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Abstract

High fat diets have detrimental effects on cognitive performance, and can increase oxidative stress 

and inflammation in the brain. The aging brain provides a vulnerable environment to which a high 

fat diet could cause more damage. We investigated the effects of a high fat/high cholesterol 

(HFHC) diet on cognitive performance, neuroinflammation markers, and phosphorylated Tau (p-

Tau) pathological markers in the hippocampus of Young (4-month old) versus Aged (14-month 

old) male rats. Young and Aged male Fisher 344 rats were fed a HFHC diet or a normal control 

diet for 6 months. All animals underwent cognitive testing for 12 days in a water radial arm maze 

to assess spatial and working reference memory. Hippocampal tissue was analyzed by 

immunohistochemistry for structural changes and inflammation, and Western blot analysis. Young 

and Aged rats fed the HFHC diet exhibited worse performance on a spatial working memory task. 

They also exhibited significant reduction of NeuN and calbindin-D28k immunoreactivity as well 

as an increased activation of microglial cells in the hippocampal formation. Western blot analysis 

of the hippocampus showed higher levels of p-Tau S202/T205 and T231 in Aged HFHC rats, 

suggesting abnormal phosphorylation of Tau protein following the HFHC diet exposure. This 

work demonstrates HFHC diet-induced cognitive impairment with aging and a link between high 

fat diet consumption and pathological markers of Alzheimer’s disease.
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1 INTRODUCTION

The incidence of obesity is growing and now includes at least one-third of the adult 

population in the United States, with another third of the population characterized as 

overweight [1]. One ofthe greatest factors contributing to the incidence of obesity 

isalteration in the diet, including both content and amount of fatintake. Obesity is considered 

a significant risk factor for other conditions such as cardiovascular disease, type 2 diabetes, 

hypertension, osteoarthritis, various forms of cancer, and depression [2,3]. Studies have 

shown that type 2 diabetes and obesity increase the risk of cognitive dysfunction and 

dementia [4–6]. Indeed, reduced cognitive performance following consumption of a high fat 

(HF)diet has been observed in humans [7–10] and animals [11–14]. Mechanisms likely 

involved in diet-induced damage to the brain include impaired glucoregulation [15], 

increased oxidative stress, and increased inflammation in brain tissue [16–19]. Previous 

work from our laboratory provided evidence for impairment of cognitive function in rats fed 

a high fat high cholesterol (HFHC) diet, and suggested that alterations in the blood-brain 

barrier (BBB) and in microglial activation may contribute to the reduced spatial and working 

memory observed [12,20,21]. However, in depth analysis of biological mechanisms for 

observed neuroinflammation and memory loss with the HFHC diets has not been undertaken 

so far.

Human epidemiological studies suggest that elevated intake of saturated fat in middle age 

may increase the risk to develop Alzheimer’s disease (AD) [22] as well as age-related milder 

forms of cognitive impairment [23–26]. A randomized controlled trial demonstrated that a 4-

week consumption of a high saturated fat/high glycemic index meal significantly increased 

the levels of A42 in the cerebrospinal fluid (CSF) [27]. Animal studies utilizing transgenic 

mouse models of AD have shown that a diet rich in saturated fat and cholesterol can increase 

AD-pathology hallmarks, such as amyloid levels, Tau phosphorylation, and behavioral 

deficits [28–30]. Furthermore, diet-induced obesity has been shown to potentiate Tau-

pathology in mice [31,32], but it is not known whether these effects are exacerbated with 

aging, nor is it known whether the Tau phosphorylation cascade is involved in HFHC-diet 

induced cognitive impairment. Therefore, the aims of this study were to investigate the 

consequences of long-term consumption of a HFHC diet on cognitive performance, 

hippocampal morphology, and expression of phosphorylated Tau in young versus aged rats.

2. Materials and methods

2.1. Animals and diets

Male Fischer 344 rats (Harlan, Indianapolis, IN) were given one week to acclimate to the 

vivarium, housed two to a cage and kept on a controlled 12 h light/12 h dark cycle and ad 

libitum access to food and water. Young and Aged rats were randomly assigned to the 

dietary groups: Young Control (4-month old, n = 8), Young HFHC (4-month old, n = 11), 

Aged Control (14-month old, n = 7), and Aged HFHC (14-month old, n = 8). The control 

diet consisted of standard rat chow (Harlan Teklad 8656, Indianapolis, IN) and provided 

34% protein, 13% fat, and 53% carbohydrate (in kcal). The treatment diet (HFHC) consisted 

of (by weight): 10% hydrogenated coconut oil and 2% cholesterol (“Custom Diet D2-AIN93 

without choline bitartrate and with 2% cholesterol”, MP Biomedicals, Solon, OH) and 
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provided (in kcal) 15% protein, 36% fat and 49% carbohydrate. Rats were fed the control or 

HFHC diet for six months. Young rats were 10 months old and aged rats were 20 months old 

at the end of the study. Animal protocols were approved by the Medical University of South 

Carolina Institutional Care and Use Committee and carried out according to guidelines from 

the National Institutes of Health. Body weights (measured in grams) were evaluated every 

other week throughout the study in order to monitor effects of the diet. Food consumption 

was measured weekly per cage (two rats per cage) throughout the study.

2.2. Cognitive assessment

The 8-arm water radial arm maze (WRAM) was used in order to assess working and 

reference spatial memory according to previously published protocols from our laboratory 

[12,33,34]. Four escape platforms were placed in the maze; the four baited arms were 

assigned randomly and kept consistent over the 12 days of testing. Every day, four trials 

were administered (maximum of 3 min each). After each trial, the platform found was 

removed, allowing for a win-shift paradigm of this task [35,36]. Three types of errors were 

quantified: Working Memory Correct (WMC), Reference Memory (RM), and Working 

Memory Incorrect (WMI) [35]. WMC errors were first and repeat entries into an arm that 

previously contained a platform. RM errors were first entries into any arm that never 

contained a platform. WMI errors were repeat entries into an arm that never contained a 

platform, i.e. repeat entries into a reference memory arm [12,33,37]. Data were blocked into 

two phases: an initial learning phase (days 2–6), and a latter phase, or asymptotic (days 7–

12). The first day of testing was considered a training day and was not included in the 

analyses. For WMC errors, trial 1 was not included in the analysis because it is not possible 

to make a WMC error on the first trial of each day.

2.3. Immunohistological evaluation of the hippocampus

Rats were anesthetized deeply with isoflurane gas (Novaplus) and the brain was rapidly 

removed. The right hemisphere was fixed in 4% paraformaldehyde for 48 h and transferred 

to 30% sucrose in phosphate buffered saline at 4 ◦C. Sections of hippocampus (40 m) were 

processed for immunohistochemistry. Tissue from the left hemisphere was dissected, frozen 

and processed for biochemical analysis as described previously [38,39]. 

Immunohistochemistry was performed according to our previously published protocols 

[12,20], using the following antibodies: NeuN (Millipore, 1:1000), Calbindin-D28k 

(Millipore, 1:1000), MAP2(microtubule-associated protein, Chemicon, 1:1000), and 

OX-6(major histocompatibility complex, MHC, Class II marker, Serotec, 1:1000). Free-

floating sections were incubated with primary antibodies for 48 h at 4 ◦C, washed, and then 

incubated with secondary antibodies directed against the appropriate species for 1 h at room 

temperature. Sections were washed and placed in the Elite ABC reagent (Vector, 

Burlingame, CA), washed and incubated with diaminobenzidine (DAB; 0.02%) with nickel 

ammonium sulfate (NAS) (Fisher Scientific, Pittsburgh, PA; 25 mM). Sections were washed, 

mounted on subbed slides, air dried overnight, dehydrated, coverslipped with Permount 

(Fisher Scientific, Pittsburgh, PA, USA) and examined with a light microscope (Nikon 

Optiphot). Sections from all groups were incubated in the same bath to avoid group inter-

variability in staining.
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2.4. Densitometry

Semi-quantification of hippocampal NeuN and calbindin D-28k immunostaining density 

was performed using a Nikon Optiphot light microscope and Nikon Elements Image 

Software (NIS Elements, Melville, NY). Analysis was performed blinded of at least 3 

sections per animal with a periodicity of every 12th section. Staining density, measured with 

a gray scale ranging from 0 to 256, was obtained when background staining was subtracted 

from mean staining intensities for each section. Mean intensity values were averaged per 

animal and then analyzed for statistical significance using GraphPad Prism version 6 

(GraphPad Software, La Jolla, CA) as described previously [12,40,41].

Semi-quantification of the number of activated microglia was also performed with the NIS 

Elements software (Nikon). Cells outside of the gray matter of the hippocampus were not 

counted (i.e. fimbria/fornix region). Because stereological cell counting requires a sample 

size of at least 100 profiles per brain [42], we opted to hand-count the cells due to the low 

number of OX-6immunoreactive cells per brain (<50 microglial cells observed per section). 

Since the counting method utilized herein did not account for shrinkage of brain tissue due 

to fixation, the cell counts for OX-6 immunoreactive cells are expressed as percent of the 

Young control group.

2.5. Western blot for phosphorylated Tau

Frozen hippocampal tissues were homogenized as described previously [43]. Total amounts 

of 40 g protein per sample were separated on 10% sodium dodecylsulfate-polyacrylamide 

gels, and transferred to nitrocellulose membranes (BioRad Laboratories). After blocking, 

membranes were incubated overnight at 4 ◦C with primary antibodies to phosphorylated Tau 

(p-Tau) S202/T205 (clone AT-8; 1:500, Fisher Scientific) and p-Tau pT231 (clone AT180; 

1:1000, Innogenetics). After a washing step, the membranes were incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibodies (GE Healthcare) for 2 h at 

room temperature. Blots were developed with electrochemiluminescence (ECL Prime, GE 

Healthcare) and visualized using a CCD camera (LAS-3000, Fuji Film). Density of bands 

was analyzed with Multi Gauge (version 3.0) software (Fuji Film). All samples were run in 

one blot for each marker. -actin was used as a loading standard, and protein levels were 

normalized to -actin levels in the respective blots.

2.6. Statistical analysis

Changes in body weight, food consumption, densitometry measurements, and Western blot 

results were analyzed with two-way (Age × Diet) ANOVA followed by Tukey’s post-hoc 

test. Significance was set at p < 0.05. For all behavioral error analyses, two-way ANOVAs 

were employed with a primary focus on diet and age effects during Trial 4, which is the 

most demanding trial in a session. Post-hoc analyses used the Tukey’s multiple comparisons 

test. Pearson correlation analyses were performed to determine if there were relationships 

between hippocampal staining density, p-Tau expression and memory errors. GraphPad 

Prism version 6 (GraphPad Software, La Jolla, CA) was used for all statistical analyses.

Ledreux et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2020 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1. Food consumption and change in body weight

Analysis of food consumption per cage (Fig. 1A) showed a significant interaction between 

age and diet (F1,13 = 5.27, p = 0.039) and a significant effect of age (F1,13 = 9.37, p = 0.009). 

Tukey’s post-hoc analysis showed that Aged Control rats had lower food consumption, 

compared to Young Control rats (p = 0.008). The weight gain was significantly affected by 

the age of the rats (F1,30 = 53.96, p < 0.0001) and by the diet (F1,30 = 8.31, p = 0.007), with 

Young rats being the most affected by the diet (Fig. 1B). Post-hoc analysis revealed that 

Young HFHC gained a significantly greater amount of weight compared to Young Control 

rats (p = 0.030), whereas no significant difference was observed for Aged HFHC rats 

compared to Aged Control rats. As expected, post-hoc analyses revealed that the young rats 

gained a significantly greater amount of weight than the aged animals (Young Control > 

Aged Control; p = 0.0006 and Young HFHC > Aged HFHC; p < 0.0001). In fact, the Aged 

Control rats gained only a few grams after the 6 months dietary treatment, which is 

consistent with their lower food consumption throughout the study.

3.2. WRAM behavior

The WRAM test was administered during the last two weeks of dietary treatment. A two-

way ANOVA did not show any significant effects of diet on total acquisition time over the 

12 days of testing (Fig. 2A), thus suggesting that the body weight gain of HFHC rats did not 

affect their ability to swim.

Testing days were divided into two blocks: the learning phase (days 2–6) and the asymptotic 

phase (days 7–12). Evaluation ofWMC errors committed in Trial 4, which represents the 

highest working memory load, throughout the 12 days of testing revealed a significant main 

effect of the HFHC diet during both the learning phase (F1,30 = 10.30, p = 0.003) and the 

asymptotic phase (F1,30 = 6.36, p = 0.017), with Young HFHC rats exhibiting a significantly 

greater number of WMC errors compared to Young Control rats in both phases (p = 0.027 

and p = 0.009, respectively) (Fig. 2B). During the asymptotic phase, Young Control rats 

committed less WMC errors than all three other groups. Both Young Control and Young 

HFHC rats exhibited a learning curve (although less pronounced for the Young HFHC), 

committing fewer errors during the asymptotic phase compared to the learning phase 

(behavioral data are summarized in Table 1 and Fig. 2). On the contrary, Aged Control and 

Aged HFHC rats did not exhibit a learning curve and even made slightly more errors during 

the asymptotic phase (Table 1).

A significant overall effect of diet (F1,30 = 6.90, p = 0.014) was observed for WMI errors 

performed in Trial 4 (Fig. 2C). Tukey’s post-hoc test revealed that Aged HFHC rats 

performed significantly more WMI errors compared to Aged Control rats during the learning 

phase (p = 0.029). Even though Aged HFHC rats exhibited a learning curve, they performed 

worse than any other group in terms of WMI errors (Table 1). Young Control and HFHC rats 

committed very few WMI errors with no significant effects of the diet. Both previous work 

from our group and work by others have shown behavioral deficits from HFHC diet. 

However, a number of factors can affect the results in the current study (including age, rat 
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strain, time of exposure, gender, diet composition) and because we utilized a slightly 

different diet composition and a different age when animals were exposed to the diet, it is 

not surprising that we did not see major diet effect in the WMI of Young rats.

A diet effect was observed on RM errors performed during Trial 4 (F1,30 = 6.57, p = 0.016, 

Fig. 2D). Tukey’s multiple comparisons test did not reveal any significant (p < 0.05) 

difference between the groups. However, we observed a trend for significance (p = 0.076) 

between Aged Control and Aged HFHC rats during the learning phase. Since the two-way 

ANOVA did not show any effect of age on the RM errors, we decided to collapse Young and 

Aged rats in each diet group to see if the diet would have an effect. A two-way ANOVA 

showed a significant effect of the diet (F1,62 = 8.99, p = 0.004), suggesting that the diet 

affected the learning ability of the rats. A significant difference was found between Control 

rats and HFHC rats during the learning phase of the task (p = 0.028). This further supports 

our findings about a possible diet effect. Young Control and Young HFHC rats exhibited a 

learning curve and made less than 7 errors during the asymptotic phase (Table 1), while 

neither Aged Control nor Aged HFHC rats reduced the number of RM errors and committed 

more than 7 errors on average during the asymptotic phase (Table 1), suggesting that both 

HFHC diet and aging affected the capability of learning this complex task.

3.3. Effects of HFHC diet and age on neuronal morphology

NeuN immunohistochemistry was performed in order to determine overall neuronal 

morphological changes. Densely packed pyramidal neurons in the CA1 and CA3 regions 

and granule cells in the dentate gyrus were observed in all groups (Fig. 3A–L). However, 

Young Control rats revealed the most robust immunoreactivity in all regions, whereas the 

aged HFHC diet rats exhibited a significantly reduced NeuN immunoreactivity in the CA1, 

CA3, and dentate gyrus compared to all other groups (Fig. 3). Analysis of NeuN in Aged 

HFHC rats suggested a weaker staining within neu-rons both in the pyramidal cell layers 

(Fig. 3D and H), and in the granule cell layer of the dentate gyrus (Fig. 3L). A two-way 

ANOVA for NeuN densitometry results (Fig. 3M–O) confirmed a significant interaction of 

age and diet for CA1 (F1,30 = 7.99, p = 0.008) as well as an effect of diet for CA1 (F1,30 = 

5.89, p = 0.022), CA3 (F1,30 = 11.84, p = 0.002), and dentate gyrus (F1,31 = 8.30, p = 0.007). 

In the CA1, Aged HFHC rats exhibited a lower relative density compared to Young HFHC 

(p = 0.018). Moreover, Aged HFHC rats had a significantly lower relative density compared 

to Aged Control rats in the CA1 (p = 0.007), CA3 (p = 0.011) and dentate gyrus (p = 0.016) 

(Fig. 3N and O).

3.4. Alterations in calbindin-D28k and MAP2 immunoreactivity

Calbindin-D28k is one of the major calcium-binding proteins in the brain, and plays a role in 

neuronal survival as well as synaptic plasticity [44,45]. Calbindin-D28k undergoes reduced 

expression in the rat hippocampus with aging [46,47]. Therefore, we investigated the 

influence of HFHC diet on expression of calbindin-D28k in hippocampus of young and aged 

rats. Hippocampal expression of calbindin-D28k was mainly found in the CA1 stratum 

pyramidale, CA3 stratum lucidum, and the dentate gyrus stratum granulosum and stratum 

moleculare (Fig. 4A–H). Aged HFHC rats had a reduced calbindin-D28k immunoreactivity 

overall in this brain region compared to all other groups. The young rats (Control and 
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HFHC) as well as the Aged Control group exhibited abundant calbindin-D28k 

immunoreactivity throughout the pyramidal cell layer (Fig. 4A–C, E–G), while a partial and 

regional loss of calbindin-D28k immunoreactivity was observed in the Aged HFHC group 

(Fig. 4D and H). Even though clear morphological distribution differences were observed in 

discrete hippocampal regions and neuronal populations between the groups, an overall 

densitometry measurement did not reveal significant density effects. Thus, a twoway 

ANOVA for calbindin-D28k densitometry in the CA1 showed a significant effect of age 

(F1,20 = 4.60, p = 0.044) but no effect of the diet (p > 0.05). Even though the densitometry 

measurements (Fig. 4I) seem to point out a diet effect, the high variability observed in the 

Young HFHC group is likely preventing any significant difference between the groups.

MAP2 is related to changes in structural stability of dendrites, and has been shown to be 

decreased in some models of neurodegeneration [48,49]. MAP2 immunoreactivity was 

expressed in the cell bodies and dendrites of CA1 and CA3 pyramidal neurons (Fig. 4K–R). 

The Young Control group revealed the most robust MAP2 immunoreactivity, both in cell 

bodies and dendrites. The Young HFHC rats had slightly reduced MAP2 immunoreactivity 

in the dendrites in comparison with the Young Control group. In comparison to that 

reduction, both Aged Control and Aged HFHC rats displayed a more extensive reduction of 

MAP2 immunoreactivity in cell bodies and dendrites, especially in the CA1 region. Both 

Aged groups displayed focal areas of lost immunoreactivity (Fig. 4Q and R). Densitometry 

measurements of MAP2 in the CA1 revealed an overall effect of age (F1,29 = 10.25, p = 

0.003) and diet (F1,29 = 6.61, p = 0.016). Aged HFHC rats exhibited a significantly lower 

MAP2 immunoreactivity than the Young HFHC (p = 0.042) and the Young Control group (p 

= 0.006, Fig. 4J), confirming morphological observations demonstrated in Fig. 4.

3.5. Neuroinflammatory markers

In order to examine neuroinflammation as a possible mechanism for the observed reduction 

in NeuN, calbindin-D28k and MAP2 immunoreactivity in the CA1, we utilized antibodies 

directed against the MHC Class II marker OX-6 (Fig. 5), which labels activated microglial 

cells [50,51]. The majority of activated microglia were found in the CA3 region of the 

hippocampus (Fig. 5). The CA3 region is shown in the larger micrographs in order to 

visualize distribution of OX-6 positive cells. Both Young Control and Young HFHC rats 

displayed a few scattered OX-6 positive cells in the CA3 region of the hippocampus (Fig. 

5A–D). On average, only a few OX-6 immunoreactive cells were observed per section in the 

two young groups. The Aged Control and the Aged HFHC groups displayed 2.5 and 4 times 

more OX-6 positive cells per section, respectively (Fig. 5E–H). A two-way ANOVA 

revealed an overall significant effect of diet on activated microglial cell numbers (F1,30 = 

21.88, p < 0.0001) but no effect of age (Fig. 5I). Aged HFHC rats exhibited a significantly 

higher percent of OX-6 positive cells compared to Young HFHC rats (p = 0.0002). While the 

OX-6 antibody was used as a marker for activated microglia, differences in the 

morphological signs of the level of activation were observed. Both the Young HFHC and 

Aged HFHC rats revealed microglial cells with larger cell bodies, more processes, and 

increased staining in both cell bodies and processes (Fig. 5E–H), compared to the Young 

Control rats. These morphological features indicate greater activation and possibly a greater 

degree of inflammation [52].
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3.6. Expression of p-Tau in hippocampus

The levels of p-Tau at S202/T205 and T231 have previously been used as a reliable marker 

for the severity of AD, including early and late stages of neurofibrillary tangle development 

[53]. We investigated effects of age and diet on protein levels of p-Tau in hippocampus 

extracts by Western blot, using antibodies specific for the S202/T205 and T231 

phosphorylation loci, respectively. In aged rats, the HFHC diet increased expression of both 

p-Tau S202/T205 and T231 (Fig. 6A and B). Both p-Tau S202/T205 and T231 expression 

levels were affected by the diet (F1,30 = 8.19, p = 0.008 and F1,30 = 13.13, p = 0.001, 

respectively) and by the age of the rats (F1,30 = 14.52, p = 0.0006 and F1,30 = 4.235, p = 

0.048, respectively). Post-hoc tests revealed that Aged HFHC rats had a significantly higher 

expression of p-Tau S202/T205 when compared to Aged Control (p = 0.027) and to Young 

HFHC rats (p = 0.004, Fig. 6A). Aged HFHC rats exhibited a significantly higher expression 

of p-Tau T231 compared to Aged Control (p = 0.007) and to Young HFHC rats (p = 0.034, 

Fig. 6B). Interestingly, significant positive correlations were found between the expression 

of both p-Tau S202/T205 and T231 levels with the WMC errors during the asymptotic phase 

for Young HFHC rats (r = 0.83 with p = 0.005 and r = 0.74 with p = 0.023, respectively), 

supporting the notion that an increased expression of p-Tau is related to poor memory 

performance in HFHC animals. Since no significant difference was observed between Young 

Control and Young HFHC rats for either of the p-Tau levels, the analysis was focused on a 

possible diet effect by collapsing the Young and Aged groups of rats. A Student’s t-test 

reveals that the HFHC diet has a significant effect on both p-Tau S202/T205 and T231 levels 

(p = 0.028 and p = 0.003, respectively), supporting the idea that an increased expression of 

p-Tau in HFHC rats could be related to poor memory performance. Although this 

relationship was not found for the Aged groups, this may suggest that the overall increase in 

pTau levels in the Aged HFHC diet group may mask any correlation between WMC errors 

and p-Tau in this group. P-Tau S202/T205 levels and the high number of RM errors during 

the asymptotic phase showed a positive correlation (r = 0.68, p = 0.044), further supporting 

the idea that p-Tau is linked to memory impairment.

4. Discussion

In the current study, we examined long-term effects of a HFHC diet in young and aged 

Fischer 344 rats to determine whether the effects of this diet were exacerbated in aged 

subjects. The findings herein demonstrated a significantly reduced performance in the 

WRAM with aging, as shown by us and others previously [54–56]. In addition, aged rats 

treated with the HFHC diet exhibited pronounced memory impairment and altered 

hippocampal morphology, including significant reduction in NeuN and calbindin-D28k 

immunoreactivities, increased activation of microglial cells, and increased expression of p-

Tau, beyond changes observed in aged rats on a control diet, providing a possible biological 

link for HFHC-related effects on memory.

The WRAM test employed herein is a complex task that not only assesses hippocampus-

dependent reference memory changes but also spatial working memory and working 

memory load [see e.g. [54]]. Both the Young Control and Young HFHC rats learned the task, 

exhibiting a learning curve and a decreasing number of errors during the asymptotic phase of 
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testing (days 7–12). On the other hand, neither the Aged Control nor the Aged HFHC group 

exhibited a significant learning curve and performed on average more errors in the 

asymptotic phase during Trial 4 than both groups of Young rats. Thus, an effect of age but 

not diet was observed on reference memory, with the Aged HFHC group having the highest 

average errors in this assessment. Normal aging has been shown to affect spatial memory 

abilities in rats [56,57]. Other studies have shown significant effects of HF diet on spatial 

reference memory in young rats [58], but it is possible that the lack of significant effect of 

diet on this aspect of the task in the Aged group is due to the fact that Aged Control rats 

already had a lack of learning of this measure in the task, displaying a ceiling effect. 

Nonetheless, it was clear that the Aged rats on HFHC diet constituted the group exhibiting 

the worst performance on both the WMI and RM aspects of this task, confirming data from 

clinical studies, that HFHC diets predispose individuals to cognitive impairment with aging.

Indeed, there were diet-related effects on WMI and WMC errors. During the learning phase, 

the Aged HFHC-treated rats performed a significantly larger number of WMI errors 

compared to Aged Control rats, especially in Trial 4, i.e. when the working memory load is 

the largest. Overall, Young HFHC-treated rats committed a larger number of WMC errors 

compared to the control rats, thereby revealing a diet effect. These data are in line with 

previous investigations in adult or juvenile rodents, showing a significant reduction in 

hippocampus-dependent behaviors following prolonged treatment with a HFHC diet 

[12,58,59], as well as in frontal cortex-related working memory [60]. Our findings 

demonstrate exacerbated cognitive impairment in aged rodents with this type of diet, and 

indicate that the aging process gives rise to a higher vulnerability to diet-induced alterations 

in hippocampal function. A parallel vulnerability to HFHC diet has been suggested in rats 

that have sustained injury, e.g. upon traumatic brain injury [61], and in rats subjected to 

intermittent hypoxia [62]. Epidemiological studies in humans further support this notion, 

since lifetime dietary patterns can predict cognitive performance in older adults [63], and 

may even predict incidence of AD [64].

In order to investigate neuronal and glial correlates for the age-and diet-related changes 

found in the WRAM testing, hippocampal morphology was analyzed. Significant reduction 

in NeuN immunoreactivity was found in the Aged HFHC treated group, compared to aged 

and young control rats. Alterations included a thinner pyramidal cell layer, as well as 

reduced cellular immunoreactivity, with the greatest NeuN loss of immunoreactivity 

observed in the Aged HFHC rats. No age-related difference was observed, as expected from 

previous studies [65]. However, an interaction of age and diet was found for NeuN 

immunoreactivity in the CA1, making the significant differences observed between groups 

difficult to interpret. The significant loss of NeuN immunoreactivity observed in the CA1 of 

Aged HFHC rats could reflect a depletion of NeuN protein or loss of antigenicity [66].

One of the hypotheses that have been proposed in order to understand cognitive aging and 

alterations to the hippocampus is the “calcium hypothesis” in which calcium homeostasis is 

shifted, causing altered action potentials and synaptic plasticity [67–69], particularly in the 

hippocampal CA1 region [70]. In order to evaluate these effects, we analyzed the levels of 

calbindin-D28k, a major calcium-binding protein in the brain. The Aged HFHC rats revealed 

a reduction in calbindin-D28k immunoreactivity compared to all other groups, with focal 
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areas showing a complete loss of calbindin-D28k immunoreactivity. This phenomenon was 

observed to a greater extent in aged vs. young rats. Although no previous studies have been 

conducted related to calcium-regulating proteins and hippocampal function with HFHC diet 

in aging, a previous study [71] demonstrated that maternal intake of HFHC diet during 

pregnancy in mice gave rise to reduced neuronal progenitors in the dentate gyrus and a 

reduced number of calretinin-expressing neurons in the hippocampus of the fetuses, 

providing an interesting parallel with the findings obtained here.

We observed a diet-and age-dependent reduction in MAP2 immunoreactivity in the CA1 

region of the hippocampus, similar to findings with the HFHC diet in middle-aged rats 

previously published by our group [12,20]. MAP2 is a microtubule-associated protein shown 

to be decreased in some models of neurodegeneration and AD [48,49]. In a previous study, a 

reduction of hippocampal MAP2 density staining was observed in rats fed for only 7 days 

with a HF diet (containing 10% lard, and 20% high fructose corn syrup added to the water), 

demonstrating the damaging short-term effect of saturated fat and simple sugars on 

hippocampal morphology [72]. Our results demonstrate a decrease in dendritic integrity in 

Aged HFHC rats compared to Young HFHC and Control rats, suggesting that a combination 

of HFHC diet and aging can have detrimental effects on the dendritic integrity. Mechanisms 

responsible for a reduction in MAP2 from an HFHC diet may include alterations in the c-Jun 

NH2-terminal protein kinase (JNK) subgroup of MAP kinases, since previous studies have 

shown that MAP2 polypeptides are hypophosphorylated in Jnk1(−/−) brains, resulting in 

compromised ability to bind microtubules and promote their assembly [73]. These results 

suggest that JNK1 is required for maintaining the cytoskeletal integrity of neuronal cells and 

is a critical regulator of MAP activity and microtubule assembly. The JNK stress signaling 

pathway was implicated in the metabolic response to the consumption of a HF diet [74], 

including the development of obesity and insulin resistance, and would represent a future 

target for drug interventions in obesity associated with aging.

Neuroinflammation is involved in age-related cognitive impairment [75], and has been 

implicated in HFHC-induced cognitive impairment [12]. Activated microglia was observed 

in the hippocampus of both Young HFHC and Aged HFHC groups, as well as in the Aged 

Control group. These features suggest greater activation and possibly a greater degree of 

inflammation [76]. Taken together, the Young HFHC and Aged HFHC rats both revealed a 

greater level of activation compared to their control counterparts, however, the Aged HFHC 

rats revealed the highest number and highest level of activation compared to all other groups. 

In previous work, we have demonstrated that long-term administration of HFHC diets in rats 

give rise to a significant elevation of microglial activation in the hippocampus [12,20]. A 

study from our group even suggested a central role for pro-inflammatory cytokines in HFHC 

diet-induced effects on the hippocampus, demonstrating that the IL-1 receptor inhibitor 

Kineret blocked microglial activation induced by HFHC diets in hippocampal transplants 

[77]. Findings from others also imply that neuroinflammation plays a central role for obesity 

and HFHC dietinduced cognitive impairment [78] and therefore presents another strong 

candidate for intervention.

Lastly, we observed an effect of diet on hippocampal levels of pTau using antibodies specific 

to phosphorylation at Ser202/Thr205 and Thr231. The levels of p-Tau at these sites have 
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previously been used as a marker for AD severity [53]. Our findings are in agreement with 

recent studies showing that diet-induced obesity (DIO) increased Tau phosphorylation and 

decreased learning abilities in the THY-Tau22 transgenic mouse model of AD [31], and in 

wild-type mice [32]. A recent study in Zucker rats also found that aging significantly 

increased phosphorylation of Tau at Ser396, and both aging and obesity increased 

phosphorylation of Tau at Thr231 [79]. Takalo et al. demonstrated that Tau induction 

following HFHC diet exposure in mice occurred independently of the peripheral metabolic 

status [80], providing an interesting target for future in depth molecular studies of this 

pathway.

5. Conclusion

Long-term exposure to a HFHC diet caused cognitive impairment that was exacerbated by 

aging. The reduced performance in the WRAM was coupled with markers for decreased 

neuronal viability and dendritic integrity while activation of microglial cells in the same 

brain region was increased. Aged rats with HFHC diet also had increased levels of p-Tau, 

providing a potential biological link between aging and HFHC diet-induced memory 

impairment.
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HIGHLIGHTS

• Young and Aged rats were exposed for 6 months to a high fat high cholesterol 

diet (HFHC).

• Cognitive performance, neuroinflammation markers and phosphorylated Tau 

were examined.

• Young and Aged rats on HFHC diet exhibited worse performance on spatial 

memory task.

• Aged HFHC rats showed higher levels of p-Tau compared to Aged control 

and Young HFHC rats.

• This work demonstrates HFHC diet-induced cognitive impairment with aging.
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Fig. 1. 
Food consumption and changes in body weight upon high fat/high cholesterol (HFHC) diet. 

(A) Food consumption per week with 2 animals per cage (mean ± SEM)for the Young 

Control, Young HFHC, Aged Control and Aged HFHC groups. Significant differences were 

tested with a two-way ANOVA followed by Tukey’s post-hoc test.Difference was 

statistically significant between Young Control and Aged Control groups with p < 0.01 (**). 

(B) Change in body weight at the end of the study (mean ± SEM)for the Young Control, 

Young HFHC, Aged Control and Aged HFHC groups. Significant differences were tested 

with a two-way ANOVA followed by Tukey’s post-hoc test.Differences were statistically 

significant when p < 0.0001 (****), p < 0.001 (***), and p < 0.05 (*).
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Fig. 2. 
Water Radial Arm Maze (WRAM) performance. (A) Total acquisition time over the 12 days 

of testing (mean ± SEM), (B) Working Memory Correct (WMC) errors, (C)Working 

Memory Incorrect (WMI) errors, and (D) Reference Memory (RM) errors committed in 

Trial 4 by the four groups during the learning phase (D2-D6) and the asymptoticphase (D7-

D12). Data are represented as mean errors ± SEM. Significant differences were tested with 

two-way ANOVA followed by Tukey’s post-hoc test. Differences werestatistically different 

when p < 0.05(*).

Ledreux et al. Page 19

Behav Brain Res. Author manuscript; available in PMC 2020 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Neuronal nuclei (NeuN) immunoreactivity. (A–L) Representative photomicrographs of 

NeuN-immunostained sections showing the CA1, CA3 and dentate gyrus (DG)regions of the 

hippocampus area obtained from Young Control, Young HFHC, Aged Control and Aged 

HFHC rats. Scale bar in (L) represents 100 _m (for A–L). NeuN densitometry(M-O): Mean 

density measures of immunostained sections for NeuN in CA1, CA3 and dentate gyrus. 

Two-way ANOVA followed by Tukey’s post-hoc test revealed significantdifferences 

between groups at the level of p < 0.01 (**) and p < 0.05 (*).
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Fig. 4. 
Calbindin-D28k and MAP2 immunoreactivity. Representative photomicrographs of 

calbindin-D28k (A–H) and MAP2 (K–R) -immunostained sections with 

differentmagnifications of the hippocampus area, obtained from Young Control, Young 

HFHC, Aged Control and Aged HFHC rats. The graph (I) represents the relative density 

forcalbindin-D28k in the CA1 area (mean ± SEM) for each group. A two-way ANOVA for 

calbindin-D28k densitometry in the CA1 showed a significant effect of age (F1,20= 4.60,p = 

0.044) but no effect of the diet (p > 0.05). The graph (J) represents the relative density (mean 
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± SEM) for MAP2 in the CA1 area for each group. A two-way ANOVA for MAP2in the 

CA1 revealed a significant effect of age (F1,29= 10.25, p = 0.003) and diet (F1,29= 6.61, p = 

0.016) but no interaction between age and diet. The magnified images (E–H andO–R) show 

the CA1 region. Scale bar in (D) represents 1000 _m (for A–D, K–N), in (H) it represents 

100 _m (for E–H, O–R).
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Fig. 5. 
OX-6 immunoreactivity. (A–H) Representative photomicrographs of OX-6immunostained 

sections showing the CA3 region of the hippocampus area, obtainedfrom Young Control (A 

and C), Young HFHC (B and D), Aged Control (E and G) andAged HFHC (F and H) rats. 

Scale bar in (B) represents 100 _m (for A, B, E, F) and in(D) 10 _m for (C, D, G, H). (I) The 

graph represents the average percent of positiveOX-6 cells (mean ± SEM) for each group. A 

two-way ANOVA revealed a significanteffect of age, with Tukey’s post-hoc comparisons 

showing significant differenceswith p < 0.001 (***).
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Fig. 6. 
Changes in p-Tau expression levels by Western blot analysis. Mean relative changes (±SEM) 

in p-Tau at the phosphorylation sites S202/T205 and T231 (using AT-8 andAT-180 

antibodies, respectively) obtained by Western blot analysis of the hippocampus area from 

Young Control, Young HFHC, Aged Control and Aged HFHC rats. Significantdifferences 

were tested with a two-way ANOVA followed by Tukey’s post-hoc test. Differences were 

statistically significant when p < 0.01 (**) and p < 0.05 (*).
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Table 1

Mean number of the sum of errors ± SEM made by each group for the learning and asymptotic phases during 

Trial 4. Slopes of the linear regression are also presented. WMC: Working Memory Correct, WMI: Working 

Memory Incorrect and RM: Reference Memory.

Measure
n=

Young Control
8

Young HFHC
11

Aged Control
7

Aged HFHC
8

WMC Learning 9.4 ± 1.0 13.2 ± 0.8 8.8± 1.1 11.4 ± 0.8

Asymptotic 6.4 ± 0.9 12.0 ± 1.4 10.5 ± 1.5 11.4 ± 1.2

Slope −0.50 ± 0.23 −0.19 ± 0.27 0.28 ± 0.31 0.01 ± 0.23

WMI Learning 1.2 ± 0.5 1.6 ± 0.6 0.7 ± 0.2 4.0 ± 1.2

Asymptotic 0.2 ± 0.1 0.6 ± 0.3 0.7 ± 0.6 1.4 ± 0.6

Slope −0.17 ± 0.09 −0.18 ± 0.12 0.01 ± 0.11 −0.36 ± 0.17

RM Learning 7.4 ± 1.2 9.4 ± 0.5 7.0 ± 1.0 9.9 ± 1.1

Asymptotic 5.2 ± 0.8 6.6 ± 0.8 7.3 ± 1.4 8.1 ± 1.0

Slope −0.36 ± 0.23 −0.47 ± 0.14 0.05 ± 0.28 −0.29 ± 0.25
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