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Abstract

High-fat diet (HFD)-induced obesity is reaching worldwide proportions. In addition to causing
obesity, HFDs also induce a variety of health disorders, which includes cognitive decline.
Hippocampal function may be particularly vulnerable to the negative consequences of HFD, and it
is suspected that ‘primed’ neuroinflammatory processes may mediate this response. To examine
the link between diet, hippocampal function and neuroinflammation, male Wistar rats were fed a
medium or HFD. Hippocampal memory function was measured using contextual pre-exposure
fear conditioning (CPE-FC). Rats fed a HFD demonstrated impaired memory, an effect that was
augmented with longer duration of HFD consumption. HFD-induced memory impairments were
linked to potentiated levels of interleukin-1 beta (IL-1f) protein in the hippocampus 2 h after the
foot-shock that occurs during CPE-FC. Central IL-1 receptor antagonism, with intracisterna
magna (ICM) administration of hIL-1RA prior to the foot-shock prevented the diet-induced
memory disruption, suggesting a critical role for IL-1p in this phenomenon. Additionally, obese
animals whose diet regimen was reversed from HFD back to standard chow recovered memory
function and did not demonstrate a foot-shock-induced hippocampal IL-1p increase. Interestingly,
dietary reversal neutralized the negative impact of HFD on memory and IL-1p, yet animals
maintained physiological evidence of obesity (increased body mass and serum leptin), indicating
that dietary components, not body mass, may mediate the negative effects on memory.
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1. Introduction

There is a well-established link between human obesity and cognitive decline (Sellbom and
Gunstad, 2012). Specifically, hippocampally-dependent functions may be particularly
vulnerable (Kanoski and Davidson, 2011; Francis and Stevenson, 2013), as many studies
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have linked high-caloric diets with decreased contextual and spatial memory (Winocur and
Greenwood, 2005; Valladolid-Acebes et al., 2011; Kosari et al., 2012; Ross et al., 2012;
Yamada-Goto et al., 2012). This is most likely the result of dietary-induced alterations in
hippocampal synaptic plasticity (Molteni et al., 2002; Wu et al., 2004; Stranahan et al.,
2008; Hwang et al., 2010). However, the mechanisms underlying how high-caloric diets
cause hippocampal dysfunction are largely unknown.

It is possible that diet and obesity may induce cognitive disruption by impacting neural
inflammatory processes. Obesity is often characterized by increased and altered peripheral
inflammatory processes (Mito et al., 2000; Das, 2010; Donath and Shoelson, 2011) and
peripheral inflammation can induce neuroinflammation (Maier and Watkins, 1998), leading
to the notion that central inflammatory processes may also be altered with obesity. The pro-
inflammatory cytokine interleukin-1 beta (IL-1p) is required for proper hippocampal
memory function (Schneider et al., 1998; Yirmiya et al., 2002; Avital et al., 2003). However,
elevated or exaggerated central levels of IL-1p are detrimental to cognitive processing
(Gibertini et al., 1995; Barrientos et al., 2002; Yirmiya and Goshen, 2011) as the duration of
hippocampal-based cognitive impairment mirrors the duration of elevated hippocampal
IL-1B (Barrientos et al., 2009a) and inflammation-induced cognitive decline is prevented
when IL-1p action is blocked with IL-1 receptor antagonist (IL-1RA) (Pugh et al., 1998;
Palin et al., 2004; Frank et al., 2010; Barrientos et al., 2012). Furthermore, there is growing
evidence that increased IL-1p levels in the hippocampus are linked to deficits in
hippocampal cognitive function in genetic mouse models of obesity (Dinel et al., 2011;
Erion et al., 2014) and following HFD consumption (Pistell et al., 2010; Boitard et al.,
2014).

In addition, there is growing evidence that certain conditions, such as stress (Johnson et al.,
2003; Li et al., 2008; Frank et al., 2011; Loram et al., 2011), peripheral inflammation (Perry
et al., 2007; Dantzer et al., 2008; Williamson et al., 2011), and advanced age (Barrientos et
al., 2006; Chen et al., 2008) sensitize or ‘prime’ central inflammatory responses to a
secondary challenge, leading to exaggerated central IL-1p levels. It is possible that obesity
may induce neural inflammation by activating a similar ‘priming’ mechanism. Obesity, or
exposure to HFD, may not induce neural inflammation directly, but rather could induce
structural or phenotypic alterations in central innate immune cells (e.g., microglia) such that
the occurrence of a secondary challenge, such as shock, would induce an amplified pro-
inflammatory response that is greater than that which would be observed without the prior
priming experience.

The present series of studies aimed to examine the impact of high-fat diet (HFD) on
hippocampal-dependent memory function, and to evaluate whether altered hippocampal
IL-1B responses might be involved in mediating cognition. hIL-1RA was used to determine
whether blocking the action of IL-1p during a learning task would prevent the negative
impact of HFD on memory. Furthermore, there is a growing body of evidence to suggest that
short-term dietary reversal is able to reverse negative consequences of prior high-fat diet
consumption (Hydock et al., 2013; Reeves et al., 2013). Therefore, we also sought to
evaluate whether a switch from HFD to regular chow would induce recovery of cognitive
functioning and linked neuroinflammation.
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2. Materials and methods

2.1. Animals

Male Wistar rats (Harlan Laboratories) were used. All animals were approximately 2 months
of age and weighed between 250 and 275 g at time of arrival. Subjects were pair housed in
standard large cages (52 cm x 30 cm x 21 cm; L x W x H) with food and water administered
ad libitum. The colony room was maintained at 22 °C on a 12-h light/dark cycle (lights on at
07:00 h). All experiments were conducted in accordance with protocols approved by the
University of Colorado Animal Care and Use Committee.

2.2. Dietary manipulation

Animals were randomly assigned on date of arrival to receive one of three diet types (Harlan
Laboratories). Control animals received standard rat chow (Reg; TD.8640, energy density of
3.0 kcallg; 29% calories from protein, 54% from carbohydrates and 17% from fat (fat
source: soybean oil). Animals selected for diet-induced obesity received one of two types of
adjusted calorie diets that are considered to be medium-fat (Med; TD.88137; energy density
of 4.5 kcal/g; 15.2% calories from protein, 42.7% from carbohydrates and 42% from fat (fat
source: milk fat)) or high-fat (HFD; TD.06414, energy density of 5.1 kcal/g; 18.4% calories
from protein, 21.3% from carbohydrates and 60.3% from fat (fat source: approximately 10:1
lard: soybean oil). The standard chow does not contain added sucrose, while the medium-fat
diet is approximately 34.5% sucrose by weight, and the HFD is 12.1% sucrose by weight.
Following Experiment 1, use of the medium-fat diet was discontinued. Upon arrival, animals
were given free access to the assigned diet and remained on that diet thereafter, unless
otherwise noted. The duration of dietary consumption prior to either testing or sample
collection varied across experiments, with feeding time ranging from 12 to 24 weeks. The
specifics of dietary duration for each experiment are outlined in Section 2.8. Some animals
received a dietary reversal procedure that transitioned animals from the HFD to a regular
diet. For this, as the removal of palatable food is a known stressor (South et al., 2012),
animals were given a one-week period of mixed HFD and regular food to ease the stress of
transition before complete reversal to the regular diet. All animals were weighed on date of
arrival and re-weighed bi-weekly.

2.3. Contextual pre-exposure fear conditioning paradigm

A contextual pre-exposure fear-conditioning (CPE-FC) paradigm was chosen to assess
hippocampal based memory deficits following diet-induced obesity. In this paradigm,
subjects are placed in a conditioning environment, receive an immediate foot-shock, and are
then removed. The immediate shock does not lead to fear conditioning to the context,
putatively because the foot-shock occurs before subjects have formed a representation
(hippocampal) of the context. Indeed, if the subjects are allowed to explore the environment
prior to the immediate shock session (the pre-exposure experience), the immediate shock
event then does condition fear to the contextual cues (Fanselow, 1990).

The CPE-FC paradigm was chosen for a number of reasons. First, studies suggest that
hippocampal-based learning and memory function is particularly vulnerable to dietary
influence (Kanoski and Davidson, 2011). Importantly, CPE-FC requires intact hippocampal
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functioning during all three phases (pre-exposure, conditioning with shock, and retrieval
memory testing; described in more detail below) of the procedure (Rudy et al., 2002).
Second, it was initially unclear whether diet-based cognitive deficits would be readily
apparent, so it was anticipated that the relatively long duration between conditioning and
testing that occurs with CPE-FC would accentuate any dietary-induced differences.

Additionally, behavioral tests of memory that require movement could be confounded by
alterations in body mass. Prior research suggests that increased body mass from high-fat
dietary manipulation does not impact basal activity compared to controls (Hill-Pryor and
Dunbar, 2006) but other groups have observed reduced locomotor activity following HFD
(Lavin et al., 2011). CPE-FC is a conservative test since memory is assessed by the presence
or absence of freezing behavior (see below for further details), with more movement (less
freezing behavior) indicating reduced memory for the context. If HFD animals have reduced
memory for the conditioned context, this would be exhibited as increased movement
compared to controls.

2.3.1. Context pre-exposure fear conditioning (CPE-FC) behavioral procedures
—The CPE-FC paradigm consists of three separate and distinct components: pre-exposure,
immediate shock, and testing for freezing behavior (testing occurred both within the
conditioned context A and in an alternate control context B). The CPE-FC procedure used
here was adapted from Barrientos et al. (2002). The standard procedure spanned a one-week
period and consisted of 4 active days.

2.3.1.1. Contextual pre-exposure and immediate shock sessions: For context pre-
exposure (0ay 1), rats were taken two at a time from their home cage and transported to the
conditioning context (context A) in a blue ice bucket with a lid and were placed into one of
two identical contextual conditioning chambers. Ice buckets were used in order to establish
an association between the contextual representation and the transport cues preceding
placement of the rat in the context. Animals were allowed to freely explore the conditioning
chamber for 5 min, after which animals were transported back to their home cage where they
remained for approximately 30 s before initiation of the next transport and pre-exposure
experience. This procedure was repeated 5 more times, with each additional exposure to the
context lasting only 30 s before animals were placed in ice buckets and transported back to
their home cage. The total duration of pre-exposure to the context lasted approximately 20
min per animal pair, and was designed for animals to intimately learn and link the transport
and contextual cues of the overall pre-exposure experience. Immediate shock (day 2) in the
context occurred 24 h following pre-exposure. Animals were transported via blue ice
buckets to the conditioning chambers, immediately given one 2 s 1.5 mA shock, then
quickly removed and returned to their home cage.

2.3.1.2. Contextual fear testing: Contextual fear was assessed during two 5-min testing
sessions. These occurred on day 5in the control context B, which was used to measure
generalized freezing behavior, and on gay 7in the conditioned context A. Following
conditioning, the CPE-FC procedure did not involve further shock so it was likely that
testing sessions could facilitate extinction of any observable freezing behavior. Therefore,
testing in the control context B occurred prior to testing in the conditioned context A. This
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diminished the possibility that lack of freezing in context B could be attributed to
extinguished fear acquired during the context A test, and also supported the notion that any
freezing observed in Context A (but not in context B) could be attributed to a contextually-
specific fear memory for the conditioned context.

Fear behavior was assessed by placing each rat in context A or B and observing freezing
behavior using a time sampling procedure in which, every 10 s, each rat was judged as either
freezing or active at the instant the sample was taken. Freezing is the dominant defensive
fear response for a rat and was defined as the absence of all visible movement, except for
respiration. Scoring began approximately 10 s after the animal was placed into the chamber
and continued for 5 min.

Whenever possible, blinded behavioral scoring was achieved by randomizing animals and
altering identifying markings, which were later decoded. For some tests, it was not possible
to maintain true blind scoring due to the noticeable nature of increased weight. To
compensate for this possible bias, testing sessions were video recorded and a subsequent
scorer later confirmed freezing behavior. Freezing scores were averaged between scorers and
converted to percentages by dividing the number of positive freezing scores over the total
number of sampling blocks. For context B, scores below 10 percent (%) total freezing were
considered acceptable indicators of low baseline freezing behavior.

2.3.2. Apparatus

2.3.2.1. Context A (conditioning context): The conditioning chambers consisted of one of
two identical Igloo ice chests (54 L x 30 W x 27 H, cm) with white interiors, which were
located in a room with overhead lights on. An activated 24-V DC light bulb and mini vent
fan were mounted on the ceiling of each chest. The conditioning chambers (26 L x 21 W x
24 H, cm), placed inside each chest, were made of clear plastic. A 2 s 1.5 mA shock was
delivered through a removable floor of stainless steel rods 1.5 mm in diameter, spaced 1.2
cm, center to center. Each rod was wired to a shock generator and scrambler (Coulbourn
Instruments, Allentown, PA). Chambers were cleaned with a diluted Mr. Clean mixture
before each animal was pre-exposed, conditioned or tested.

2.3.2.2. Context B (control context): The control context B differed substantially from the
conditioning context A with respect to transport, light, tactile and smell cues. Context B
consisted of identical hollow clear plastic cylinders (approximately 25 cm in diameter, 35
cm high), which were placed inside white wooden boxes (30 L x 35 W x 50 H, cm). Boxes
were illuminated with a small visible red light (7.5 watt red incandescent), with overhead
room lighting off. A removable plastic tray and a small amount of fresh bedding (approx 1
cup) were placed on the floor of the context. Each chamber was cleaned with a diluted
mixture of alcohol and water prior to animal testing. Animals remained in their home cage
during transportation to the context B testing room, then moved to the context B chambers
by hand.
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2.4. Tissue collection

A rapid decapitation procedure was used for tissue collection in an effort to capture the true
nature of inflammatory marker levels at the time of sacrifice. Trunk blood was collected in
10 ml glass tubes and placed on ice. Brains were rapidly extracted and the bilateral
hippocampal formations dissected atop a glass plate resting on ice. Each hippocampal half
was placed in a labeled 1.5 ml Eppendorf tube and flash frozen in liquid nitrogen. After all
blood samples were collected, tubes containing blood were centrifuged at 4 °C at 4000g for
10 min and serum was collected and placed in a clean tube. All samples were stored at

—80 °C until further processed or used for ELISA measurement.

2.5. Tissue processing for ELISA protein measurement

Levels of IL-1p in hippocampus and serum as well as serum leptin proteins were determined
using commercially available rat-specific enzyme linked immunosorbent assay (ELISA)
IL-1pB and leptin protein kits (R&D Systems, Minneapolis, MN). The assays were performed
according to the manufacturer's instructions. IL-1p was determined and is presented as
picograms per 100 ug of total protein (pg/100 pg) for hippocampal samples and IL-1p and
leptin are presented as picograms per milliliter (pg/ml) in serum.

Following dissection and tissue collection, hippocampal half samples were sonicated in 0.3
ml of a sonication buffer containing 50 mM Tris base and a mixture enzyme inhibitor (100
mM amino-r+caproic acid, 10 mM EDTA, 5 mM benzamidine HCI, and 0.2 mM
phenylmethyl sulfonyl fluoride).

Tissues were mechanically homogenized using an ultrasonic cell disrupter (Thermo Fisher
Scientific, Pittsburgh, PA). Sonication consisted of 20 s of cell disruption at 52% amplitude.
Sonicated samples were centrifuged at 10,000g at 4 °C for 10 min. Supernatants were
removed and stored at 4 °C until ELISA was performed. Bradford protein assays were also
performed on hippocampal samples to determine total protein concentrations.

2.6. Intracisternal magnal (ICM) injection of human IL-1RA

To determine the impact of blocking central action of IL-1p at the time of contextual pre-
exposure fear-conditioned shock, rats received an infusion of human recombinant I1L-1
receptor antagonist (hIL-1RA; Amgen) into the cisterna magna (ICM) 2 h prior to the CPE-
FC shock event, as described previously (Barrientos et al., 2012). Rats were briefly
anesthetized with halothane and the dorsal aspect of the skull was shaved and swabbed with
70% EtOH. A 27-gauge needle attached via PE50 tubing to a 25 pl Hamilton syringe was
inserted into the cisternal magna. To verify entry into the cerebral spinal fluid (CSF),
approximately 2 pl of clear CSF was drawn and gently pushed back in and a 3 (ul total
volume of hIL-1RA (dose of 112 pg) was slowly administered and allowed to absorb for 1
min before the needle was removed. Following injection, halothane was immediately
discontinued and subjects were placed in a recovery box, and typically were awake, alert and
mobile within 3 min. The same procedure was used and an equal volume of sterile saline
was injected ICM for vehicle control animals. ICM injections were used because they do not
require surgery or cannulae implantation, which are themselves inflammatory manipulations
(Holguin et al., 2007) and because substances injected ICM spread readily throughout the
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central nervous system (CNS) (Proescholdt et al., 2000). As IL-1RA binds to but does not
activate the IL-1 type-1 receptor, thereby preventing IL-1p signal transduction (Dinarello,
1998), it was anticipated that ICM IL-1RA would effectively block action of IL-1p within
the CNS, including the hippocampus.

2.7. Data analysis

Statistical analyses were conducted using StatView version 5.0 software and Prism
Graphpad version 5.0d. One-way and two-way ANOVAS were used, as appropriate. CPE-FC
freezing scores (across time for the 5-min test sessions) data were analyzed using repeated
measures ANOVAs. However, for simplicity, these data are graphically presented as summed
total percentage for the entire test session. Where appropriate, Tukey's post-hoc comparisons
were conducted to reveal pairwise differences between groups. All data are presented as
mean + SEM with sample sizes provided. Threshold for statistical significance was set at a
= .05.

2.8. Experimental design

2.8.1. Experiment 1: Impact of diet type on weight gain, cognitive performance
and obesity development, following 12 weeks of dietary intervention—The
current diet-induced obesity animal literature varies greatly with respect to use of specific
components and duration of dietary manipulation. Subtle variations in diet can greatly
influence resulting weight gain, as well as the linked physiological and cognitive outcomes
(Winocur and Greenwood, 2005; Dziedzic et al., 2007). Therefore, the primary aim of
Experiment 1 was to establish a paradigm for the purposes of studying the impact of high-fat
diet on inducing hippocampal-based cognitive function.

To establish this paradigm, Wistar rats were assigned to receive regular rat chow, the med-fat
diet or HFD. After 12 weeks, weight gain progression and CPE-FC performance were
assessed and compared across diet types. Lastly, serum leptin was measured and compared
to final body mass as an added physiological measure of the impact of increased fat in the
diet. The presence of elevated serum leptin levels is a well established component of obesity
and associated metabolic alterations (Zimmet et al., 1999). Therefore, leptin measures were
used to confirm that dietary manipulations produced physiological alterations (in addition to
weight gain) in a manner that is consistent with obesity, but leptin levels were not used as a
determinant of obesity, nor to make claims on the metabolic status of the animals.

2.8.2. Experiment 2: Further characterization of the relationship between
dietary manipulation, duration of HFD exposure and body mass with
performance on CPE-FC, following 20 weeks of dietary intervention—The
primary goal of Experiment 2was to further characterize the nature of HFD-induced weight
gain and the resulting impact on memory performance. Specifically, we sought to determine
whether a longer duration of feeding on a HFD (20 weeks as opposed to the 12-weeks used
in Experiment 1) would amplify memory disruption, as well as to determine whether the
influence of HFD on memory function would persist following a switch from HFD to a
normal diet. Therefore, memory function was assessed in three groups of Wistar animals that
had been give one of the following dietary interventions: the regular diet (20 weeks), the
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HFD (20 weeks) or following a “dietary reversal’ which consisted of switching animals from
the HFD to regular chow (20 weeks on HFD, 4 weeks on regular diet). After the allotted
time, animal groups were tested for behavior in CPE-FC.

The second portion of Experiment 2 served as a control to validate the CPE-FC paradigm for
use with animals given a HFD. It is already established that the immediate shock event
alone, without benefit of the prior pre-exposure, is not sufficient to associate the context with
the shock and initiate a later freezing response (Fanselow, 1990). To confirm that the pre-
exposure and the shock events are both required to induce later freezing behavior under the
current conditions, rats were fed regular or HFD for 24 weeks and then given CPE-FC. Half
of the animals from each diet type did not receive the pre-exposure experience (day 1) but
did get the immediate shock on day 2. The remaining animals were given the established
pre-exposure experience of gay 1, but on day 2, animals were placed in the conditioning
context and immediately removed without receiving a shock. All animals were tested for
behavioral freezing in context A on day 7.

2.8.3. Experiment 3: Dietary influence on central and peripheral inflammatory
response to CPE-FC shock—The association between learning and memory deficits
with elevations in hippocampal IL-1p led to the speculation that alterations in central
cytokines could be mediating the observed memory decline found here. Furthermore, data
from our laboratory, as well as others, suggests that inflammatory events occurring in the
periphery often result in de novo production of pro-inflammatory cytokines in the brain (van
Dam et al., 1992; Nguyen et al., 1998; Barrientos et al., 2009b) further indicating that HFD,
or possibly the resulting increase in inflammatory adipose tissue in the periphery, could
induce neuroinflammation. However, preliminary studies did not reveal diet-induced
differences in CNS basal IL-1p or other markers of inflammation. As previously discussed,
there is ample evidence to suggest that central innate immune processes are capable of being
‘primed’ such that constitutive levels of cytokines appear normal, yet a secondary challenge
induces an amplified inflammatory response. It is believed that functional alterations in the
central innate immune cell type, microglia, mediate the priming process (Frank et al., 2007).
Furthermore, microglia are not evenly distributed within the brain but rather are found at
higher concentrations in select brain areas such as the hippocampus (Lawson et al., 1990),
which indicates hippocampal function may be particularly vulnerable to negative
consequences of inflammatory priming.

It was initially thought that the brief shock that occurs during CPE-FC would be too mild a
stressor to induce inflammation in the current model for HFD-induced obesity. However, a
recent study demonstrated that a brief foot shock was enough to induce elevations of IL-18
in rats that had received early life infection, an event that appears to prime microglia
(Williamson et al., 2011). The purpose of Experiment 3, then, was to test the hypothesis that
HFD leads to IL-1p increases in the hippocampus in response to a fear-conditioning shock.
To test this hypothesis, animals were given contextual pre-exposure on day 1 and sacrificed
on day 2, 2 h after receiving either a fear-conditioning shock or being placed in the context
without shock. To determine the dietary impact of immediate shock on hippocampal IL-1p
levels, comparisons were made between animals that had received a regular diet (20 weeks),
the HFD (20 weeks) or were given dietary reversal (20 weeks on HFD then 4 weeks regular
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chow). In addition, serum was analyzed to determine dietary and shock-induced alterations
on IL-1B and leptin.

2.8.4. Experiment 4: The effect of ICM hIL-1RA injection 2 h prior to CPE-FC
shock on later memory performance—The established link between elevated IL-1p
and declines in memory function, as well as the results of Experiment 3, suggested increased
IL-1pB as a primary factor mediating the memory disruption observed in HFD animals.
However, it was also possible that elevated IL-1p was correlated with, but unrelated to, diet-
induced memory decline. Experiment 4 aimed to determine whether blocking the central
action of 1L-1p protein at the time of CPE-FC shock would prevent diet-induced decreased
fear conditioning/memory. To do this, animals were conditioned using the CPE-FC
paradigm after they had been consuming a regular or HFD for 20 weeks. An ICM injection
of hIL-1RA or vehicle was administered 2 h prior to the immediate shock event of day 2.
Animals were later scored (day 7) for freezing behavior within the conditioned context A.

3.1. Experiment 1: Establishment and characterization of diet type on diet-induced obesity
and CPE-FC performance following 12 weeks of dietary manipulation

3.1.1. Impact of diet type on weight gain—Overall, Wistar rats gained most weight
from eating an increased-fat diet as compared to the standard rat chow (7= 6). Additionally,
there was no difference in weight gain induced by the medium (7= 7) and high-fat diets (7=
6), such that both the medium and HFD induced similar weight gain (Fig. 1A). A repeated
measures 1-way ANOVA shows that diet type had a significant impact on weight gain (£
=6.402, p=.0325), with post-hoc evaluations showing that HFD (but not medium)
produced significantly elevated weight gain compared to the regular diet.

3.1.2. Impact of diet type on serum leptin levels—All animals on a Med or HFD
demonstrated elevated serum leptin levels compared to regular diet controls (Fig. 1B), and
increased body mass significantly predicted increased serum leptin. A 1-way ANOVA
revealed a significant effect of diet on serum leptin levels (A = 9.752, p=.0019), such that
consumption of high-caloric diets induced higher leptin levels. Post-hoc tests demonstrated
that animals fed either a medium or HFD had elevated leptin compared to controls.

In addition, there was a very strong correlation between body mass and leptin levels (7(16)
=.7068, p < .0001), such that increased raw body mass is an adequate predictor of elevated
leptin and is thus a strong indicator of a physiological state associated with obesity (data not
presented graphically).

3.1.3. Impact of dietary manipulation on CPE-FC performance

3.1.3.1. Conditioned context A: Rats fed a HFD demonstrated memory declines as
measured by decreased freezing behavior during exposure to context A in CPE-FC as
compared to regular-diet controls (Fig. 2A). Merged total freezing scores for both test
sessions are presented in Fig. 2. A 1-way repeated measures ANOVA comparing the impact
of diet on freezing scores (across the 5-min test session) revealed a significant effect of diet
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(F2) = 6.449, p=.0215) such that HFD animals (/7= 6) froze significantly less than regular-
diet animals (7= 6), as indicated by post-hoc evaluations.

3.1.3.2. Control context B: As anticipated, there was very little overall freezing behavior in

the control context B (Fig. 2B), for all diet groups observed, indicating that the substantial
freezing observed in Context A could not be attributed to generalized freezing. A 1-way
repeated measures ANOVA demonstrated no diet-induced differences in freezing between
groups (Fp) = 1.108, p = .3762). Overall group averages were below the pre-established
baseline level of 10% for freezing in Context B, indicating that no groups expressed
generalized freezing behavior to a non-fear conditioned context. Therefore, data for context
B are not presented hereafter.

A primary purpose of Experiment 1 was to establish the diet that would most robustly
produce obesity as well as demonstrate a hippocampal-specific cognitive deficit. Based on
the results of Experiment 1, use of the medium-fat diet was discontinued for all subsequent
studies. As Experiment 1 established that 12 weeks of consuming HFD was sufficient time
for animals to demonstrate reduced conditioned fear memory, Experiment 2aimed to
determine whether prolonged HFD consumption beyond 12 weeks, and the resulting
additional weight gain, would further amplify the deficit in memory function.

3.2. Experiment 2: Impact of duration of diet, type of dietary intervention, and overall body
mass with performance on CPE-FC

3.2.1. CPE-FC performance following 20 weeks of HFD—As anticipated, animals
that consumed a HFD for 20 weeks (N = 6) demonstrated significantly lower freezing
behavior in context A of CPE-FC (Fig. 3) compared to the average freezing of regular diet
controls (M= 6; {10y = 2.431, p=.0354). This demonstrates that the memory decline that
occurs from HFD persists with prolonged or long-term consumption.

3.2.2. Impact of dietary reversal on CPE-FC performance—Animals previously fed
HFD then given a short-term dietary reversal (DR) paradigm completely recovered
hippocampal memory function as measured by CPE-FC (Fig. 3). A repeated measures 1-
way ANOVA comparing DR animals to regular and HFD groups on freezing scores across
the 5-min testing session confirmed that diet impacted freezing behavior (Fz) = 17.33, p=.
0012). Post-hoc tests revealed that HFD animals froze significantly less compared to both
regular diet and DR animal groups, which were not significantly different from each other.
Therefore, DR enabled a complete recovery of cognitive function equivalent with regular
diet controls.

The HFD and DR animals were from the same feeding cohort and were allowed to consume
the HFD for the same duration. After 20 weeks, animals were randomly assigned to receive
immediate CPE-FC or else were given DR and switched to the standard chow (4 additional
weeks) before being tested on CPE-FC. Therefore, it is safe to presume that the DR animals,
if also tested after 20 weeks of HFD, would have demonstrated memory deficits similar to
that observed in the HFD group. This indicates that, despite having received HFD for 20
weeks, the relatively brief switch from HFD to regular chow was able to completely reverse
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memory deficits, thereby negating the damaging impact of the prior high-fat diet
consumption.

3.2.3. Comparison of 12 and 20 weeks of HFD duration on CPE-FC
performance—In order to determine whether a longer duration of HFD feeding
augmented the reduction of freezing behavior in CPE-FC, the freezing scores of animals
given HFD for 12 weeks (Experiment 1) were compared with freezing scores from rats given
HFD for 20 weeks (Experiment 2, comparison not shown graphically). An evaluation of
average total freezing times revealed that animals on the HFD for 20 weeks froze
significantly less compared to animals that consumed HFD for only 12 weeks ({10) = 2.743,
p=.0207).

The overall freezing scores of control regular-diet animals at 12 weeks (52.2% + 8.592, n=
6) were not statistically different from values observed at 20 weeks (39.4% + 12.31, 7= 6;
{10y = -8510, p=.4147). However, there was a trend for a longer feeding duration (on
regular diet) to induce lower overall freezing behavior. In an effort to be conservative and
account for this trend, raw freezing scores of HFD animals at 12 and 20 weeks were
transformed to percent of same-duration regular-diet controls and again compared. Percent
of control values from animals on the HFD for 12 weeks (58.5% * 14.5) are significantly
higher than percent of control values of HFD animals at 20 weeks (23.2% * 4.72; {10) =
2.313, p=.0433). Therefore, prolonged HFD consumption further reduced freezing
behavior on CPE-FC, such that the longer the duration of HFD feeding, the worse was the
resulting hippocampal-dependent memory deficit.

These results indicate that the most pronounced hippocampal-dependent cognitive decline
occurs after a prolonged duration (20+ weeks) of high-fat dietary manipulation. Therefore,
for all subsequent experiments, duration of dietary intervention lasted in the range of 20-24
weeks.

3.2.4. Comparison of dietary intervention with body mass and performance on
CPE-FC—Based on the results from Experiment 1, it was unclear whether reduced freezing
in CPE-FC was due to components of the diet or if it was a side effect of increased body
mass. Therefore, an additional aim of Experiment 2was to address this uncertainty. Animals
that had been fed HFD and were designated for dietary reversal were the same weight (737.3
g £ 41.5, n= 6) as were animals that remained on the HFD (735.3 g = 52.9, 6) at the time of
the diet switch (20 weeks). As anticipated, the dietary reversal caused animals to stop
gaining weight and instead facilitated weight loss (Fig. 4), such that those animals had
slightly lower overall average body mass at the time of CPE-FC at 24 weeks (678.3 g + 37.8,
6). However, the body mass of the DR group at the time of CPE-FC was not significantly
lower when compared to the same animals at 20 weeks or when compared to the HFD
animals tested on CPE-FC at 20 weeks. Therefore, the DR animals demonstrated improved
memory performance while still exhibiting increased body mass. This suggests that dietary
component, not reduction in body mass, was likely the primary cause for the recovered
memory function observed in the DR animals.
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3.2.5. Evaluation and establishment of CPE-FC parameters for use with HFD-
induced obese rats—Within the CPE-FC paradigm, the immediate shock event, without
benefit of the prior exposure to the context, is not typically an adequate experience on its
own to condition fear to the context. It has been argued that the failure to conditioning
occurs because when the shock happens immediately, there has not been sufficient time to
form a hippocampal-based representation of the context that could be associated with the
shock (Fanselow, 1990). To verify that this is true with the current model, a control group of
regular and HFD animals (24 weeks feeding duration) were given the standard CPE-FC
procedure with either the pre-exposure session or shock event eliminated. All animals (both
regular diet and HFD, 7= 4 per group), that had pre-exposure but did not receive an
immediate shock, showed no freezing behavior at all during the later test in context A (0%;
data not shown graphically). For animals that had received immediate shock (with no
context pre-exposure), very low freezing behavior was observed for HFD (4.2% + 3.3) and
regular diet (7.5 * 3.4; data not shown). These levels were all below 10% freezing, which
was the pre-set level to indicate lack of generalized freezing behavior. These data confirm
that both the pre-exposure experience and shock event, separately, are required to form a
contextual representation of the conditioning context and then to associate that
representation with the foot shock.

3.3. Experiment 3: Dietary influence on central and peripheral inflammatory response to
CPE-FC shock

3.3.1. Hippocampal IL-1p protein—An initial comparison was done examining samples
collected on day 2 of CPE-FC, 2 h after exposure where regular and HFD animals were
given either no shock (baseline) or the shock that typically occurs during conditioning. HFD
did not increase basal (non-shock) levels of IL-1p in hippocampus (Fig. 5A) compared to
regular diet animals, nor did the shock event alone elevate IL-1f within regular diet animals.
However, consumption of HFD combined with the foot-shock lead to an increase in 1L-1f
protein levels. A 2-way ANOVA comparing HFD-induced alterations in hippocampal IL-1p
protein levels following shock or no shock revealed a significant effect of diet (£ 23) =
7.923, p=.0098, n=7), shock (F1,23) = 8.326, p=.0082) and an interaction of diet and
shock (F1,23) = 9.434, p=.0054) such that only the HFD animals that also received a shock
displayed elevated IL-1 protein levels above the other groups. Post-hoc tests revealed there
were no baseline (non-shock) dietary differences in levels of hippocampal I1L-1f protein
between regular and HFD animal groups (p > .05) and regular diet animals did not
demonstrate altered IL-1f levels in response to a shock compared to non-shock controls (p
> .05).

The shock event was required to see evidence of diet-induced alterations on hippocampal
IL-1B. Therefore, in an effort to conserve animal use, a dietary reversal (DR) non-shock
control group was not included. The impact of shock on the DR group demonstrates that a
return to the control diet clearly reversed any potentiating effects of the shock event on
IL-1B production. This conclusion was confirmed by a 1-way ANOVA comparing post-
shock IL-1p protein levels from regular-diet, HFD and DR groups (/) = 16.453, p=.
0001), such that only HFD animals demonstrated elevated IL-1f protein. Post-hoc analyses
show that IL-1p protein levels in the hippocampus are significantly higher in HFD animals

Brain Behav Immun. Author manuscript; available in PMC 2017 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sobesky et al.

Page 13

compared to both regular diet and dietary reversal groups (p < .05). In addition, dietary
reversal animals demonstrated IL-1p protein levels that were not significantly different from
regular diet animals (p > .05). Thus, the DR procedure was able to reverse the impact of
prior consumption of HFD and prevent the shock-induced pro-inflammatory response in the
hippocampus.

3.3.2. Serum IL-1@ protein—A potential difficulty with regard to the hippocampal IL-1p
measurements is that animals were sacrificed using a rapid decapitation method to reduce
stress- and pentobarbital-induced increases in the pro-inflammatory cytokine IL-1p. This
prevented the use of intra cardiac saline perfusion to remove peripheral immune cells from
the central nervous system vasculature. Therefore, the elevation of observed hippocampal
IL-1pB protein could have been partly, or completely, caused by differences in circulating
IL-1pB. If this were true, the pattern of group differences in hippocampal IL-1p would be
mirrored in circulating IL-1p. To determine if similar pro-inflammatory expression would be
observed peripherally, serum samples were analyzed to determine IL-1f protein levels (Fig.
5B). Clearly, neither the shock nor the diet altered peripheral IL-18. A 1-way ANOVA
comparing regular, HFD and DR serum samples following both shock or no shock revealed
no significant differences between any groups (F4) = 1.052, p=.3877). These results
indicate that the observed levels of IL-1p in the hippocampal tissues were not produced by
peripheral contamination.

3.3.3. Serum leptin—Serum leptin was also examined for any diet or shock-induced
alterations (Fig. 5C). As can be observed, diet, but not foot-shock, altered leptin levels. A 2-
way ANOVA comparing regular and HFD animals post-shock or no-shock (DR post-shock
group excluded) revealed only a significant effect of diet (£ 24) = 111.2, p < .0001), such
that all HFD animals, regardless of shock, had elevated serum leptin levels. There were no
effects of shock, or an interaction of diet and shock (o> .05). A 1-way ANOVA comparing
regular diet, HFD and DR on serum leptin levels post-shock demonstrated a highly
significant effect of diet (F) = 28.4, p<.0001). As expected, HFD animals had
significantly elevated leptin compared to regular diet animals (o < .001). In addition, DR
leptin levels were higher than regular diet animals (p < .05), but were also significantly
reduced compared to the HFD group (o < .01). Additionally, across groups, body mass was
significantly correlated with serum leptin (/20) = .7653, p < .0001). It is important to note
that DR animals sustained physiological evidence of an obese state (as indicated by
persistent increased body mass and elevated leptin levels), yet no longer showed a primed
central immunological response to the shock.

3.4. Experiment 4: Impact of hiL-1RA blockade of IL-1f at time of CPE-FC shock on diet-
induced cognitive function

As expected, HFD strongly interfered with expression of memory for contextual fear.
However, this diet-induced memory deficit was completely blocked by preventing the action
of IL-1p at the time of CPE-FC shock with an ICM injection of hIL-1RA (Fig. 6). A 2-way
repeated measures ANOVA comparing freezing levels (across the 5-min test session) of
animals fed regular or HFD and given either saline or hIL-1RA 2 h prior to CPE-FC shock
revealed neither a main effect of drug (£ 32) = 2.74, p=.1076) nor a main effect of diet
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(Fa,32) = 3.383, p=.0751) but did illustrate a significant interaction of diet type with drug
treatment (A1 32) = 5.003, p=.0324), such that only HFD animals that were given saline had
significantly decreased freezing scores compared to the other three groups. As expected,
there was also a significant main effect of time (F4,128) = 26.632, p < .0001) such that all
animal groups demonstrated a reduction in freezing behavior as the testing sessions
progressed. In addition, there was an interaction of time and drug (F4,108) = 2.471, p=.
0478) indicating that hIL-1RA facilitated fear extinction during the test session in both the
regular and HFD animals compared to their saline-treated same-diet controls. There was not
a significant 3-way interaction between diet, drug and time (p > .05), nor a 2-way interaction
of diet and time (o > .05). Post-hoc analyses of overall freezing scores by group show that
HFD animals given saline had reduced freezing compared to all regular diet animals (saline:
p=.0083; hIL-1RA: p=.0167) and HFD animals given hIL-1RA (p=.0041). Also, HFD
animals given hlL-1RA were not significantly different from either of the regular diet
animals, regardless of drug treatment (o > .05), indicating that the presence of hIL-1RA at
the time of the shock eliminated the detrimental effect of HFD.

These data demonstrate a number of important outcomes. First, blockade of IL-1 receptors at
the time of shock does not inhibit memory formation in regular diet animals, yet allowing
the full action of elevated IL-1p in the HFD animals does. This suggests that the action of
excess IL-1p during the conditioning experience leads to memory disruption. Furthermore,
the pre-exposure experience is as important for fear conditioning as is the shock event and
there was no drug manipulation until 24 h after the pre-exposure experience in these
animals. The observation that HFD animals given hlL-1RA learned equally well compared
to regular-diet controls suggests that HFD does not alter how animals learn from or respond
to the pre-exposure experience.

4. Discussion

In sum, the present series of experiments clearly show that HFD increased body mass and
disrupted hippocampal memory function in Wistar rats. The data suggest that the diet
produced memory deficits by priming a shock-induced increase in hippocampal IL-18
protein, which at elevated levels disrupted later behavioral memory expression. The negative
impact of diet was prevented by either blocking action of IL-1p with hIL-1RA or by
preventing the primed stress-induced increase in IL-1p using a short-term dietary reversal
prior to conditioning. Furthermore, the data suggest that the primary factor mediating
cognitive disruption was the continued intake of HFD, not increased body mass from prior
HFD consumption.

The diets used in the present study are routinely labeled ‘medium-fat” and “high-fat’,
however, it should be noted that they differ from the standard diet in many other ways.
Indeed, they might also be considered high-sugar diets. The medium-fat diet contains 341.46
g/kg of sucrose (34.5% sucrose by total weight) while the high-fat diet has 90 g/kg sucrose
and 160 g/kg maltodextrin (12.1% sucrose by weight) as sweeteners. Therefore, while the fat
content is elevated above standard chow, these diets are also more palatable and the overall
caloric content is denser. It is possible that any number of alterations in the macronutrient
composition of the diets could have led to the observed negative cognitive consequences. It
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should also be noted that 60% calories from fat may not be considered by some to be ‘high-
fat’, as ketogenic diets can contain up to 85-95% fat, and may actually be beneficial for
health (Ruskin et al., 2009; Krikorian et al., 2012; Mobbs et al., 2013).

Animals fed the high-fat diet demonstrated elevated IL-1p protein levels in the hippocampus
following a brief foot-shock that occurred during CPE-FC. The regular-diet animals showed
no shock-induced changes in IL-1B protein. This suggests that HFD produces an altered
response to a stressor by inducing neural inflammatory processes. This notion is supported
by observations that waist circumference in humans is linked to augmented physiological
stress responses (Brydon, 2011) and that obesity induces increased vulnerability of the CNS
to the negative impacts of stress and injury (Yehuda et al., 2005; Bruce-Keller et al., 2009).

Dietary reversal was able to eliminate the negative impacts of prior HFD consumption on
memory disruption and elevated hippocampal IL-1p in response to foot shock. However,
while the DR animals lost weight and had reduced leptin levels, these animals continued to
exhibit increased body mass and increased leptin levels compared to regular diet controls.
Therefore, the benefits of dietary reversal occurred prior to the complete resolution of either
increased body mass or leptin.

It should be noted that no conclusions are being made about obesity or the metabolic status
of the animals in the current studies. Rather, the goal is to distinguish between HFD
consumption and the resulting physiological impacts of such consumption with respect to
cognitive and neural inflammatory processing. Following experiment 1, we discontinued use
of the medium-fat diet because it did not induce measurable deficits in hippocampal
cognitive function, despite inducing elevated weight gain comparable to HFD. Therefore, we
did not examine what impact the medium-fat diet would have had on shock-induced levels
of hippocampal IL-1p. In the future, this would be interesting to examine as a means to
further distinguish diet and increased body mass with cognitive function and neural
inflammatory processes. Due to the well-established inflammatory nature of enlarged
adipose stores, it is possible that increased peripheral adiposity must occur simultaneously
with continued consumption of HFD in order for the cognitive effects and neural
inflammatory priming to be observed. While leptin may induce IL-1p release from microglia
cells in culture (Pinteaux et al., 2007), the present data indicate that the presence of elevated
body mass and leptin are not sufficient alone (in absence of HFD consumption) to produce
similar inflammatory effects. What is not known, and is beyond the scope of the current
paper, is how quickly the benefits of DR can be observed following diet switch, or if any
amount of weight loss, even minimally, must occur in order to observe those effects.

The effects of DR, in the present study, are mirrored in a short-term diet and exercise
intervention study in humans, in which significant improvements in inflammatory markers
of metabolic health were observed prior to obesity reversal (Izadpanah et al., 2012). In
addition, Kosari et al. (2012) found that a 60% fat diet altered spatial memory, but the effect
was unrelated to body weight, while (Badman et al., 2009) found improved health markers,
but not altered body weight, of genetically-induced obese mice fed a ketogenic diet. In
addition, very short-term consumption of a high-fat diet (4 days) is sufficient to induce pro-
inflammatory changes in adipose tissue (Ji et al., 2012) prior to inducing significant weight
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gain. The evidence suggests that, perhaps, health and cognitive consequences are mediated
less in the long-term by adipose stores but rather in the short-term by macronutrient
composition of the diet. Although *high-fat diet consumption’ and ‘obesity’ are typically
viewed as synonymous, as they typically occur simultaneously, distinguishing between the
two may be important for future mechanistic research in this area. Although it is interesting
and important to note that diet alteration can improve the negative consequences of HFD on
memory function, it does not address what, mechanistically, may mediate diet-induced
memory dysfunction, nor does it determine what specific memory processes are altered by
HFD consumption.

An injection of hIL-1RA prior to the shock experience of CPE-FC prevented diet-induced
memory disruption, strongly suggesting that action of IL-1p at the time of shock mediates
the effect of HFD on memory performance. Also, all animals in Experiment 4 showed
relatively reduced freezing compared to other cohorts run through CPE-FC for other
experiments. However, the dietary impact on freezing behavior within the saline animals
proportionately remained clear, as did the recovery of function in HFD animals given
hIL-1RA. It is possible that the brief anesthetization during the saline/hIL-1RA ICM
injections may have had a later impact on freezing behavior expression. Furthermore, all
groups of rats were un-treated during the pre-exposure phase, with the only intervention at
that point being diet, as the injection procedure did not occur until just prior to the
immediate shock event on day 2. Because the hIL-1RA injection did not occur until after
pre-exposure, it is clear that HFD animals learned normally during the pre-exposure session
as HFD animals treated with hIL-1RA demonstrated memory equivalent with controls. The
data suggest that HFD animals may learn during the pre-exposure experience normally, and
HFD animals are able to adequately demonstrate expression of the fear memory once it has
been acquired (HFD + IL-1RA animals) so it might be that the memory process of
consolidation is most vulnerable to HFD. However, we did not conduct a short-term memory
test for the contextual fear after shock exposure, so it is not possible to implicate any
particular aspect of memory function as being disrupted by HFD. The only group that
demonstrated impaired memory in Experiment 4 was the HFD/saline group. Therefore, it
was the action of potentiated levels of IL-1p, as induced in the HFD animals by the
immediate shock, which acted as the primary facilitating factor in the ensuing memory
impairment. Thus, HFD does not appear to interfere with all facets of memory function, or
even hippocampal-dependent memory in all contexts. Rather, it seems that in order to
observe the impact of a HFD on memory disruption, the learning experience may need to
coincide with a secondary challenge, such as stress or infection. It is important to note that
there is no claim that the dietary impact on cognition exclusively targets hippocampal
function. While there is some evidence that hippocampal function may be particularly
vulnerable to the influence of HFD (Heyward et al., 2012), amygdala-dependent cognition
may also be impacted by HFD (Yamada-Goto et al., 2012).

The single foot-shock did not increase levels of IL-1f in serum, thus diet-induced elevations
in IL-1B protein in hippocampus after HFD must have originated centrally. Therefore, there
is reason to believe that the elevated IL-1f after the shock exposure is the result of diet-
induced changes to cells within the CNS. It is well established that functional changes in
microglia can mediate primed central inflammatory processes (Combrinck et al., 2002;
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Frank et al., 2007; Ransohoff and Perry, 2009). Furthermore, the primed neural
inflammation that occurs with aging is mediated by microglia (Barrientos et al., 2010) and
there are many similarities between obesity and age-induced cognitive and health
impairments (Cohen, 2010; Uranga et al., 2010), suggesting that obesity may induce neural
inflammatory priming via similar mechanisms.

It is generally understood that IL-1p protein production is complex and requires multiple
steps, and it is not yet clear how a HFD alters central innate immune function such that a
sensitized overproduction of IL-1p occurs upon stimulation. Interestingly, saturated fatty
acids are able to stimulate microglia to induce NFkB and pro-inflammatory cytokine
expression (Lee et al., 2003; Milanski et al., 2009), and levels of free fatty acids are known
to be elevated centrally with obesity (Greenwood and Winocur, 1996). Taken together, this
evidence suggests that consumption of a HFD may induce ‘primed’ CNS innate immune
cells, and this process may occur via fatty acid signaling. However, this has not yet been
demonstrated.
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Fig. 1.

(A?) Rats given the medium and high-fat diets gained significantly more body weight than
regular-diet controls. There was no difference in weight gain between the medium and high-
fat diet groups. (B) Serum leptin was elevated in animals fed either a medium or high-fat
diet compared to regular-diet controls. *p < .05.
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Fig. 2.
(A) Animals fed HFD had reduced memory as measured by total freezing behavior within

conditioned context A compared to regular-diet controls. *p < .05. (B) There was very low
freezing behavior observed in control context B, with no differences between diet groups,
indicating lack of generalized fear behavior to a non-conditioned context.
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Animals fed HFD for 20 weeks froze significantly less overall compared to regular diet
controls when tested in context A of CPE-FC. Animals that experienced the dietary reversal
paradigm (DR) demonstrated freezing comparable to regular diet animals, indicating that
discontinuing HFD consumption enabled recovery of memory function. *p < .05.
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Animals that experienced the dietary reversal (DR) feeding paradigm lost weight as a result
of the diet switch, however average body mass for the DR group was not significantly less
than the HFD animals at 24 weeks. Also, DR animals still weighed more than regular-diet
controls, indicating that the memory function recovery in the DR group was not due to
obesity reversal.
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Fig. 5.

Sagmples collected 2 h after CPE-FC with exposure to either a shock or no shock revealed:
(A) IL-1p protein levels in hippocampus were unaffected by diet when animals are not
exposed to shock, however HFD combined with a shock event produced an IL-1p protein
increase. DR animals do not demonstrate this priming as they had IL-1p protein levels
comparable to regular-diet controls. **p < .01;*p < .05. (B) Serum IL-1p protein levels were
not affected by diet nor shock, with no group differences in serum IL-1 protein, thereby
discounting the likelihood that the HFD-induced priming seen in HC is a result of peripheral
contamination. (C) Serum leptin levels were altered by diet, but not shock, with animals on
HFD demonstrating significantly elevated leptin levels. Leptin levels in DR animals were
reduced compared to HFD, but also still significantly elevated compared to the regular-diet
group indicating physiological evidence of obesity had not resolved. ***p < .001; **p <.
01;*p< .05.
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Animals that consumed HFD had decreased freezing behavior in context A of CPE-FC
compared to regular-diet controls. Antagonism of IL-1f action with an ICM injection of
hIL-1RA prior to CPE-FC shock eliminated the HFD-induced decrease in behavior
indicating the memory deficit is mediated by action of IL-1f at the time of CPE-FC shock.
**p <.01; *p<.05.
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