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Abstract

Perineuronal nets (PNNs) are specialized extracellular matrix structures that primarily surround 

fast-spiking parvalbumin (PV)-containing interneurons within the PFC. They regulate PV neuron 

function and plasticity to maintain cortical excitatory/inhibitory balance. For example, reductions 

in PNN intensity are associated with reduced local inhibition and enhanced pyramidal neuron 

firing. We previously found that exposure to dietary high fat reduced PNN intensity within the 

PFC of male Sprague-Dawley (SD) rats. However, how high fat affects PNNs in the PFC of 

females or in obesity-vulnerable vs. -resistant models is unknown. Therefore, we gave male and 

female SD, selectively bred obesity-prone (OP), and obesity-resistant rats (OR) free access to 

standard lab chow or 60% high fat for 21 days. We then measured the number of PNN positive 

cells and PNN intensity (determined by Wisteria floribunda agglutinin [WFA] staining) as well as 

the number of PV positive neurons using immunohistochemistry. We found sex and region-

specific effects of dietary high fat on PNN intensity, in the absence of robust changes in cell 

number. Effects were comparable in SD and OP but differed in OR rats. Specifically, high fat 

reduced PNN intensities in male SD and OP rats but increased PNN intensities in female SD and 

OP rats. In contrast, effects in ORs were opposite, with males showing increases in PNN intensity 

and females showing a reduction in intensity. Finally, these effects were also region specific, with 

diet-induced reductions in PNN intensity found in the prelimbic PFC (PL-PFC) and ventral medial 

orbital frontal cortex (vmOFC) of SD and OP males in the absence of changes in the infralimbic 

PFC (IL-PFC), and increases in PNN intensity in the IL-PFC of SD and OP females in the absence 

of changes in other regions. These results are discussed in light of roles PNNs may play in 

influencing PFC neuronal activity and the differential role of these sub-regions in food-seeking 

and motivation.
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1. INTRODUCTION

Obesity continues to threaten the health of more than 2 billion people worldwide by 

increasing the risk for many chronic and potentially lethal diseases such as type II diabetes, 

heart disease, stroke, and cancer [1–3]. A contributing factor to the development of obesity 

is the overconsumption of processed, calorically dense foods that are high in fat [4, 5]. The 

prefrontal cortex (PFC) regulates many complex cognitive functions including monitoring 

inhibitory control, self-regulation/control, and plays a critical role in motivational behaviors 

[6–13]. Furthermore, both preclinical and human studies suggest that obesity and 

consumption of diets high in fats and sugars alters PFC function, which hampers voluntary 

food restriction and reduces cognitive control to maintain weight loss [14–19].S

The PFC has numerous connections with other cortical and sub-cortical areas [20] and sends 

excitatory projections to brain areas critical for the expression of motivated behaviors, 

including the nucleus accumbens [21–23] and amygdala [24]. The activity of pyramidal 

neurons within the PFC is tightly regulated by a minority (<10% of neurons) of parvalbumin 

(PV)-containing GABAergic interneurons [25, 26]. Despite their relatively small number, 

PV interneurons heavily modulate local pyramidal neuron excitability, thereby regulating 

PFC output [27]. Activity of PV interneurons themselves are partially regulated by 

perineuronal nets (PNNs) that are part of specialized extracellular matrix structures [28]. 

PNNs contribute to synaptic stabilization [29], protect against oxidative stress [30], regulate 

the ionic microenvironment [31], and suppress plasticity of excitatory synapses [32, 33]. In 

addition, pharmacological degradation of PNNs reduces PV-interneuron firing resulting in 

enhanced activity of pyramidal output neurons of the PFC [34, 35]. Thus, alterations in 

PNNs that ensheathe PV-interneurons have the potential to dynamically regulate PFC 

function, experience-induced plasticity, and ultimately, behavioral output [36, 37].

Data from preclinical obesity models show that consumption of calorically dense diets 

produce functional and structural alterations in PFC cells and the extracellular matrix. For 

example, exposure to a high fat “cafeteria” diet decreased inhibitory synaptic transmission 

within the PFC [38] and impaired cognitive function in male rats [39]. Studies in our lab 

have shown that exposure to 60% high fat reduced thin dendritic spines within the 

infralimbic-PFC (IL-PFC) and also reduced the staining intensity of the PNN marker, 

Wisteria floribunda agglutinin (WFA), in the prelimbic-PFC (PL-PFC) of outbred (Sprague-

Dawley, SD) male rats [40, 41]. Within the PFC these cells are predominantly PV-containing 

fast spiking interneurons (FSIs), which impacts local circuit activity within the PFC [35]. 

Hence, changes in PNN intensity may alter the electrophysiological properties of the cells 

they surround and cells they synapse on [35, 42]. However, relative to other reinforcing sub-

stances like drugs of abuse, what is known regarding the impact of high fat diets on cortical 

PNN plasticity is poorly understood. Furthermore, human and preclinical data also show that 

differences in individual susceptibility to obesity can result in qualitative and quantitative 
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differences in diet-induced plasticity in target regions of the PFC like the NAc [43–46]. 

Finally, despite increased risk of obesity in women [47], the impact of diet manipulation on 

PNNs within the PFC of females is understudied.

This current study fills this gap in knowledge by characterizing how consumption of a 60% 

high fat diet affects PNN intensity, PNN number, and PV+ neuron number within the PL- 

and IL-PFC, and ventral medial orbitofrontal cortex (vmOFC) of adult male and female 

outbred SD and selectively bred obesity-prone (OP) and obesity-resistant (OR) rats. We find 

that high fat-induced changes in PNNs are consistent across SD and OP rats but differ in OR 

groups and that these effects are both sex and region specific. Specifically, SD and OP males 

show a decrease in PNN intensity in the PL-PFC and vmOFC following high fat diet. In 

contrast, OR males fail to demonstrate high fat-induced PNN plasticity in the PL-PFC but 

instead show an increase in PNN intensity in the vmOFC. In females, both SD and OP rats 

display an increase, while OR females show a decrease in PNN intensity in the IL-PFC. 

These results suggest that male and female rats exhibit distinct high fat-induced 

modifications to PV-containing interneurons in separate PFC subregions under conditions of 

nutritional excess.

2. MATERIALS AND METHODS

2.1. Subjects

All procedures were performed in accordance with the National Institutes of Health’s 

Guidelines for the Care and Use of Laboratory Animals and with approval from the 

Institutional Animal Care and Use Committee (IACUC) at the University of Wyoming 

(UW). All rats were bred in house and were 60–80 days old at the start of dietary 

manipulation. Sprague-Dawley (SD) breeding pairs were originally obtained from Charles 

River and established breeding pairs of obesity-prone and obesity-resistant rats were 

obtained from Dr. Ferrario’s colonies at the University of Michigan. All rats were 

maintained in a temperature-controlled (25°C) vivarium with ad libitum access to food (prior 

to diet manipulation) and water under a standard 12-hour light/dark cycle (0700–1900).

2.2. Diet Manipulation

Male and female rats from each strain were randomly assigned to control chow (Rodent Diet 

5001, LabDiet, St. Louis, MO; 3.36 kcal/g) or 60% high fat diet (Research Diets, New 

Brunswick, NJ; 5.24 kcal/g) conditions (n=4–5/group) and then singly housed for the 

remainder of the study. Single housing was used to enable measurement of daily food intake. 

All rats had free access to these diets in their home cage for 21–24 days and were weighed 

every other day. This duration of diet exposure was selected because it has been previously 

demonstrated to produce significant weight gain and adiposity in male SD rats relative to 

those maintained on standard chow [40, 41]. The chow diet comprises 29% protein, 58% 

carbohydrate, and 13% fat (in % kilocalories), whereas the lard-based high fat diet 

comprises 20% protein, 20% carbohydrate, and 60% fat. In addition, the estrous cycle was 

monitored in females by vaginal smearing as described previously [48] throughout dietary 

manipulation. Tissue collection from females was timed such that rats were euthanized 

during the diestrus phase of the cycle. This phase was chosen in part because food intake is 
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greater during diestrus than during estrus [49], and because behavioral differences between 

OP and OR females have been observed during the diestrus phase of the cycle [43, 50]. In 

addition, motivational response can be influenced by ovarian hormones [51–53]. Thus, we 

decided to control for the cycle by examining effects in diestrus.

2.3. Tissue collection and Perineuronal net staining

Tissue collection, PNN staining, and analysis were conducted as previously described by our 

lab [41]. Briefly, rats were anesthetized with isoflurane prior to cardiac perfusion with ice 

cold phosphate buffered saline (PBS 200 mL) followed by 4% paraformaldehyde (PFA) in 

PBS (300 mL). Whole brains were then extracted and placed into 4% PFA for 24 hrs (4℃) 

before being transferred to 20% sucrose solution (in PBS, 4°C) for an additional 24 hrs. 

Brains were then removed from the sucrose solution, frozen on dry ice, and stored at −80°C 

until cryo-sectioning. 30 μm coronal sections of the PFC were obtained using a Leica 3050 

cryostat (−20°C). Free floating slices were then rinsed in PBS at room temperature (RT) 3 

times for 5 min each, 50% alcohol for 30 min, PBS 3x for 5 min each, and incubated in 3% 

blocking serum (PBS plus 3% normal goat serum [v/vol], S-1000, Vector Laboratories) for 1 

hour (RT). Slices were then sequentially labeled using anti-PV antibody (SAB4200545, 

Sigma Aldrich; 1:1000) followed by staining of PNNs with fluorescein conjugated WFA 

(Vector Laboratories, Burlingame, CA; 1:500) as previously described [42]. Briefly, slices 

were incubated overnight in 2% blocking serum containing anti-PV antibody (4°C), rinsed 

in PBS (3×10min), and then incubated with goat anti-mouse IgG (H+L) secondary antibody 

(A-11005, ThermoFisher; 1:500) in 2% blocking serum (2 hrs at RT). Slices were then 

rinsed again (PBS, 3×10min) and incubated in PBS containing WFA for 2 hrs (RT). Finally, 

slices were rinsed as above, mounted on glass slides with ProLong Gold Antifade mounting 

media containing DAPI (Vector Laboratories), and stored in the dark at 4°C until the time of 

imaging. These yielded sections labeled for PV in red, PNNs in green, and cell bodies in 

blue.

2.4. Image acquisition and analysis

Image analysis was done as previously described [35, 41, 54]. Briefly, the experimenter was 

blind to group conditions during all image acquisition and analysis. Images of PV labeling, 

PNN, and DAPI staining were acquired using a Zeiss 710 scanning confocal microscope 

(40X oil immersion objective, NA 0.55, 10x zoom) and Zen imaging software using 

identical acquisition settings for each label/stain. Images of sections containing the PL-PFC, 

IL-PFC (approximately AP from bregma=+3.00 mm to 4.68 mm) and vmOFC (AP from 

bregma=+3.00 mm to 4.68 mm; 1–2 mm from midline; 4–6 mm from the skull [55]) were 

obtained. All images were acquired as Z-stacks comprising 25 optical sections, each 1 μm in 

thickness. For analysis, sequences of the raw images within the z-stack were projected into a 

sum slices image for each label or stain with no manipulation to brightness or contrast. 

Background subtraction from each summed image was then conducted. Each visible PNN in 

the image was assigned as a region of interest (ROI), including the cell body and proximal 

dendrites. The average intensity above background for each ROI (PNN) was calculated. 

Staining was then quantified only from those ROIs surrounding PV+ neurons. The total 

number of PV positive cells were counted manually for each image. Studies were conducted 

in two separate cohorts; therefore, to account for possible heterogeneity across cohorts, the 
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data were normalized to chow fed groups (control) within each cohort as previously 

performed [41].

2.5. Statistical Analyses

All statistical analyses were conducted in Prism 6 (GraphPad Software). Comparisons were 

made between chow and high fat groups within each strain (SD, OP, OR). Because it was not 

possible to process all tissue at the same time, data have been normalized to chow groups 

within each strain to facilitate comparisons of relative changes compared to chow controls. 

Weight analysis was done using Two-way repeated measures ANOVA with a Sidak’s 

multiple comparisons posttest when appropriate. For average WFA intensity, WFA number, 

and PV number the data were analyzed with unpaired t test comparing chow vs high fat. 

Differences in the cumulative distributions of normalized PNN intensities were analyzed 

using the nonparametric Kolmogorov-Smirnov test (KST). All data are presented as the 

mean ± standard error of the mean (S.E.M.).

3. RESULTS

3.1. Dietary Manipulation

Consumption of high fat for 21–24 days promoted significant weight gain in SD males 

compared to chow fed males (Figure 1B: diet x time interaction F(1,6)=11.44, p<0.02, n=4 

per diet condition). High fat also produced significant weight gain in female OP rats (Figure 

1F: main effect of diet F(1,8)=6.52, p<0.04, n=5 per diet condition). There were strong trends 

in weight gain in both OP male (Figure 1C, n=5 per diet condition) and SD female (Figure 

1E, n=5 per condition) groups exposed to high fat but neither of these groups reached 

significance. In contrast, OR male (Figure 1D, n=5 per condition) and female (Figure 1G, 

n=5 per condition) high fat fed groups did not show any significant weight gain or trends in 

weight gain compared to chow fed controls. For simplicity, only SD data are shown for 

caloric intake, but all strains and sexes showed the same profile. SD male rats fed high fat 

reduced their caloric intake between day 1 (81.24 kcal) and day 21 (67.83 kcal) relative to 

their chow fed counterparts (day 1=83.75 kcal and day 21=90.45 kcal; data not shown, diet x 

time interaction F(1,6)=108.0).

3.2. Effects of High-fat diet on DAPI ± Cells

The number of DAPI + cells was not affected by high fat in any sex, strain, or brain region 

(data not shown). Thus, high fat does not alter total cell number.

3.3. Effects of High-fat diet on PNNs in Males

All representative images shown (Figures 2–7) are Z-stacks re-constructed as sum sliced 

images using ImageJ software (NIH). In the PL-PFC of SD rats, there was a significant 

leftward shift in the cumulative distribution of WFA intensities in high fat vs chow groups 

(Figure 2B; KST, p<0.01). Consistent with this, overall WFA intensity was significantly 

reduced in male SD high fat vs chow groups (Figure 2C; p<0.05). High fat did not affect the 

number of WFA+/PV+ or PV+ neurons (Figure 2D, E). In the IL-PFC of SD males, there 

was a small but significant leftward shift in the cumulative distribution of WFA intensities in 

high fat vs chow groups (Figure 2H; KST, p<0.05). This was accompanied by a small, and 

Dingess et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variable overall reduction in WFA intensity (Figure 2I; p = 0.075). Again, high fat did not 

alter the number of WFA+/PV+ or PV+ neurons (Figure 2J, K). In the vmOFC of SD males, 

high fat again produced a significant leftward shift in the cumulative distribution of WFA 

intensities compared to chow fed controls (Figure 2N; KST, p<0.05) that was accompanied 

by a significant reduction in overall WFA intensity in high fat vs. chow groups (Figure 2O; 

p<0.05). In contrast to effects in the PL- and IL-PFC, high fat also produced a significant 

reduction in the number of WFA+/PV+ neurons (Figure 2P; p<0.05) and PV+ neurons 

(Figure 2Q; p<0.05). We do not believe the reduction in PV+ cells were due to a reduction in 

cell number as there was no reduction in DAPI staining (data not shown). Instead, we 

propose that there may be a reduction in the amount of PV protein within existing cells that 

results in fewer labeled PV+ cells. Overall, effects of high fat on PNNs of SD males 

replicate previous results from our laboratory [41].

The effects of high fat diet on WFA intensity in OP males were generally like those 

described for SD males above (see also Table 1A). Specifically, there was a significant 

leftward shift in the cumulative distribution of WFA intensities of high fat vs. chow fed rats 

in the PL-PFC of OP males (Figure 3B; KST, p<0.01), and a concomitant significant 

reduction in WFA intensity (Figure 3C; p<0.05). High fat did not affect the number of WFA

+/PV+ neurons in the PL-PFC (Figure 3D). However, there was a significant reduction in the 

number of PV+ neurons in high fat vs. chow fed OP groups (Figure 3E; p<0.05). Thus, 

while there was a reduction in total PV+ neurons, the number of these neurons that were 

surrounded by PNNs was not affected. In the IL-PFC of OP males, we found no effects of 

high fat diet on any measure (Figure 3H–K), consistent with results in SD males above. In 

the vmOFC, there was again a significant leftward shift in the cumulative distribution of 

WFA intensities in high fat vs. chow groups (Figure 3N; KST, p<0.01) that was 

accompanied by a reduction on overall WFA intensity (Figure 3 3O; p<0.06) that was 

similar in magnitude to that found in SDs above (Fig. 2O). As in SDs, high fat reduced WFA 

intensity within the vmOFC of OP males that was accompanied by a reduced number of 

WFA+/PV+ neurons (Figure 3P; p<0.05). High fat did not affect the number of PV+ neurons 

(Figure 3Q). Thus, high fat diet resulted in similar reductions in WFA intensity in the PL-

PFC and vmOFC of OP and outbred male SD rats and similar reductions in the number of 

WFA+/PV+ and PV+ neurons within the vmOFC of these groups compared to chow-fed 

controls (see also Table 1A).

The effects of high fat diet in OR males were quite different from those found for outbred 

SD and OP males. Specifically, no effects of high fat diet were found in the PL-PFC or IL-

PFC for any measure (Figure 4 B–K), while in the vmOFC increases in WFA intensity were 

found, as indicated by both a shift to the right in the cumulative distribution of WFA 

intensities in high fat vs. chow fed OR males (Figure 4N; KST, p<0.01) and a significant 

increase in total WFA intensity between these groups (Figure 4O; p<0.05). Furthermore, 

increases in vmOFC intensity were not accompanied by changes in the number of WFA

+/PV+ (Figure 4P) or PV+ neurons (Figure 4Q).
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3.4. Effects of High-fat diet on PNNs in Females

In outbred and OP females, high fat diet did not produce alterations in either the PL-PFC 

(Figure 5B–E, Fig. 6B–E) or vmOFC (Figure 5N–Q, Fig 6N–Q) as it had in males. Instead, 

high fat resulted in marked changes in the IL-PFC that varied with susceptibility to diet-

induced obesity. Specifically, in outbred SD and OP females, the cumulative distribution of 

WFA intensities was significantly shifted to the right (SD: Figure 5H; KST, p<0.01; OP: 

Figure 6H; KST, p<0.01). This was accompanied by a significant increase in overall WFA 

intensity in both strains following high fat diet (SD: Figure 5I; p<0.05; OP: Figure 6I; 

p<0.05). In addition, there was an increase in the number of WFA+/PV+ neurons in OP 

females given high fat vs. chow (Figure 6J; p<0.05), but not SD females (Figure 5J). Finally, 

there was no effect of high fat diet on the number of PV+ neurons in SD or OP females 

(Figure 5K, 6K). See also Table 1B.

In OR females, although there was a significant, but modest, shift to the right in the 

cumulative distribution of WFA intensities in the PL-PFC (Figure 7B; KST, p<0.01), this 

was not accompanied by alterations in overall WFA intensity (Figure 7C), or number of 

WFA+/PV+ or PV+ neurons (Figure 7D, E). A similar pattern was found in the vmOFC, 

with a significant but slight shift to the right in the cumulative distribution of WFA 

intensities (Figure 7N; KST, p<0.05) and no change in overall WFA intensity (Figure 7O), or 

number of WFA+/PV+ or PV+ neurons (Figure 7P,Q). Thus, high fat diet did not produce 

robust alterations in the PL-PFC or vmOFC in OR females, like results found for outbred 

and OP females above. However, in the IL-PFC, high fat diet produced marked reductions in 

PNN intensity of OR females, with both a significant shift to the left in the cumulative 

distribution of WFA intensities in high fat vs. chow groups (Figure 7H; KST, p<0.01) and an 

overall reduction in WFA intensity (Figure 7I; p<0.05). This is opposite to effects seen in 

outbred SD and OP females and is consistent with the generally opposite effects of high fat 

diet found in in both female and male OR rats compared to outbred SD and OP groups. 

Finally, no effects of high fat on the number of WFA+/PV+ or PV+ neurons were found in 

the IL-PFC (Figure 7J, K) of OR females.

In sum, high fat diet consumption produced similar patterns of changes in PNN intensity, 

and the number of WFA+/PV+, and PV+ neurons in OP and outbred SD rats of the same 

sex, but had opposite effects in OR rats of the same sex. Furthermore, high fat diet produced 

opposite and region-specific effects in males and females, with reductions occurring in the 

PL-PFC and vmOFC of male OPs and SDs but increases in the IL-PFC of females of these 

strains. Of course, this does not preclude potential differential effects across the cycle, 

and/or differences in the magnitude of potential sex differences had measurements been 

made in proestrus/estrus. [56]. Finally, for the most part, effects of high fat diet also varied 

by susceptibility to obesity, with opposite effects within the same brain regions found in OR 

vs. OP rats of the same sex.

4. DISCUSSION

In general, high fat diet reduced PNN intensity in the PL-PFC and vmOFC of males 

similarly to what we have reported previously [41], but not females. Instead, in females high 

fat diet increased PNN intensity in the IL-PFC. Furthermore, effects in OP and SD rats were 
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similar overall. Thus, it appears the OR rats are the “odd ones out” showing an increase in 

vmOFC intensity in males, and reductions in IL-PFC intensity in females. In addition, there 

were small and variable effects of high fat diet in the IL-PFC of SD males that are similar to 

previously observed trends [41]. This work replicates previous findings [41] and expands 

them by demonstrating opposing effects of high fat diet in females vs males and in OP vs 

OR rats.

Although we did not assess function directly, we can speculate about how adaptions in 

PNNs may influence local circuit activity and pyramidal neuron function. Changes in WFA 

staining intensity are traditionally used as an indirect measure of PNN maturity/integrity 

[54], which can affect the electrophysiological properties of the PV interneurons they 

surround [35, 42]. That is, a reduction in PNN (WFA) intensity is associated with a 

reduction in the firing of PV interneurons (principally FSIs in the PFC), which they 

predominantly surround in the PFC. Previous studies have shown that complete degradation 

of PNNs with chondroitinase ABC (Ch-ABC), an enzyme that degrades chondroitin sulfate 

proteoglycans, reduces the excitability of FSIs in slices from the medial nucleus of the 

trapezoid body [34]. In addition, our lab has shown that degradation of PNNs with Ch-ABC 

in the PL-PFC increases excitability of pyramidal neurons [35]. We previously speculated 

that the increase in pyramidal excitability was due to an attenuation in FSI function resulting 

in a decrease in inhibitory tone onto the pyramidal neurons. Hence, we have seen a 

correlation between PNN intensity, FSI firing properties, and pyramidal neuron output [35, 

42]. Therefore, although our data does not experimentally show changes in 

electrophysiological function, reductions in PNN intensity found here would be expected to 

induce plasticity of PV-FSIs in the PFC that may disrupt the excitatory:inhibitory balance 

within prefrontal regions. This idea is supported by recent studies showing that high fat 

consumption reduces GABA concentrations in the frontal cortex [57] and release probability 

of GABAergic inputs to the OFC of male Long-Evans rats [38].

There is also evidence that diet-induced reductions in PNN number can affect cognition. For 

example, the antibody, Cat316 attenuates PNN formation when injected into the perirhinal 

cortex and enhances long-term object recognition memory in mice [58]. Additionally, 

Reichelt et al., 2019 found that a high-fat high-sugar diet given intermittently during 

adolescence (PND 28–57) impaired social recognition memory, and the degree of 

impairment corresponded to degree of reduction in the number of PNNs within the IL-PFC 

[59]. While effects here were predominantly on PNN intensity, we did find some evidence 

for loss of PNNs in some regions. The nature of PNN changes (intensity vs loss of PNN+ 

neurons) could be due to differences in age and/or how the diet was administered 

(intermittent access vs ad libitum), these data nonetheless support the idea that diet 

manipulation can alter PNNs in a way that may likely affects PFC function and cognitive 

processes.

In this study OP males displayed similar patterns of changes to SD males in all three regions 

analyzed (PL, IL, and vmOFC). Specifically, there was a reduction in WFA intensity within 

the PL-PFC and vmOFC for both SD and OP rat (Figures 2B–E and 3B–E) strains with OP 

rats also showing a significant reduction in PV+ neurons (Figure 3E). This reduction in PV+ 

neurons may suggest that OP male rats are also having a loss of PV+ cells that are not 

Dingess et al. Page 8

Physiol Behav. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surrounded by PNNs. Given that PNNs can act as a buffer, the absence of PNNs may render 

these neurons more susceptible to damage caused by inflammation and reactive oxygen 

species induced by high fat [30, 60]. This may ultimately result in cell death, thereby 

disrupting the regulation of local circuits within the PL-PFC and vmOFC. Furthermore, the 

loss of PV+ neurons in OP but not SD males is also consistent with the enhanced sensitivity 

of OPs to metabolic dysregulation [61], which is associated with neuroinflammation. This 

would also suggest that given enough high fat diet exposure, similar alterations could occur 

in SDs. This should be examined in the future.

Significant, though small, reductions in the cumulative distribution of WFA intensities 

within the IL-PFC were found in SD males (Figure 2H), although only trends were observed 

when these data were summarized to examine average intensity (Figure 2I). Recently, 

Reichelt et al., (2019) reported that male rats exposed to a high fat and high sugar diet for 2 

hours/day showed a significant reduction in WFA+ neurons in the IL-PFC in adolescent rats 

[59]. It’s possible that effects are more robust when fat/sugar combinations are used, rather 

than the high fat only diet used here. Additionally, the small shifts in WFA intensity 

observed here could have functional consequences, as one PV+ neuron innervates many 

nearby pyramidal output neurons. This possibility, as well as potential differences in the 

effects of fat vs sugar diets on PNNs should be examined in future.

Several adaptations could result in a decrease in PNN intensity within the PFC. WFA stains 

PNNs by selectively binding to carbohydrate moieties on proteoglycans that comprise PNNs 

[59]. Thus, reductions in PNN intensity could be due to a total loss of PNNs (which are 

comprised of several different proteins including aggrecan, brevican, and Z), a reduction in 

proteoglycan composition within the PNNs, or potentially alterations to protein-protein 

interactions within the PNNs that prevent WFA binding to proteoglycans. [62]. 

Unfortunately, there are very limited tools available to examine these possibilities, as WFA 

is the gold standard for visualizing PNNs. Although the reduction in WFA staining intensity 

is a reliable but indirect measure of PNN maturity; mature PNNs show a high intensity of 

WFA staining, while less intense WFA staining is reflective of immature PNNs [54]. 

However, future studies could use selective antibodies for specific proteoglycans such as 

aggrecan or brevican to determine the nature of reductions in WFA intensity. Second, the 

reduction in PNN intensity may reflect PNN degradation and subsequent circuit remodeling 

and indicate critical windows of plasticity. We favor the latter alternative as PNNs have been 

shown to play critical roles in development and experience-dependent plasticity [31, 63]. 

Hence, we hypothesize that a reduction in PNN intensity would have a similar functional 

effect on PV-FSI excitability as Ch-ABC degradation. Consequently, pyramidal neurons 

within the PL-PFC and vmOFC would be in an excitable state due to a reduction of 

inhibitory tone from the PV-FSIs having immature or compromised PNNs. This hypothesis 

aligns with what has been seen in the OFC [38, 43] and preliminarily from our lab 

(unpublished observations TEB).

The role of the PL-PFC in the context of food reward remains poorly understood. It has been 

shown however, that lesions of the PL-PFC reduces licking responsiveness (number of licks) 

to a sucrose solution, suggesting that PL-PFC activation is required for food reward seeking 

[64]. Activation of muscarinic and D1-like receptors in the PL-PFC are also required for 
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social transmission of food preference [65] and glucose preference [66], respectively. Thus, 

any disruption to inhibitory control within PL-PFC may alter food preference and/or seeking 

and contribute to obesogenic behaviors. Therefore, high fat-induced reduction of PNN 

intensity within the PL-PFC and vmOFC may reduce GABAergic PV-FSI neuronal firing 

among SD and OP males and would be predicted to increase prefrontal output to target 

regions like the nucleus accumbens. This may further exacerbate maladaptive seeking 

behaviors.

In addition to adaptations in neuronal function that may be associated with PNN modulation 

we cannot rule out the neuroprotective role PNNs may be playing as a barrier against 

oxidative stress and inflammatory cytokine activity generated by high fat consumption [67–

69]. Although beyond the scope of this study, future studies will determine whether 

supplementation with antioxidants and/or reducing neuroinflammation within the PFC 

“normalizes” high fat diet-induced changes in PNN intensity to determine whether the 

changes in PNNs are directly related to adaptations in neuronal function or are 

compensatory responses to diet/obesity-induced elevations in oxidative stress and/or 

inflammation.

Unlike OP males, OR males did not exhibit any diet-induced alterations within the PL-PFC 

(Figures 4B–E). However, OR males showed a rightward shift and an increase in PNN 

intensity following high fat consumption in the vmOFC (Figures 4N, O). These results 

cannot be attributed to differences in food consumption as OR males consumed the same 

kilocalories/day as SD and OP strains maintained on the same diet (data not shown). These 

data indicate that male OR rats exhibit a lack of high fat-induced PNNs changes in the PL-

PFC and opposite change in the vmOFC compared to OP and SD rats. Given the proposed 

functions of the PFC these differences in response to high fat diet may contribute to their 

obesity-resistant phenotype. However, it should be noted that studies of acquisition or 

performance of PFC-mediated tasks are lacking in the OP/OR model and should be 

addressed in the future.

Unlike male rats, females exhibited no significant changes in WFA intensity and the number 

of WFA+/PV+ and PV+ neurons in the PL-PFC or vmOFC after high fat exposure. 

However, consumption of a high fat diet elicited a rightward shift in the cumulative 

distribution of PNN intensity (Figures 5H and 6H) as well as an increase in PNN average 

intensity (Figures 5I and 6I) among SD and OP females in the IL-PFC. In addition to this, 

high fat fed OP females exhibited an increase in the number of WFA+/PV+ neurons 

compared to their chow-fed counterparts (Figure 6J), which was accompanied by an increase 

in the total number of PV+ neurons (Figure 6K) in the IL-PFC. Much like the PL-PFC, the 

functional roles of the IL-PFC are diverse and range from reward valuation [70] to decision-

making [71]. However, the PL and IL-PFC also have distinct roles in mediating behavior. 

For instance, pharmacological inhibition and lesion studies suggest that the PL-PFC plays 

role in behavioral flexibility [72, 73], while the IL-PFC may be involved in habit formation 

and impulsivity [74–76]. In addition, IL-PFC inactivation delays the collection of earned 

sucrose pellets [77], impairs cue-induced food consumption [78], and is recruited for the 

learning of cocaine extinction [79]. Together this suggests that the IL-PFC plays a 

significant yet independent role from the PL-PFC in the expression of motivated reward 
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seeking behaviors. The high fat-induced increase in PNN intensity observed in the SD and 

OP females and increase in the number of WFA+/PV+ neurons in OP females may facilitate 

an increase in PV-FSI function and ultimately decrease IL-PFC activity and promote reward-

driven behaviors. Alternatively, increases in PNN intensity in the IL-PFC have been 

observed previously in animals trained to self-administer sucrose when exposed to 

environmental enrichment during the abstinence period, which may render food cues less 

salient and reduce food seeking behaviors [80]. Further, research is needed to understand the 

casual relationships between PNNs and the impact on feeding behaviors.

In contrast, high fat fed OR females showed a decrease in PNN intensity in the IL-PFC 

(Figure 7H–I) compared to chow fed controls and may increase the excitatory drive from the 

IL-PFC to promote control of food seeking behaviors. While the mechanisms underlying 

this sex difference is not known, there is substantive evidence for sex differences in diet-

induced plasticity across many brain regions and circuits, with some evidence for roles of 

ovarian hormones [81]. Furthermore, behavioral data suggest that mechanisms of reversal 

learning (which relies in part on PFC) differ in males and females [82]. Although 

speculative, this nonetheless suggests that future studies should assess potential 

organizational vs activational roles of sex differences in PNN plasticity and brain function 

[83].

In sum, results here expand upon our previous work, which showed that exposure to a high 

fat diet resulted in an attenuation in PNN intensity within the PL and vmOFC of male SD 

rats [41]. Specifically, this study characterizes diet-induced changes in PNNs in females as 

well as animals from selectively bred OP and OR strains. Our observations in general 

indicate that OP rats, both male and female, display similar high fat-induced alterations to 

PNNs within the PFC as their SD counterparts. This suggests that OP phenotypes are present 

in SD, not surprising, as OPs were derived from selective breeding SD rats [84] in order to 

amplify naturally occurring variance in the population. Our results also indicate that the high 

fat-induced modifications to PNNs and PV+ cells observed in OR animals are different and 

often opposite to those observed in SD and OP strains, which begs the question of whether 

OR rats possess genetic modifications that enable the observed weight gain profiles and 

PNN phenotypes in the face of nutritional excess. Our laboratories are currently 

investigating this possibility. Finally, our results reveal interesting sex differences; namely, 

females appear to exhibit fat-induced changes to PNNs in the IL-PFC while males do so in 

the PL-PFC and vmOFC. However, as the PL and IL-PFC project to distinct layers within 

the nucleus accumbens [22] the overall effect of local circuit modulation between males and 

females may ultimately result in similar behavioral outputs. For instance, high fat exposure 

in male SD and OP rats may increase PL output and drive maladaptive food seeking 

behaviors while SD and OP females exposed to high fat my reduce IL output and inhibitory 

control of maladaptive behaviors. Hence, the net effect of diet manipulation on food seeking 

behaviors could be similar between males and females but mediated by different neural 

alterations and cognitive strategies. This hypothesis needs to be examined in the future. 

Finally, it is worthwhile to note that dietary manipulation during critical periods of 

development (when PNNs are not yet mature) may yield different results in both male and 

females as there are age-dependent effects on PNN expression in rats [17, 56, 85]. Taken 

together, these results further elucidate GABAergic-associated neuroplasticity within the 
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PFC after high fat consumption and may guide future therapeutic targets for the treatment of 

obesity.
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Figure 1. 
Dietary manipulation. A. Experimental timeline. Male and female rats of Sprague-Dawley 

(SD) and selectively bred obesity-prone (OP) and obesity-resistant (OR) strains were 

maintained on chow or high-fat (HF) for 21–24 days after which tissue was collected for 

analysis. B-D. Male weight gain, expressed as percent increase within animals from day 1 

(D1) to D21 of dietary manipulation among SD, OP, and OR fed chow (left; white, dark 

blue, and light blue bars, respectively) and SD, OP, OR males fed HF (right; dashed white, 

dashed dark blue, and dashed light blue bars, respectively). E-G. Female weight gain among 

SD, OP, and OR fed chow (left; white, dark pink, and light pink bars, respectively) and SD, 

OP, OR females fed HF (right; dashed white, dashed dark pink, and dashed light pink bars, 

respectively). Values represent the mean ± S.E.M. (*p<0.05).
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Figure 2. 
The effects of a HF diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of male SD rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (black solid line) and high fat (black dotted line) fed rats in 

the PL-PFC. C. Average PNN intensity among chow (white bar) and high fat (white dashed 

bar) fed groups in the PL-PFC. D. PNN number among chow and high fat fed groups. E. 
Number of PV-containing cells in the PL-PFC. F. Representative images from the PL-PFC. 

G. Schematic of region analyzed. H. PNN intensity expressed as a cumulative probability 

for chow and high fed rats in the IL-PFC. I. Average PNN intensity among chow and HF fed 

groups in the IL-PFC. J. PNN number among chow and HF fed groups. K. Number of PV-

containing cells in the IL-PFC. L. Representative images from the IL-PFC. M. Schematic of 

region analyzed. N. PNN intensity expressed as a cumulative probability for chow and HF 

fed rats in the vmOFC. O. Average PNN intensity among chow and HF fed groups in the 

vmOFC. P. PNN number intensity among chow and HF fed groups. Q. Number of PV-

containing cells in the vmOFC. R. Representative images from the vmOFC. Values 

represent the mean ± S.E.M. (*p<0.05).
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Figure 3. 
The effects of a high fat diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of male OP rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (dark blue solid line) and high fat (dark blue dotted line) fed 

rats in the PL-PFC. C. Average PNN intensity among chow (dark blue bar) and HF (dark 

blue dashed bar) fed groups in the PL-PFC. D. PNN number among chow and HF fed 

groups. E. Number of PV-containing cells in the PL-PFC. F. Representative images from the 

PL-PFC. G. Schematic of region analyzed. H. PNN intensity expressed as a cumulative 

probability for chow and HF fed rats in the IL-PFC. I. Average PNN intensity among chow 

and HF fed groups in the IL-PFC. J. PNN number among chow and HF fed groups. K. 
Number of PV-containing cells in the IL-PFC. L. Representative images from the IL-PFC. 

M. Schematic of region analyzed. N. PNN intensity expressed as a cumulative probability 

for chow and HF fed rats in the vmOFC. O. Average PNN intensity among chow and HF fed 

groups in the vmOFC. P. PNN number intensity among chow and HF fed groups. Q. 
Number of PV-containing cells in the vmOFC. R. Representative images from the vmOFC. 

Values represent the mean ± S.E.M. (*p<0.05).
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Figure 4. 
The effects of a HF diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of male OR rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (light blue solid line) and HF (light blue dotted line) fed rats 

in the PL-PFC. C. Average PNN intensity among chow (light blue bar) and HF (light blue 

dashed bar) fed groups in the PL-PFC. D. PNN number among chow and HF fed groups. E. 
Number of PV-containing cells in the PL-PFC. F. Representative images from the PL-PFC. 

G. Schematic of region analyzed. H. PNN intensity expressed as a cumulative probability 

for chow and HF fed rats in the IL-PFC. I. Average PNN intensity among chow and HF fed 

groups in the IL-PFC. J. PNN number among chow and HF fed groups. K. Number of PV-

containing cells in the IL-PFC. L. Representative images from the IL-PFC. M. Schematic of 

region analyzed. N. PNN intensity expressed as a cumulative probability for chow and HF 

fed rats in the vmOFC. O. Average PNN intensity among chow and HF fed groups in the 

vmOFC. P. PNN number intensity among chow and HF fed groups. Q. Number of PV-

containing cells in the vmOFC. R. Representative images from the vmOFC. Values 

represent the mean ± S.E.M. (*p<0.05).
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Figure 5. 
The effects of a HF diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of female SD rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (black solid line) and HF (black dotted line) fed rats in the 

PL-PFC. C. Average PNN intensity among chow (white bar) and HF (white dashed bar) fed 

groups in the PL-PFC. D. PNN number among chow and HF fed groups. E. Number of PV-

containing cells in the PL-PFC. F. Representative images from the PL-PFC. G. Schematic of 

region analyzed. H. PNN intensity expressed as a cumulative probability for chow and HF 

fed rats in the IL-PFC. I. Average PNN intensity among chow and HF fed groups in the IL-

PFC. J. PNN number among chow and HF fed groups. K. Number of PV-containing cells in 

the IL-PFC. L. Representative images from the IL-PFC. M. Schematic of region analyzed. 

N. PNN intensity expressed as a cumulative probability for chow and HF fed rats in the 

vmOFC. O. Average PNN intensity among chow and HF fed groups in the vmOFC. P. PNN 

number intensity among chow and HF fed groups. Q. Number of PV-containing cells in the 

vmOFC. R. Representative images from the vmOFC. Values represent the mean ± S.E.M. 

(*p<0.05).
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Figure 6. 
The effects of a HF diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of female OP rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (dark pink solid line) and HF (dark pink dotted line) fed rats 

in the PL-PFC. C. Average PNN intensity among chow (dark pink bar) and HF (dark pink 

dashed bar) fed groups in the PL-PFC. D. PNN number among chow and HF fed groups. E. 
Number of PV-containing cells in the PL-PFC. F. Representative images from the PL-PFC. 

G. Schematic of region analyzed. H. PNN intensity expressed as a cumulative probability 

for chow and HF fed rats in the IL-PFC. I. Average PNN intensity among chow and HF fed 

groups in the IL-PFC. J. PNN number among chow and HF fed groups. K. Number of PV-

containing cells in the IL-PFC. L. Representative images from the IL-PFC. M. Schematic of 

region analyzed. N. PNN intensity expressed as a cumulative probability for chow and HF 

fed rats in the vmOFC. O. Average PNN intensity among chow and HF fed groups in the 

vmOFC. P. PNN number intensity among chow and HF fed groups. Q. Number of PV-

containing cells in the vmOFC. R. Representative images from the vmOFC. Values 

represent the mean ± S.E.M. (*p<0.05).
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Figure 7. 
The effects of a HF diet on structural plasticity of PV-containing cells in the prefrontal 

cortex of female OR rats. A. Schematic of region analyzed. B. PNN intensity expressed as a 

cumulative probability for chow (light pink solid line) and HF (light pink dotted line) fed 

rats in the PL-PFC. C. Average PNN intensity among chow (light pink bar) and HF (light 

pink dashed bar) fed groups in the PL-PFC. D. PNN number among chow and HF fed 

groups. E. Number of PV-containing cells in the PL-PFC. F. Representative images from the 

PL-PFC. G. Schematic of region analyzed. H. PNN intensity expressed as a cumulative 

probability for chow and HF fed rats in the IL-PFC. I. Average PNN intensity among chow 

and HF fed groups in the IL-PFC. J. PNN number among chow and HF fed groups. K. 
Number of PV-containing cells in the IL-PFC. L. Representative images from the IL-PFC. 

M. Schematic of region analyzed. N. PNN intensity expressed as a cumulative probability 

for chow and HF fed rats in the vmOFC. O. Average PNN intensity among chow and HF fed 

groups in the vmOFC. P. PNN number intensity among chow and HF fed groups. Q. 
Number of PV-containing cells in the vmOFC. R. Representative images from the vmOFC. 

Values represent the mean ± S.E.M. (*p<0.05).
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