed by lowering plasma triglyceride levels with gemfibrozil
[48], which could account for the ability of gemfibrozil to improve behavioral performance
in obese mice [7] and enhance cognitive function in elderly populations [49]. In addition,
reductions in BBB leptin transport can be reversed by fasting [50]. Our recent studies
demonstrated that mild food restriction of hypo-IRAS rats reduces adiposity, returns plasma
leptin and triglyceride levels to control values and also restores hippocampal synaptic
transmission [26]. Accordingly, some important future experiments could include
examination of the ability of food restriction or dyslipidemia treatments to reverse the
structural and functional deficits observed in the hippocampus of hypo-IRAS rats. Such
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studies may begin to clarify the role of hyperleptinemia and hypertriglyceridemia in obesity-
induced cognitive deficits.

4.3. Conclusions
In summary, the results of the current study demonstrate that downregulation of
hypothalamic IRs elicits a phenotype that is consistent with features of the metabolic
syndrome and this phenotype adversely affects structural and functional plasticity in the rat
hippocampus. These deficits in hippocampal synaptic plasticity may provide a mechanistic
basis for cognitive deficits associated with obesity phenotypes. Additionally, these data
support the hypothesis that leptin resistance, a concept more often associated with the
hypothalamus, may also be observed in the hippocampus in obesity phenotypes.
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Figure 1.
Downregulation of hypothalamic IRs impairs contextually-conditioned fear responses.
Contextually-conditioned freezing responses were examined in hypo-IRAS and hypo-Con
rats. Freezing behavior on the day of acquisition was similar in both groups of rats. [F(2,46)
= −0.453, P = 0.65] However, performance in the retention test 48 hours later revealed that
hypo-IRAS rats exhibited significant decreases in freezing behavior when compared to
hypo-Con rats. This decrease in freezing behavior is particularly evident during the last 3
minutes of the retention test (Reten bars; [F(5, 210)=76, P<0.0001]. These results
demonstrate that hypo-IRAS rats exhibit deficits in a learning task that is dependent at least
in part upon hippocampal function. [Data are expressed as percentage of time spent freezing
and are based upon at least 14 rats per group. * = significantly different from hypo-Con rats.
UC = unconditioned freezing; Acquis = freezing during acquisition; Reten = retention
freezing behavior]
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Figure 2.
Hypo-IRAS rats exhibit decreased neuronal activation in the CA1 region following
contextual fear conditioning. Fos-like immunoreactivity (FLI) was examined in the
hippocampus of hypo-IRAS and hypo-Con rats two hours following the conditioned
freezing retention test. Representative light photomicrographs of FLI in the CA1 region of
the hippocampus of hypo-Con rats and hypo-IRAS rats are depicted in Panels A and B,
respectively. Contextual fear conditioning-induced FLI in the dentate gyrus of hypo-Con
rats and hypo-IRAS rats are depicted in Panels C and D, respectively.
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Figure 3.
Quantitative analysis of c-Fos-positive nuclei in hypo-Con and hypo-IRAS rats. Fos-like
immunoreactivity (FLI) was significantly reduced in the CA1 region of hypo-IRAS rats
compared to hypo-Con-treated rats in response to the conditioned context. No changes in c-
Fos expression were observed in the dentate gyrus of hypo-IRAS rats compared to hypo-
Con rats. These data demonstrate that neuronal activation, as least as determined by FLI, is
significantly decreased in response to contextual fear conditioning in the CA1 region of the
hippocampus of hypo-IRAS rats. [Data based upon 6 rats/group. * = P ≤ 0.05 vs. control]
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Figure 4.
Representative confocal microscopic images for synaptophysin (SYN) and PSD-95 in the
CA3 region of hypo-Con and hypo-IRAS rats. Panel A: Hypo-Con rats exhibit the expected
distribution of the post-synaptic protein PSD-95 (red, Panel A), while PSD-95
immunoreactivity is clustered and less organized in the CA3 region of hypo-IRAS rats
(Panel B). Immunofluorescence for the presynaptic protein SYN (green) in hypo-Con rats
and hypo-IRAS rats are depicted in Panels C and D, respectively. Higher power
magnification of SYN immunofluorescence in hypo-Con and hypo-IRAS rats is shown in
Panels E and F. Unlike the expected distribution observed in hypo-Con rats, SYN
immunofluorescence is clustered adjacent to the pyramidal cell layer in hypo-IRAS rats.
These results suggest that downregulation of hypothalamic insulin receptors elicits synaptic
re-organization in the CA3 region of the hippocampus.
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Figure 5.
Immunoblot analysis of synaptic proteins in the hippocampus of hypo-IRAS and hypo-Con
rats. Panel A: Representative immunoblot of SYN immunoreactivity in hippocampal whole
membrane preparations isolated from hypo-IRAS (IRAS) or hypo-Con (Con) rats. Panel B.
Representative immunoblot of PSD-95 immunoreactivity in hippocampal whole membrane
preparations isolated from hypo-IRAS (IRAS) or hypo-Con (Con) rats. Autoradiographic
analysis revealed that PSD-95 protein levels were significantly increased in the
hippocampus of hypo-IRAS rats when compared to hypo-Con rats. [t(2,13) = −3.087,
P=0.008]. Hypo-IRAS rats exhibited non-significant increases in (SYN) compared to hypo-
Con rats. [t(2,13) = −1.939, P=0.07]. [Data based upon immunoblots performed on
individual whole membrane preparations isolated from hippocampi of hypo-Con (n=7) and
hypo-IRAS rats (n=7). * = significantly different from hypo-Con rats. Molecular weight
standards are shown on right]
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Figure 6.
Peripheral leptin administration stimulates phosphorylation of STAT3 (pSTAT3) in the
hypothalamus of hypo-Con, but not hypo-IRAS rats. Rats were given an i.p. injection of
leptin (5 mg/kg) and were perfused 45 minutes later; brains were then processed for
pSTAT3 immunohistochemistry as described above. Panel A: Representative bright-field
photomicrograph of pSTAT3 immunoreactivity in the hypothalamus of leptin-treated hypo-
Con rats. Panel B: Representative bright-field photomicrograph of leptin-treated hypo-IRAS
rats, indicating that peripheral leptin treatment failed to elicit a significant increase in
hypothalamic pSTAT3 levels. [f: fornix; VMN: ventromedial nucleus of the hypothalamus;
Arc: arcuate nucleus]
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Figure 7.
Development of obesity/hyperleptinemic phenotype following downregulation of
hypothalamic IRs impairs hippocampal synaptic plasticity. Decreases in BBB transport of
leptin (dashed arrow) and/or direct actions of triglycerides in the CNS (solid red arrow) may
contribute to hippocampal plasticity deficits in obesity phenotypes, such as the hypo-IRAS
rats. See text for details.
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Table 1

Physiological and endocrine parameters in hypo-IRAS and hypo-Con rats

Hypo-Con Hypo-IRAS

Plasma leptin, (ng/ml) 8.8 ± 0.8 13.3 ± 0.7*

Plasma triglycerides (mg/dl) 166.8 ± 9.0 237.2 ± 17.0*

Body weight gain (g) 56.3 ± 5.4 85.2 ± 9.4*

Hypothalamic IR levels (% of hypo-Con) 100.0 ± 8.6 55.2 ± 6.1#

*
= P< 0.05

#
= P< 0.001
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