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Abstract

Short-term (3-day) consumption of a high fat diet (HFD) rich in saturated fats is associated with a
neuroinflammatory response and subsequent cognitive impairment in aged, but not young adult,
male rats. This exaggerated effect in aged rats could be due to a “primed” microglial phenotype
observed in the normal aging process in rodents in which aged microglia display a potentiated
response to immune challenge. Here, we investigated the impact of HFD on microglial priming
and lipid composition in the hippocampus and amygdala of young and aged rats. Furthermore, we
investigated the microglial response to palmitate, the main saturated fatty acid (SFA) found in
HFD that is proinflammatory. Our results indicate that HFD increased gene expression of
microglial markers of activation indicative of microglial priming, including CD11b, MHCI|,
CX3CR1, and NLRP3, as well as the pro-inflammatory marker IL-1p in both hippocampus and
amygdala-derived microglia. Furthermore, HFD increased the concentration of SFAs and
decreased the concentration of polyunsaturated fatty acids (PUFAS) in the hippocampus. We also
observed a specific decrease in the anti-inflammatory PUFA docosahexaenoic acid (DHA) in the
hippocampus and amygdala of aged rats. In a separate cohort of young and aged animals, isolated
microglia from the hippocampus and amygdala exposed to palmitate /7 vitro induced an
inflammatory gene expression profile mimicking the effects of HFD /n vivo. These data suggest
that palmitate may be a critical nutritional signal from the HFD that is directly involved in
hippocampal and amygdalar inflammation. Interestingly, microglial activation markers were
increased in response to HFD or palmitate in an age-independent manner, suggesting that HFD
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sensitivity of microglia, under these experimental conditions, is not the sole mediator of the
exaggerated inflammatory response observed in whole tissue extracts from aged HFD-fed rats.

1. Introduction

Currently, over two-thirds of the U.S. population is either overweight or obese, leading to
enormous strain on healthcare and a growing economic burden (Popkin and Doak, 2009).
This rise in obesity is likely attributed to environmental factors including the
overconsumption of unhealthy diets such as those high in saturated fats or sugars (Lake and
Townshend, 2006). Over the last 15 years, consumption of a high saturated fat diet (HFD)
has been shown to elicit a neuroinflammatory response in rodents, non-human primates, and
humans (Grayson et al., 2010; Miller and Spencer, 2014). While initially constrained to the
hypothalamus and hindbrain, chronic HFD-induced inflammation can eventually impact
other regions such as the hippocampus and amygdala where it can have a detrimental impact
on learning and memory and serve as a major risk factor for type 2 diabetes and
neurodegenerative diseases (Guillemot-Legris and Muccioli, 2017; Miller and Spencer,
2014).

Normal aging is also associated with a neuroinflammatory response, particularly within the
hippocampus and amygdala, and significant cognitive impairments in both rodents and
humans (Barrientos et al., 2015; Godbout and Johnson, 2006). Heightened baseline
inflammation in aged rodents can lead to exaggerated responses to immune challenges such
as surgery, bacterial infection, or unhealthy diets (Barrientos et al., 2012, 2009; Skvarc et al.,
2018; Spencer et al., 2017). We have previously shown that even just short-term HFD
consumption (3-day) produces a rapid inflammatory response in the hippocampus and
amygdala and leads to impairment of hippocampal- and amygdalar-dependent memories in
aged rats but does not produce the same overt effects in young adults (Spencer et al., 2017).
The potentiated effects of HFD in aged rats could be due to the “primed” microglial
phenotype observed in aged animals, characterized by an increase in cell-surface receptors
such as cluster of differentiation molecule 11 b (CD11b) and major histocompatibility
complex class Il (MHC Il), which are indicators of microglial activation (Frank et al., 2010,
20063; Perry et al., 1993; Rozovsky et al., 1998). This hyperactivity at baseline can lead to
increased sensitivity to immune challenges such as the endotoxin lipopolysaccharide (LPS)
(Frank et al., 2010). While previous work has shown HFD sensitizes young adult rats to a
secondary LPS challenge and alters microglial morphology in aged animals, the effects of
HFD on microglial priming have not been fully characterized (Sobesky et al., 2016, 2014;
Spencer et al., 2019).

While the mechanism of how HFD evokes a neuroimmune response is not fully understood,
the contribution of individual fatty acids has received a lot of attention. Briefly, consumption
of a HFD increases circulating free fatty acids (FFASs) (Giles et al., 2016; Karmi et al., 2010)
which can enter the brain via passive diffusion or transport protein-mediated mechanisms
(Tracey et al., 2018). In the brain parenchyma, fatty acids or their metabolites can directly
influence inflammation. Specifically, palmitic acid, the main saturated fatty acid (SFA)
found in HFD can induce a proinflammatory response via toll-like receptor 4 (TLR4)
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activation or metabolism-dependent mechanisms and has been linked to several
neuropathological conditions including obesity and Alzheimer’s disease (Fatima et al., 2019;
Listenberger et al., 2001a; Sergi et al., 2018; Tse and Belsham, 2018; Wang et al., 2012).
Furthermore, microglia can respond directly to fatty acids as palmitic acid treatment
activates microglia /n vitro and increases the release of proinflammatory cytokines (Duffy et
al., 2015a; Wang et al., 2012; Yanguas-Casas et al., 2018). As such, changes in fatty acid
concentrations in the hippocampus or amygdala and increased fatty acid sensitivity of aged
microglia may be a potential mechanism for HFD-induced inflammation and cognitive
deficits in aged rats.

Thus, the goal of the current study was to investigate the impact of short-term HFD
consumption on indicators of microglial priming and inflammation in isolated microglia
from the hippocampus and amygdala of adult and aged rats. We also investigated how short-
term HFD consumption and age alters the lipid composition of the hippocampus and the
amygdala and if treatment with palmitate induces an increased inflammatory response in
aged microglia. We hypothesized that microglia from aged rats fed a HFD would have
increased levels of microglial priming and proinflammatory markers compared to microglia
from aged rats fed a standard low-fat chow diet and young adult rats fed a standard chow or
HFD. We further hypothesized that short-term HFD consumption would increase the
concentration of SFAS, specifically palmitic acid in the hippocampus and amygdala and that
this increase would be greatest in aged rats. Finally, we hypothesized that microglia isolated
from aged rats would have a greater sensitivity to palmitate treatment than microglia isolated
from adult rats.

2. Materials and methods

2.1. Subjects

2.2. Diet

3 and 24 month old male F344xBN F1 rats (N=67) were utilized. Animals were obtained
from the National Institute on Aging (Bethesda, MD). The animal colony was maintained at
22 °C on a 12-h light/dark cycle (lights on at 07:00 h). Animals were allowed free access to
food and water and were given 1 week to acclimate to colony conditions before
experimentation began. All experiments were conducted in accordance with protocols
approved by the Ohio State University Institutional Animal Care and Use Committee.

A total of 67 animals were used in this study. At study onset, young and aged animals were
randomly assigned to either continue consuming their regular chow (Teklad Diets, TD.8640;
energy density of 3.0 kcal/g; 29% calories from protein, 54% from carbohydrates [no
sweetener added], and 17% from fat [0.9% saturated, 1.2% monounsaturated, 2.7%
polyunsaturated]), or an adjusted calorie 60% HFD (TD.06414, Envigo, energy density of
5.1 kcal/g; 18.4% calories from protein, 21.3% from carbohydrates [90 g/kg sucrose, 160
g/kg maltodextrin], and 60.3% from fat [37% saturated, 47% monounsaturated, 16%
polyunsaturated]). Animals consumed HFD ad libitum for 3 days.
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2.3. Tissue collection

Animals were given a lethal dose of sodium pentobarbital and transcardially perfused with
ice-cold saline (0.9%) for 3 min to remove peripheral immune leukocytes from the CNS
vasculature. Brains were rapidly extracted and placed on ice and hippocampus and amygdala
were dissected for microglia isolations or frozen in liquid nitrogen and stored at —80°C until
processing for lipid composition analysis.

2.4. Effects of 3-day HFD on isolated hippocampal and amygdalar microglia from young
and aged animals.

This experiment had 4 conditions: young-chow (n=6), young-HFD (n=6), aged-chow (n=6),
and aged-HFD (n=6). Hippocampal and amygdalar microglia were isolated using a Percoll
density gradient. This well-validated method for rapidly isolating microglia (Cardona et al.,
2006; Doorn et al., 2015; Frank et al., 2006b) yields a highly pure microglial population as
we have previously determined by robust microglia-specific CD11b and MHCII
amplification, but little to no amplification of astrocyte-specific GFAP or perivascular/
meningeal macrophage marker CD163 using RT-PCR (Barrientos et al., 2015; Fonken et al.,
2016bh, 20164, 2015; Frank et al., 2012, 2010). In the present experiment, we again observed
robust CD11b and MHCII amplification. Due to limited volumes of cDNA we measured
GFAP in a semi-randomized subset of our samples and confirmed no amplification across all
groups (data not shown).

Microglia were suspended in Dulbecco’s modified Eagle’s medium (DMEM) + 10% fetal
bovine serum (FBS) and microglia concentration determined by trypan blue exclusion. Cell
number did not significantly differ between 3 and 24mo animals. Microglia concentration
was adjusted to a density of 10,000/100ul and 90ul were added to individual wells of a 96-
well v-bottom plate for a total of ~9,000 cells per well. After allowing the cells to incubate
for 2 h at 37°C, 5% CO», the plate was centrifuged at 1000xg for 10 min at 4 °C to pellet
cells and cells were washed with ice-cold 1x PBS and centrifuged again at 1000xg for 10
min at 4 °C. Cell lysis’/homogenization, DNase treatment, and cDNA synthesis were
performed using the SuperScript 11 CellsDirect cDNA Synthesis System according to kit
instructions (Invitrogen, Carlsbad, CA).

2.5. Effects of age and 3-day HFD on lipid composition in the hippocampus and

amygdala.

In a separate cohort, rats were assigned to the following groups: young-chow (n =8), young-
HFD (n = 8), aged-chow (n = 7), and aged-HFD (n = 8). Rats were euthanized and perfused
as described above. Total lipids were extracted from all brain samples with 2:1
chloroform:methanol according to Folch (Folch et al., 1957). Phospholipids and neutral
lipids were separated from hippocampal samples using solid phase extraction (Hamilton and
Comai, 1988). Phospholipids and neutral lipids were not separated from amygdalar samples
due to smaller tissue size and less total lipid yield. Fatty acids were methylated using 5%
hydrochloric acid in methanol at 76°C (Stoffel et al., 1959). Fatty acid methyl esters were
analyzed by gas chromatography using a 30-m Omegawax TM 320 fused silica capillary
column (Supelco, Bellefonte, PA). Fatty acids are reported as a percent of total identified
(Belury et al., 2016). For analysis, concentrations of individual fatty acids were summed to
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generate a percentage of total SFAs, polyunsaturated fatty acids (PUFAs), and
monounsaturated fatty acids (MUFASs) for each animal for each brain. Palmitic acid,
docosahexaenoic acid (DHA), and oleic acid were individually analyzed and reported for the
hippocampus and amygdala due to their abundance and biological relevance. All fatty acid
species of notable abundance are reported in tables 1-3.

2.6. Exvivo immune stimulation of hippocampal and amygdalar microglia with palmitate

2.7.

In a separate cohort, young (n=6) and aged (n=6) chow-fed male rats were euthanized and
hippocampal and amygdalar microglia were isolated and plated as described above. A 100x
concentration of sodium palmitate (Sigma, P9767) was reconstituted in molecular biology
grade water and heated to 70°C for ~ 5 min before being diluted 1:10 in DMEM + 10% FBS
heated to 37 °C. Palmitate was further diluted 1:10 to the working concentration upon
delivery to the wells. Microglia were incubated with palmitate (50, 100, and 500uM) or
vehicle for 2 h at 37 °C, 5% CO2. These doses were chosen in accordance with previous
studies that treated microglia, astrocytes, or neurons with palmitate (Duffy et al., 2015b;
Frago et al., 2017; Hidalgo-Lanussa et al., 2017; Listenberger et al., 2001b; Sergi et al.,
2018; Tse and Belsham, 2018; Wang et al., 2012; Yanguas-Casas et al., 2018) and are
consistent with a physiological range of plasma palmitic acid levels (Abdelmagid et al.,
2015). Following treatment, the plate was centrifuged at 1000xg for 10 min at 4 °C to pellet
cells and cells washed 1x in ice-cold PBS and centrifuged at 1000xg for 10 min at 4 °C. Cell
lysisslhomogenization, DNase treatment, and cDNA synthesis were performed as described
above.

Real time PCR (RT-PCR) measurement of gene expression

A detailed description of the PCR amplification protocol has been published previously
(Frank et al., 2006). cDNA sequences were obtained from Genbank at the National Center
for Biotechnology Information (NCBI;www.nchi.nlm.nih.gov). Primer sequences were
designed using the Qiagen Oligo Analysis & Plotting Tool (oligos.giagen.com/oligos/
toolkit.php?) and tested for sequence specificity using the Basic Local Alignment Search
Tool at NCBI (Altschul et al.,1997). Primers were obtained from Invitrogen. Primer
specificity was verified by melt curve analysis. All primers were designed to exclude
amplification of genomic DNA. Primer sequences are as follows: p-Actin, F-
TTCCTTCCTGGGTATGGAAT, R-GAGGAGCAATGATCTTGATC; CD11b, F-
CTGGTACATCGAGACTTCTC, R-TTGGTCTCTGTCTGAGCCTT; interleukin 1-p
(IL-1B), F-CCTTGTGCAAGTGTCTGAAG, R-GGGCTTGGAAGCAATCCTTA; MHC II,
F-AGCACTGGGAGTTTGAA-GAG, R-AAGCCATCACCTCCTGGTAT; nod-like receptor
protein 3 (NLRP3), F-AGAAGCTGGGGTTGGTGAATT, R-
GTTGTCTAACTCCAGCATCTG; high mobility group box 1 (HMGB1), F-
GAGGTGGAAGACCATGTCTG, R-AAGAAGAAGGCCGAAGGAGG; CX3C receptor 1
(CX3CR1), F-TCAGGACCTCACCATGCCTA, R-CGAACGTGAAGACAAGGGAG. PCR
amplification of cDNA was performed using the Quantitect SYBR Green PCR Kit (Qiagen,
Valencia, CA). Formation of PCR product was monitored in real time using the QuantStudio
3 Real-Time PCR System (Applied Biosystems, Waltham, MA). Relative gene expression
was determined by the AACT method of gPCR analysis normalized to B-Actin. The mean
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AACT of the young-chow group or the young-vehicle group was used as the calibrator to
calculate LOG fold-changes (control group set to 0) in mRNA concentrations.

2.8. Data analysis

All data are presented as means + SEM. Statistical analyses were computed using GraphPad
Prism version 7. Unequal sample sizes both within and across experiments are related to the
exclusion of subjects due to low cell yields, particularly from amygdala dissections. In
addition, due to animal ordering limitations by the National Institute on Aging, the desired
number of animals is not always available, which also contributes to unequal sample sizes.
Two-way ANOVAS were run for the experiments that had a 2 x 2 factorial design. In the
case of significant interactions, Tukey’s multiple comparisons post hoc tests were run. The
threshold for significance was set as a = 0.05. Only significant F-values were reported in the
results section.

3. Results

3.1. HFD consumption increases inflammatory mRNA concentration in young and aged
microglia from the hippocampus and amygdala

We investigated the impact of age and 3-day consumption of HFD on a variety of
proinflammatory genes in microglia isolated from the hippocampus and amygdala. Results
indicate a main effect of diet, where HFD increased mRNA concentration of the microglial
activation marker CD11b relative to chow (F (1, 19) = 7.757, p < 0.05; Fig. 1A) in
hippocampal, but not amygdalar microglia (Fig. 2A). There was also an increase in aged
hippocampal and amygdalar microglia but this was not statistically significant. There was,
however, a main effect of age for another microglial activation marker, MHCII, (F (1, 19) =
12.84, p < 0.01; Fig. 1B) in microglia isolated from the hippocampus but not from the
amygdala (Fig. 2B). However, HFD increased MHCII in amygdalar microglia (F (1, 16) =
6.158, p < 0.05; Fig. 2B). In hippocampal microglia there was also a main effect of HFD for
the fractalkine receptor CX3CR1, the inflammasome component NLRP3, and the
proinflammatory cytokine IL-1p (CX3CR1: F (1, 20) = 5.955, p < 0.05; Fig. 1D; NLRP3: F
(1, 20) = 6.542, p < 0.05; Fig. 1E; IL-1B: F (1, 19) = 5.086; Fig. 1F). There was also a main
effect of age for CX3CR1 (F (1, 20) = 7.118, p < 0.05; Fig. 1D). In microglia isolated from
the amygdala, there was a main effect of HFD for CX3CR1 and NLRP3 (CX3CR1: F (1, 16)
=4.666, p < 0.05; Fig. 2D; NLRP3: F (1, 16) = 8.942, p < 0.01; Fig. 2E). Age increased
these markers as well but was not statistically significant. However, there was no significant
effect of age or HFD on IL-1p in the amygdala, though both groups were increased (Fig.
2F). There was no significant effect of age or diet on the endogenous danger signal HMGB1
in hippocampal (Fig. 1C) or amygdalar (Fig. 2C) microglia, although it was increased in the
amygdala. There were no significant diet x age interactions.

3.2. Age and diet alters the lipid composition in the hippocampus and amygdala

To investigate how age and HFD might be impacting the concentration of various fatty acids
in brain regions associated with learning and memory, we measured the lipid composition of
the hippocampus and amygdala. For hippocampal neutral lipids, HFD increased total SFA

concentration (F (1, 25) = 8.332, p < 0.01; Fig. 3A) and decreased total PUFA concentration
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(F (1, 26) = 4.942, p < 0.05; Fig. 3C). Additionally, age increased the concentration of total
MUFAs (F (1, 27) = 7.165, p < 0.05; Fig. 3E). Of the SFAs, there was a trend for an increase
in palmitic acid (F (1, 27) = 3.020, p = 0.093; Fig. 3B). There was an increase in the MUFA
oleic acid in aged animals (F (1, 27) = 6.740, p < 0.05; Fig. 3F). While diet appeared to
decrease DHA, a prominent PUFA in the brain, this did not reach statistical significance
(Fig. 3D). Within extracted hippocampal phospholipids, age decreased total SFAs, total
PUFAs, and DHA (SFAs: F (1, 27) = 14.59, p < 0.01; Fig. 4A; PUFAs: F (1, 27) =25.74, p
<0.01; Fig. 4C; DHA: F (1, 27) = 17.38, p < 0.01; Fig. 4D) and increased total MUFAs and
oleic acid (MUFAs: F (1, 27) = 46.67, p < 0.01; Fig. 4E; oleic acid: F (1, 27) = 36.69, p <
0.01; Fig. 4F). There was no effect of diet or age on palmitic acid in hippocampal
phospholipids (Fig. 4B). For total lipids extracted from the amygdala, aging decreased the
concentration of DHA (F (1, 26) = 46.32, p < 0.01; Fig. 5D) and increased total MUFAs and
oleic acid (MUFAs: F (1, 27) = 5.778, p < 0.05; Fig. 5E; oleic acid: F (1, 27) = 5.538, p <
0.05; Fig. 5F). There were no effects of diet or age on total SFAs (Fig. 5A), PUFASs (Fig.
5C), or palmitic acid in the amygdala (Fig. 5B). Overall, the only effects of diet on lipid
composition were in the hippocampal neutral lipids as there were no main effects of diet on
hippocampal phospholipids or amygdalar total lipids. There were no significant diet x age
interactions in any brain region.

3.3. Palmitate treatment increases inflammatory mRNA concentration in young and aged
microglia from the hippocampus and amygdala in a dose-dependent manner

To investigate the impact of the most abundant SFA found in HFD, we treated isolated
microglia with palmitate and investigated the same inflammatory genes as in the first
experiment. We saw a main effect of palmitate treatment on CD11b and MHCII in both
hippocampal (CD11b: F (3, 40) = 5.432, p < 0.01; Fig. 6A; MHCII: F (3, 40) =9.499, p <
0.01; Fig. 6B) and amygdalar (CD11b: F (3, 39) = 4.602, p < 0.01; Fig. 7A; MHCII: F (3,
40) = 8.311, p < 0.0005; Fig. 7B) microglia. There was also an increase in these markers in
aged microglia from both regions but this was not statistically significant. Palmitate
treatment also significantly increased proinflammatory genes CX3CR1, NLRP3, and IL-1
in microglia isolated from both the hippocampus (CX3CR1: F (3, 40) = 12.52, p < 0.01; Fig.
6D; NLRP3: F (3, 40) = 7.570, p < 0.01; Fig. 6E; IL-1pB: F (3, 40) = 7.852, p < 0.01; Fig. 6F)
and amygdala (CX3CRL1: F (3, 40) = 4.578, p < 0.01; Fig. 7D; NLRP3: F (3, 38) = 6.387, p
< 0.05; Fig. 7E; IL-1B: F (3, 37) = 9.845, p < 0.01; Fig. 7F). Palmitate treatment increased
HMGB1 in amygdalar microglia (F (3, 40) = 4.344, p < 0.01; Fig. 7C) but not in
hippocampal microglia (Fig. 6C). There were no significant diet x age interactions.

4. Discussion

Together, our data show that HFD consumption and aging alter microglial priming and the
lipid composition of memory-associated brain regions in male rats. We report that 3-day
HFD consumption increased basal levels of microglial priming markers in rapidly isolated
microglia from the adult and aged hippocampus and amygdala. HFD also increased the
concentration of proinflammatory SFAs and decreased the concentration of anti-
inflammatory PUFAs in lipids isolated from the hippocampus. Furthermore, there was an
age-dependent decrease in the anti-inflammatory PUFA, DHA, in both the hippocampus and
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amygdala. Lastly, we showed that treatment of rapidly isolated microglia with the most
abundant SFA, palmitate, resulted in a similar proinflammatory profile to HFD consumption
in an age-independent manner.

Previous studies have shown an interaction between age and diet, such that 3-day HFD
consumption increased the expression of IL-1p in the hippocampus and amygdala in aged
rats, with little to no effect in young adult rats (Spencer et al., 2017). This same study
showed an age and diet interaction for the neuroinflammatory priming marker, MHC 1.
Importantly, this study looked at whole hippocampal and amygdalar tissue extracts, so the
relative contributions of specific cellular phenotypes were not examined. Here, we extend
these data by investigating this phenomenon in rapidly isolated microglia from the
hippocampus and the amygdala. We demonstrated that HFD increased the cell surface
receptor CD11b in hippocampal microglia and MHCII in amygdalar microglia, regardless of
age.

We also saw a HFD-induced increase in the fractalkine receptor CX3CR1 and the
inflammasome component NLRP3. Functionally, NLRP3 regulates the cleavage and release
of IL-1B (Khare et al., 2010; Schroder and Tschopp, 2010), which was also increased in both
adult and aged microglia in animals fed a HFD. Interestingly, we saw no effect of diet on the
endogenous danger signal HMGBL1 in hippocampal microglia, which is in line with a
previous study that showed no effect of age or diet on HMGBL1 in hippocampal tissue
(Spencer et al., 2017). We did see, however, a trend for age and diet to increase HMGBL1 in
amygdalar microglia, which extends a previous study showing an effect of age on HMGB1
mRNA in amygdala tissue (Spencer et al., 2017).

We observed a trend for age to increase all markers measured, but only MHCII and CX3CR1
in hippocampal microglia were significantly increased by age. It is important to note that
several markers, including CX3CR1 and NLRP3, are not necessarily specific to microglia as
there are several studies showing that astrocytes express these same markers (Albalawi et al.,
2017; Dorf et al., 2000). MHC I, traditionally thought of as an indicator of microglial
activation, is also expressed on astrocytes under certain inflammatory conditions (Dong and
Benveniste, 2001). While a less robust age effect on pro-inflammatory markers is
inconsistent with previous work in whole-tissue extracts, the discrepancy is likely related to
the fact that these data were collected from isolated microglia. It is possible that removal of
microglia from their endogenous microenvironment could have dampened neuronal or
astrocytic signals that contribute to microglia-mediated inflammation (Barbierato et al.,
2013; Szepesi et al., 2018). It is also possible that the stress of microglial isolation
procedures may have elevated basal levels of microglial activity, making it more challenging
to detect subtle interactions between diet and aging. However, these explanations are
unlikely as previous work has demonstrated primary microglia retain their /n vivo phenotype
using multiple methods of isolation (Floden and Combs, 2007; Nikodemova and Watters,
2012). Taken together, these data indicate that HFD affects microglial priming in an age-
independent manner, suggesting microglia may not be the main driver of the age and diet
interaction in inflammatory signaling that has been well-characterized in previous reports.
Of course, it is important to bear in mind that this study only examined short-term
consumption of HFD and it is possible that longer durations would yield different outcomes.
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For example, a study in adult mice found that while short-term HFD consumption led to
potentiated neuroinflammatory responses, prolonged consumption evoked an increase in
anti-inflammatory responses, explaining the lack of a sensitized response to an LPS
challenge in hypothalamic microglia (Baufeld et al., 2016). Whether similar protective
mechanisms would be intact in the aging brain, and specifically in the hippocampus or
amygdala, remains to be examined. Given the known impairments in microglial regulation in
aging rodents (Frank et al., 2006b) it is possible that prolonged consumption would in fact
exacerbate the neuroinflammatory response compared to what was observed here. It should
be noted however, that examining prolonged consumption of HFD cannot be done without
also causing obesity and invoking multiple systems (e.g. metabolic, hormonal,
cardiovascular, etc...) that would interfere with interpretations about the specific
contribution of diet on microglial responses.

Given the vast literature investigating the impact of dietary fatty acids on the inflammatory
milieu in the brain, we investigated the lipid composition of the hippocampus and amygdala
in response to aging and 3-day HFD consumption. HFD consumption increased SFAs and
decreased PUFAs in neutral lipids extracted from the hippocampus. Because neutral lipids
serve as the reservoir to provide energy for the cell, levels of neutral lipids can typically
accumulate from excessive energy intake (MacDonald et al., 1996). In support of this notion,
neutral lipids were the only lipids to be altered by our short-term diet manipulation in the
current study. Previous work has shown that fatty acids delivered to the gut via enteric
gavage are rapidly incorporated in brain regions critical for food intake and energy
homeostasis (Valdearcos et al., 2014). Labeled fatty acids have also been shown to be
rapidly transported into various regions of the brain (Mitchell and Hatch, 2011). However, to
the best of our knowledge, this is the first evidence that a short-term dietary manipulation
can alter the lipid composition of the hippocampus.

An increase in SFAs and a decrease in PUFAs in brain tissue is consistent with a
proinflammatory microenvironment as the majority of studies suggest that SFAs are
generally proinflammatory and PUFAs are anti-inflammatory (Layé, 2010; Wang et al.,
2012). Specifically, we reported a trend for a HFD-induced increase in palmitic acid in the
hippocampus, and palmitic acid was the most abundant fatty acid in the neutral lipid
extracts. This is noteworthy because palmitic acid has previously been implicated in
proinflammatory gene expression in a variety of brain pathologies, including diet-induced
inflammation, diabetes, and Alzheimer’s disease (Fatima et al., 2019). We also demonstrated
a diet-induced reduction in total PUFAs and a trend for HFD to decrease DHA in the
hippocampus. Moreover, in hippocampal phospholipid and amygdalar total lipid extracts, we
showed that aging decreased PUFAs, specifically DHA, regardless of diet condition. This is
consistent with previous research in both rodents and humans showing that aging is
associated with a decrease in DHA (Horrocks and Yeo, 1999; Little et al., 2007). DHA
exerts anti-inflammatory effects in the brain and decreases proinflammatory gene expression
(Layé et al., 2018). Conversely, decreased DHA levels have previously been linked to a
proinflammatory state and cognitive impairment in both rodents and humans (Horrocks and
Yeo, 1999; Labrousse et al., 2012). Briefly, DHA is cleaved from the phospholipid
membrane and metabolized to produce active metabolites that resolve inflammation
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(Lacombe et al., 2018; Layé et al., 2018). Thus, decreased DHA levels in aged animals
could be linked to exaggerated neuroimmune responses.

We also reported an increase in MUFASs, particularly oleic acid, in aged animals in the
hippocampus and amygdala, which is consistent with a previous study that measured cortical
MUFA concentration in aging mice (Albouery et al., 2020). While some studies suggest
MUFAs, and oleic acid in particular, can decrease proinflammatory gene expression (Tse
and Belsham, 2018), this conclusion is still controversial as other findings report both SFAs
and MUFAs to increase proinflammatory gene expression (Button et al., 2014). A limitation
of this study was our inability to separate neutral and phospholipids in the amygdala due to
tissue size. Thus, this could have contributed to not detecting diet-induced changes in fatty
acid composition in the amygdala as neutral lipids were the only lipids to be altered by diet
in the hippocampus. Regardless, a decrease in PUFAs in the amygdala due to age could still
be linked to HFD-induced amygdalar inflammation and amygdala-dependent cognitive
deficits.

While SFAs are likely not the only contributor to diet-induced inflammation, they do have
direct proinflammatory effects in the brain (Rogero and Calder, 2018). Likewise, due to the
abundance of palmitic acid in HFD and the brain, as well as its previous implications in
neuroinflammatory signaling (Fatima et al., 2019; Listenberger et al., 2001a; Sergi et al.,
2018; Tse and Belsham, 2018), we treated microglia isolated from the hippocampus and the
amygdala with various doses of palmitate, a commonly used technique to model HFD /n
vitro (Lacombe et al., 2018). Interestingly, palmitate appeared to mimic the results of our
first experiment (Fig. 1 and 2) in which animals fed a HFD showed increased levels of pro-
inflammatory mRNA and microglial priming. Likewise, palmitate increased mMRNA of
CD11b, MHC Il, CX3CR1, NLRP3, and IL-1f in hippocampal and amygdalar microglia.
Furthermore, there was no effect of palmitate on HMGB1 mRNA in hippocampal microglia
but there was an effect of the low dose of palmitate on HMGB1 in amygdalar microglia.
This is consistent with the ex vivo work in the current study (Fig. 2) and with our previous /n
vivowork that showed an HMGBL1 increase in the amygdala but not hippocampus in
response to aging and HFD (Spencer et al., 2017). In general, it appeared that amygdalar
microglia were less sensitive to palmitate than hippocampal microglia as evidenced by a
weaker effect at lower concentrations. These data, coupled with the lipid composition
changes by HFD, could suggest the hippocampus has increased susceptibility to HFD-
induced inflammation compared to the amygdala. One possible explanation for this is that
the hippocampus is proximal to a more permeable blood-brain barrier than the amygdala
and, thus, exposed to higher concentrations of circulating signals.

Our findings are consistent with previous /n vitro studies that demonstrated a palmitate-
induced increase in proinflammatory cytokine response in primary (neonatal) and
immortalized microglia. Briefly, these studies showed that treatment of cultured microglia
with palmitate increased MHC I, proinflammatory cytokine, and inducible nitric oxide
synthase (iNOS) gene expression (Duffy et al., 2015a; Wang et al., 2012; Yanguas-Casas et
al., 2018). While these previous palmitate studies focused more heavily on proinflammatory
cytokine expression and release, here we chose to investigate genes associated with
microglial priming due to their well-documented implications in the aged microglial
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phenotype. To the best of our knowledge, this is the first study investigating the effects of
palmitate in microglia isolated specifically from the hippocampus and the amygdala, and the
first to compare fatty acid sensitivity between adult and aged microglia in the context of
inflammation. This is a critical extension of the literature as there is evidence supporting
brain-region-specific and aging-related responses of microglia to inflammatory stimuli,
including HFD (Butler et al., 2020; Spencer et al., 2019, 2017). Interestingly, palmitate
produced a similar increase in microglial priming and inflammation regardless of age. This
is inconsistent with previous studies that showed aged microglia have greater sensitivity to
immune challenges such as LPS (Frank et al., 2010). One explanation for this could be due
to the differences in the mechanism of action between LPS and fatty acids as palmitate can
induce inflammation through multiple mechanisms (Listenberger et al., 2001a; Tse and
Belsham, 2018; Wang et al., 2012). So while it is true that TLR-dependent mechanisms may
be sensitized in aging, other pathways may not be. Unfortunately, due to limitations in tissue
samples we were unable to quantify the effects of palmitate or HFD on TLR4 gene
expression. However, future studies will investigate the role of TLR4 in age-dependent
microglial priming in this context.

Overall, our data suggest that microglia are not the sole mediator of the potentiated
neuroinflammatory response to HFD in aged animals as HFD had a similar impact on
microglial priming and inflammation in adult and aged microglia. Palmitate also had similar
effects in adult and aged microglia suggesting there were no differences in fatty acid
sensitivity in aged microglia. Given that palmitate mimicked the effect of HFD in microglia,
it could be a critical nutritional signal from the HFD that mediates the inflammatory
response. Moreover, decreased PUFAS, specifically the anti-inflammatory DHA, in aged
animals may be a contributing factor to neuroimmune responses in aging. Similar to
microglia, astrocytes also directly sense FFAs and astrogliosis has been reported following
both short- and long-term consumption of HFD (Frago et al., 2017; Thaler et al., 2012).
Furthermore, astrocytes have been shown to adapt a senescence-associated secretory
phenotype associated with neuroinflammation in aged animals (Salminen et al., 2011),
setting the stage for a potential diet-age interaction. Future studies could investigate the
potential additive or synergistic roles of microglia and astrocytes in mediating potentiated
HFD-induced neuroinflammation in aged rats.
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Highlights
. 3-day HFD primes hippocampal and amygdalar microglia independent of age
. HFD increases SFAs and decreases PUFAS in the hippocampus

. Aging decreases DHA in the hippocampus and amygdala

. Palmitate treatment primes rapidly isolated microglia independent of age
. Microglia may not solely drive the exaggerated immune response to HFD in
aging
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Priming and proinflammatory markers in amydalar microglia isolated from adult and aged
animals fed a standard chow or a HFD. (A) Fold change in CD11b mRNA (B) Fold change
in MHC 1l mRNA (C) Fold change in HMGB1 mRNA (D) Fold change in CX3CR1 mRNA
(E) Fold change in NLRP3 mRNA (F) Fold change in IL-18 mRNA. *p < 0.05 (main effect
of diet), **p < 0.01 (main effect of diet).
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Relative concentration of neutral lipids extracted from the hippocampus of adult and aged
rats fed either a standard chow or a HFD. (A) Total SFAs (B) Palmitic acid (C) Total PUFAs
(D) DHA (E) Total MUFAs (F) Oleic acid. *p < 0.05 (main effect of diet), **p < 0.01 (main

effect of diet), # p < 0.05 (main effect of age).
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Table 1.
Fatty acid profile of neutral lipids extracted from the hippocampus. Values are expressed as percent of total
fatty acids.
Hippocampus Neutral Lipids

Young-Chow  Aged-Chow Young-HFD  Aged-HFD
Palmitic Acid 38.12+132 36.48+138 39.25+1.30 39.53+0.74
Stearic Acid 3440+052 3370+086 3509+039 3450+ 0.32
Arachidonic acid 11.06+0.86 1221+110 1067+0.76 10.31+0.60
Oleic Acid 601+039 759+069 581+0.22 6.41+032
Docosahexaenoic Acid 2.41+0.26 229+0.15 2.17+0.19 2.12+0.09
Vaccenic Acid 214+009 238+023 200008  224+0.09
Linoleic Acid 057+006 081+009 053+007 0.77+0.10
Adrenic Acid 063+008 055+004 055+004 0500.03
Gondoic Acid 064+012 053006 072010  0.73+0.09
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Table 2.
Fatty acid profile of phospholipids extracted from the hippocampus. Values are expressed as percent of total
fatty acids.
Hippocampus Phospholipids

Young-Chow  Aged-Chow Young-HFD  Aged-HFD
Palmitic Acid 2055+0.19 2047+0.15 20.59+0.11 20.16+0.17
Stearic Acid 2212+0.14 2154+005 2204+009 21.45%0.05
Arachidonic acid 12524031 1279+012 13.24+0.15 12.93+0.08
Oleic Acid 16594023 17.77+021 1645+021 17.70+0.13
Docosahexaenoic Acid  14.42+0.32 13.22+0.14 1393+0.19 12.93+0.08
Vaccenic Acid 311+£004 3.04+003 304+003 3.02+001
Linoleic Acid 052+002 037+001 047001  0.39+0.00
Adrenic Acid 404+006  400+003 413+001  4.04+0.03
Gondoic Acid 1164007 162+006 111+005 166+0.05
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Table 3.
Fatty acid profile of total lipids extracted from the amygdala. Values are expressed as percent of total fatty
acids.
Amygdala Total Lipids

Young-Chow  Aged-Chow Young-HFD  Aged-HFD
Palmitic Acid 22414034 2280+045 2295+032 2253+0.26
Stearic Acid 2265+035 2281+026 2321+020 22.80+0.13
Arachidonic acid 11954037 1235+027 1210+£022 1218+0.29
Oleic Acid 15184037 1569+049 1456+0.37 1590+ 0.36
Docosahexaenoic Acid 1518 +0.19 13.87+0.22 1533+0.19 14.02+0.17
Vaccenic Acid 289+010 282+011 284+007 283+0.07
Linoleic Acid 055+002 047+003 059+001  0.45+0.02
Adrenic Acid 3714012  392+009 381+008 3.93+0.07
Gondoic Acid 098+010 128+013 091+009 131+0.10
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