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Abstract

A key factor in the development of obesity is the overconsumption of food calorically high in fat.
Overconsumption of food high in fat not only promotes weight gain but elicits changes in reward
processing. No studies to date have examined whether consumption of a high-fat (HF) diet alters
structural plasticity in brain areas critical for reward processing, which may account for persistent
changes in behavior and psychological function by reorganizing synaptic connectivity. To test
whether dietary fat may induce structural plasticity we placed rats on one of three dietary
conditions: ad /ibitum standard chow (SC), ad /libitum 60% HF (HF-AL), or calorically matched
60% HF (HF-CM) for 3 weeks and then quantified dendritic spine density and type on basal and
apical dendrites of pyramidal cells in layer V of the medial prefrontal cortex (mPFC) and medium
spiny neurons (MSNs) of the nucleus accumbens. Our results demonstrate a significant reduction
in the density of thin spines on the apical and basal segments of dendrites within the infralimbic,
but not prelimbic, mPFC.
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Introduction

At present, more than one third of the U.S. adult population is classified as obese, making
obesity a substantial and relevant health concern [1]. Obesity contributes to and/or
exacerbates a host of health problems, including heart disease [2], diabetes [2], stroke [3]
and certain types of cancers [4], all of which could be mitigated by reducing the prevalence
of obesity [5]. The development of obesity is likely a consequence of diverse factors that
broadly include genetics [6], lifestyle [7] inactivity [8], pregnancy [9], unhealthy diet [10],
socioeconomic status [11], and environmental influences [12]. Although there are numerous
causes contributing to the obesity epidemic what is ubiquitous among most theories is that
excessive consumption of foods calorically high in fat results in weight gain and obesity
[13].
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A hallmark of obesity is continued unhealthy eating behaviors despite knowledge of
negative social and physiological consequences [14]. It has been hypothesized that exposure
to dietary high-fat (HF) results in a decrease in natural reward sensitivity and therefore
contributes to compensatory hedonic overeating behaviors (i.e., eating in the absence of an
energetic demand) [15, 16]. In the rodent model, overconsumption of diets high in fat has
consistently and efficiently been shown to induce obesity and induce a number of
neurobiological changes within the mesolimbic dopamine reward system [17, 18]. For
example, obese rats have a reduction in striatal dopamine D2 receptors (D2Rs) and
knockdown of D2Rs potentiates compulsive food seeking to HF food, suggesting a deficit in
brain reward processing [19]. Additionally, rats fed a diet consisting of Crisco, cheddar
cheese and peanut butter for 15 weeks have lower extracellular dopamine (DA) levels within
the nucleus accumbens (NAc) compared to standard chow fed animals [20]. Consistent with
adaptations in reward processing, rats susceptible to diet-induced obesity are more prone to
food-cue triggered motivation and show increased sensitivity to cocaine, suggesting basal
differences in the function of the mesolimbic circuits [21, 22].

In addition to rodent studies, clinical research has shown evidence of dysregulated D2R
signaling within obese human populations. Specifically, Wang et al., (2001) showed that
striatal D2R availability is attenuated in obese individuals and that this decrease is negatively
correlated with body mass index (BMI) [23]. It has also been demonstrated that the down
regulation of striatal D2Rs in morbidly obese patients is linked with a decrease in brain
glucose metabolism, a measure of brain function, within the prefrontal cortex (PFC) [24].

As demonstrated, previous reports of reward circuit modulation have focused on changes in
dopaminergic plasticity, particularly in regards to DA and D2R levels but little is known
about the structural plasticity that may underlie those changes. One way to examine
structural change is to quantify dendritic spine density and spine type. Dendritic spines are
considered to be the primary postsynaptic structures where excitatory synaptic inputs,
primarily glutamatergic, are integrated [25]. Activity within the PFC is shaped by several
factors. Dopamine in particular has been implicated in mediating primary PFC cognitive
functions, including memory and reward [26], and the interaction between DA and
glutamate has been studied as a major mechanism underlying neuronal excitability [27, 28]
and may subserve plasticity. The influence of DA on glutamate function in the cortex is
partially dependent upon what DA receptor is expressed on the neuron [29]. In the PFC, it
has been demonstrated that D2 and D1 receptors decrease and increase pyramidal cell
excitability, respectively [30]. Despite the well-established relationship between DA and
glutamate and the relatively large amount of literature examining DA plasticity in obesity,
very little research has aimed to elucidate changes in excitatory transmission.

Functionally, increases in dendritic spine density and shape are hypothesized to be the direct
result of long-term potentiation (LTP) [31, 32], particularly on dendritic segments where
spine density is already low [33], and can shrink in size following long-term depression
(LTD) [34]. As such, changes in spine density and shape are thought to reflect synaptic
activity and neuronal remodeling. Dendritic spine plasticity has been extensively studied in
response to pathological and non-pathological paradigms. For example, postmortem studies
in human patients diagnosed with mental retardation [35] or schizophrenia [36] show a
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marked decrease in spine density in the CA1 region of the hippocampus and on pyramidal
neurons of the PFC, respectively. Alternatively, an increase in spine density has been
observed in the rat hippocampal dentate gyrus following consolidation of water maze
training, a spatial learning task [37]. Within the reward circuit, an increase in spine density
has been demonstrated in NAc shell (NAc-Sh) and mPFC following exposure to the
psychostimulants amphetamine and cocaine [38]. Stress too has been reported to have a
positive effect on spine density in the NAc-Sh, prelimbic PFC (PL-PFC) and orbitofrontal
cortex (OFC) [39]. In contrast, morphine [40] and sucrose [41] elicit the opposite effect on
spine density within the NAc-Sh and OFC, respectively.

The aim of our study was to examine whether exposure to dietary HF would induce changes
in dendritic spine density within the PFC and NAc similarly to other appetitive stimuli. Rats
were maintained on either ad /ibitum standard chow (SC), ad /ibitum 60% HF (HF-AL) or
60% HF calorically matched (HF-CM) diets for 3 weeks. Following 3 weeks of feeding on
SC, HF-CM, or HF-AL diets, dendritic spine density and type were analyzed within the PL-
PFC, infralimbic prefrontal cortex (IL-PFC), the NAc-Sh and NAc core (NAc-C) using Dil
staining to visualize the spines.

Eighteen adult (PND 60) male Sprague-Dawley rats obtained from our breeding colony and
housed in clear plastic cages in a temperature-controlled room with a 12:12-h light-dark
cycle with lights on at 0700 were utilized for experimental procedures. Rats were 285-397 g
at the beginning of the experiment. All experimental procedures and protocols for animal
studies were approved by the University of Wyoming Institutional Animal Care and Use
Committee in accordance with international guidelines on the ethical use of animals.

Maintenance diets

Rats were exposed to one of three dietary conditions in their home cages for three weeks:
standard chow (SC, n=6), 60% high-fat (HF-AL, n=6), or 60% calorically-matched high-fat
(HF-CM, n=6). The nutritional content of the SC diet included ~29% protein, ~58%
carbohydrate, and ~13% fat by kilocalorie with a total fuel value of 3.36 kcal/g (Laboratory
Rodent Diet 5001, St. Louis, MO). The nutritional content of the HF diet included ~20%
protein, ~20% carbohydrate, and ~60% fat by kilocalorie with a gross fuel value of 5.24
kcal/g (Research Diets, New Brunswick, NJ). Animals in the HF-CM group were also fed
the 60% HF diet but were food restricted such that their daily caloric intake, and therefore
weight gain, did not significantly differ from the SC controls at the time of sacrifice (Figure
1B, Table 1). Each day, food consumption was measured and averaged for each dietary
condition. The total amount of food consumed by the SC group was then multiplied by the
caloric value of the diet (3.36 kcal/g) in order to obtain an average caloric intake. The
average caloric intake was then divided by the caloric value of the HF diet (5.24 kcal/g) to
estimate the amount of food to be given to the HF-CM group. This method ensured that the
caloric intake of both the SC and HF-CM groups were the same. To validate that this
procedure produced similar weight gain in the SC and HF-SM groups, all animals were
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weighed every other day. Furthermore, following sacrifice, epididymal fat was dissected and
weighed as a proxy for overall fat composition. This gonadal fat deposit is among the largest
adipose deposits in the rat and is therefore often used in diet studies to determine whether
the dietary manipulation induced fat accumulation, in addition to changes in body weight
[42].

Quantification of dendritic spine density

Results

After dietary exposure, rats were euthanized via cardiac perfusion (200 mL, 0.9% saline
followed by 300 mL, 1.5% paraformaldehyde (in 0.1M phosphate buffer (PBS)). After
washing in PBS, brains were coronally sectioned into 200 um slices with a Leica VT1200S
vibratome (Leica, Buffalo Grove, IL) and briefly collected in PBS. Slices were fixed in 4%
paraformaldehyde in PBS for 20 minutes, incubated with Vybrant-Dil cell-labeling solution
(1:200, Invitrogen, USA) for 1 hour at room temperature and placed in PBS at 4°C for 48
hours to allow dye diffusion within membranes. Finally, slices were mounted on glass slides
with Vectashield (Vector, Burlingame, CA) and imaged using a Zeiss confocal microscope.
For cortical pyramidal cells, dendritic spines were quantified on the terminal tips of third or
fourth order basal dendrites and second or third order apical dendrites in layer V of the PL-
PLC and IL-PFC. For medium spiny neurons, spines on third order or greater terminal tips
were quantified in the NAc-Sh and NAc-C [43]. In all regions of interest, visible spines
located within the terminal 10 um were manually counted using 40 x magnification. In
addition to total density, spine type was also analyzed following parameters previously
described [44]. Briefly, spines were identified as thin type if the ratio of head diameter to
neck diameter was greater than 1.1 and maximum head diameter was less than 0.4 um.
Spines were identified as mushroom type if the ratio of head to neck diameter was greater
than 1.1 and the maximum head diameter was greater than 0.4 um. Spines with a head to
neck ratio of less than 1.1 were classified as stubby and those that bifurcated above the
connection between spine and dendrite were classified as cup shaped. Filopodium were
identified as long, thin protrusions lacking a head. Within each animal 4-8 dendrites were
selected from distinct cells for analysis in each brain region and counts from these dendrites
were then averaged. Dendrites were only selected if staining of the cell was complete
enough that the branch order and differentiation of spine types could be determined. In total,
32-40 dendrites were analyzed per group for each brain region. Slides were coded so that the
person responsible for cell selection and analysis was blind to the experimental condition.
Statistical analyses were performed by averaging dendritic spine counts across animals per
brain region. Group differences were assessed using two-way ANOVA and any post hoc
comparisons were completed with Tukey's multiple comparisons test (p<0.05).

To determine whether dietary manipulation may alter structural plasticity within the reward
circuitry of the brain we quantified changes in dendritic spine density within the PFC and
NAc, brain regions known to play a vital role in reward processing [45, 46]. There was a
significant dietary effect on weight gain (£, 15) = 14.40, p<0.01), a significant day effect
(F0, 150) = 352, p<0.01), and significant dietary and day interaction (Fo, 150) = 9.50,
p<0.01). Post-hoc analysis revealed that rats in the HF-AL group showed significant weight
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gain compared to HF-CM and SC fed rats days 9-21 (Figure 1B). In addition to gaining
significant weight, rats maintained on the ad /ibitum high-fat diet showed a significant
increase in estimated body fat composition measured by the ratio of epididymal fat to body
weight (SC: 1.18 £ 0.09, HF-CM: 1.6 £+ 0.08, HF-AL: 2.49 £ 0.25, Figure 1C). Basal and
apical spine density was quantified from pyramidal cells within the PFC-PL and the PFC-IL
regions of the prefrontal cortex (Figures 2-3, Table 2) and spines were quantified from
medium spiny neurons (MSNSs) in the shell and core of the NAc (Figure 4, Table 2). To our
surprise the dietary exposure had no significant effect on the total spine density or spine type
of MSNs within the NAc-C (Table 2). There was also no dietary effect on the spine density
or spine type of pyramidal cells within the PL-PFC (Table 2). However, there was a
significant dietary effect within the IL-PFC on the total spine density for both apical and
basal dendrites (Apical: SC: 11.43 + 0.09, HF-CM: 9.89 + 0.16, HF-AL: 9.91 £ 0.22; A 10)
=57.34, p<0.01; Basal: SC: 12.00 + 0.16, HF-CM: 10.08 + 0.12, HF-AL: 10.05 £ 0.14,

F, 10) = 74.22, p<0.01). An analysis of the spine type revealed that this reduction was due
largely to an attenuation of thin spines in the IL-PFC. There was a significant dietary and
spine type interaction (Fg, 150) = 14.82, p<0.01). Post-hoc analysis revealed that rats in both
the HF-AL and HF-CM groups showed a significant attenuation in thin spines (Apical: SC:
7.24 +0.20, HF-CM: 5.39 + 0.19, HF-AL: 5.50 £ 0.09; Basal: SC: 7.37 + 0.25, HF-CM:
5.33£0.28, HF-AL: 5.64 + 0.11, Figure 3B). Interestingly, we also observed an increase in
stubby type spines on apical dendrites in the HF-CM group compared to SC (SC: 1.16
+0.14, HF-CM: 1.69 + 0.14) and a decrease in mushroom type spines on apical dendrites in
the HF-CM group compared to SC (SC: 2.75 + 0.14, HF-CM: 2.28 + 0.12).

Discussion

Our study looked to expand upon previous research that has shown neurobiological changes
as a result of exposure to dietary HF. To the best of our knowledge, no laboratories have
examined whether dietary HF induces changes in dendritic spine density within the reward
circuit. In the present study, rats exposed to dietary HF independent of weight gain had
attenuation in spine density on both apical and basal dendrites of the IL-PFC compared to
SC controls (Figure 3). This reduction in spine density can be mostly attributed to a loss of
thin spines. This is not surprising given that thin spines are the most numerous
comparatively and form and disappear more rapidly in the context of varying levels of
synaptic activity, suggesting that they are more susceptible to plasticity [47]. Thin spines
have been widely characterized under a multitude of circumstances. For example, a loss of
thin spines has been observed in the monkey prefrontal cortex following aging [48] while an
increase of thin spines in this region has been demonstrated subsequent of seven days forced
abstinence from cocaine self-administration in rats [49]. The loss of thin spines in response
to HF exposure may underlie previous reports that HF consumption impairs learning and
memory, evidenced by performance on both hippocampal and frontal-dependent tasks [50].
While there were also significant changes between SC and HF-CM groups in mushroom and
stubby spines in the IL-PFC, it is unlikely a dietary effect since the HF-AL group did not
also show this trend. It is however possible that this finding may be attributed to food
restriction given the nature of the feeding regimen in the HF-CM group, but future studies
are required to elucidate this. It is further hypothesized that a lack of change in spine type or
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density in the nucleus accumbens may be due to a lack of ability to discriminate between D1
and D2 dopamine receptor-containing neurons, given their differential change in spine
density following treatments such as withdrawal from cocaine [51].

Quantification of spine density is a common approach used to examine experience-induced
modifications to synaptic organization [35] [36] [37]. Although it is an indirect measure,
providing information about changes to the postsynaptic cell exclusively, electron
microscopy (EM) studies have demonstrated that changes in spine density correlate with
sites of synaptic contact [52, 53]. Specifically, time-lapse two-photon imaging studies within
the hippocampus shows an increased spine density following induction of long-term
potentiation (LTP), a phenomenon known to increase synaptic strength [25]. Similarly,
following long-term depression (LTD), or loss of synaptic efficacy, shrinkage in spine size is
observed [34] suggesting that changes in spine dynamics is correlated with synaptic activity,
or lack thereof.

To examine a potential neurobiological consequence of the HF diet, we quantified dendritic
spine density in the PFC (IL and PL) and NAc (core and shell), key reward areas long
characterized as being involved in reward seeking and reward reinforcement, respectively
[38, 54, 55]. The PL-PFC has been known to initiate reward-seeking, as found in cocaine
studies demonstrating that inhibition of this region blocks several forms of reinstated drug
seeking [56-58]. The significance of the IL-PFC is presently less established but is suggested
to play an opposing role in reward related behavior. Specifically, it has been demonstrated
that the IL-PFC is responsible for the inhibition of cocaine seeking in extinguished rats, as
measured by an increase in cocaine reinstatement following inactivation of this region [59].
Similarly, inactivation of the IL-PFC immediately following extinction impairs the
maintenance of consolidation of extinction after cocaine self-administration [60]. The above
findings suggest that while the PL-PFC facilitates reward seeking, the IL-PFC is an integral
component of inhibitory control [61].

Our results demonstrate that exposure to HF decreases dendritic spine density and type in
the IL-PFC within both the HF-AL and HF-CM groups compared to SC controls, while no
differences between groups were observed in the PL-PFC or NAc. This is the first report of
morphological changes following exposure to a HF diet. Given the proposed role of the IL-
PFC in inhibitory control of drug reward seeking, we hypothesize that the decrease in spine
density may underlie challenges in dieting behavior after exposure to fatty foods. This
finding is supported by other reports of hypofunctionality in the PFC, notably the decrease
in glucose metabolism in obese patients [14]. Future studies will expand upon these findings
to study the downstream consequence of altering excitatory input and output from the IL-
PFC in controlling feeding behaviors.
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2. 60% High-fat ad libifum (HF-AL)

A 1. Standard Chow (SC)
Diet:
3. 60% High-fat calorically matched (HF-CM)
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Fig 1. Ad Libitum exposure to a high-fat diet for 3 weeks increases weight gain and body-fat
composition

(A) Experimental timeline. (B) Percent weight gain throughout dietary exposure. (C) Body-
fat composition measured as the ratio of epididymal fat to body weight. Values represent the
mean £ S.E.M. * indicates significant increase in HF-AL from SC and HF-CM fed rats.
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Prelimbic PFC
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Fig 2. Exposure to a high-fat diet for 3 weeks has no effect on spine density within the prelimbic
region of the prefrontal cortex
(A) Representative prelimbic PFC apical (bottom) and basal (top) Dil-stained dendrites from

each dietary condition. (B) Quantification of spine type from the basal (left) and apical
(right) dendrites of pyramidal cells in the PL-PFC. Values represent the mean + S.E.M.
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Infralimbic PFC
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Fig 3. Exposure to a high-fat diet for 3 weeks decreases spine density within the infralimbic
prefrontal cortex
(A) Representative IL-PFC apical (bottom) and basal (top) Dil-stained dendrites from each

dietary condition. (B) Quantification of spine type from the basal (left) and apical (right)
dendrites of pyramidal cells in the IL-PFC. Values represent the mean + S.E.M.
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Nucleus Accumbens
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Fig 4. Exposure to a high-fat diet for 3 weeks has no effect on spine density within the nucleus
accumbens
(A) Representative nucleus accumbens core (top) and shell (bottom) Dil-stained dendrites

from each dietary condition. (B) Quantification of spine type from medium spiny neurons of
the core (left) and shell (right). Values represent the mean = S.E.M
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Table 1
Dietary compositions and percent weight gain for rats exposed to SC, HF-AL, and HF-

CM dietary conditions for 3 weeks

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

% Calories % Weight A
Protein | Carbohydrates | Fat 3wk
Standard Chow 28.5 58.0 135 | 124.1+0.96
High-Fat Calorically Matched 20.0 20.0 60.0 | 124.4+2.16
High-Fat Ad Libitum 20.0 20.0 60.0 | 139.7+365™

*
indicates significant weight gain from SC and HF-CM fed rats.

Values represent the mean + S.E.M
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