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Abstract

Background Damage to the cerebral vasculature can lead to vascular contributions to cognitive impairment and
dementia (VCID). A reduction in blood flow to the brain leads to neuropathology, including neuroinflammation and
white matter lesions that are a hallmark of VCID. Mid-life metabolic disease (obesity, prediabetes, or diabetes) is a risk
factor for VCID which may be sex-dependent (female bias).

Methods We compared the effects of mid-life metabolic disease between males and females in a chronic cerebral
hypoperfusion mouse model of VCID. C57BL/6J mice were fed a control or high fat (HF) diet starting at ~8.5 months
of age. Three months after diet initiation, sham or unilateral carotid artery occlusion surgery (VCID model) was per-
formed. Three months later, mice underwent behavior testing and brains were collected to assess pathology.

Results We have previously shown that in this VCID model, HF diet causes greater metabolic impairment and a wider
array of cognitive deficits in females compared to males. Here, we report on sex differences in the underlying neuro-
pathology, specifically white matter changes and neuroinflammation in several areas of the brain. White matter was
negatively impacted by VCID in males and HF diet in females, with greater metabolic impairment correlating with less
myelin markers in females only. High fat diet led to an increase in microglia activation in males but not in females. Fur-
ther, HF diet led to a decrease in proinflammatory cytokines and pro-resolving mediator mRNA expression in females
but not males.

Conclusions The current study adds to our understanding of sex differences in underlying neuropathology of VCID
in the presence of a common risk factor (obesity/prediabetes). This information is crucial for the development of
effective, sex-specific therapeutic interventions for VCID.

Highlights
In a mouse model of comorbid VCID and metabolic disease:

+  White matter was negatively impacted by cerebral hypoperfusion in males and by high fat diet in females.
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+ High fat diet led to an increase in activation of microglial cells (Ibal+CD68+ cells) in males but not in females.

+ Inboth sexes, an increase in activated microglia was associated with worse episodic-like memory.

» High fat diet led to a decrease in mRNA expression of proinflammatory cytokines and pro-resolving factors in
females but not in males.

Keywords Diet-induced obesity, High fat diet, Prediabetes, Sex, Vascular contributions to cognitive impairment and
dementia, White matter, Neuroinflammation

Plain English summary

Reduced blood flow to the brain resulting from damaged blood vessels can lead to vascular dementia. Neuroinflam-
mation and white matter damage are characteristics of vascular dementia. Middle-age is a time when obesity and
prediabetes can increase risk for vascular dementia. This increase in risk is greater for women. A high fat diet causes
obesity and prediabetes in mice. We compared the effects of diet-induced obesity in middle-age between males and
females in a mouse model of vascular dementia. We have previously shown that a high fat diet causes greater obesity
and prediabetes and a wider array of learning and memory problems in females compared to males. Here, we report
on sex differences in the damage to the brain. White matter was negatively impacted by vascular dementia in males
and high fat diet in females, with more severe prediabetes correlating with less white matter markers in females only.
High fat diet led to an increase in activation of microglia (immune cells in the brain) in males but not in females. High
fat diet also led to a decrease in pro-inflammatory and pro-resolving mediators expression in females but not males.
The current study adds to our understanding of sex differences in underlying damage to the brain caused by vascular
dementia in the presence of common risk factors (obesity and prediabetes). This information is needed for the devel-

opment of effective, sex-specific treatments for vascular dementia.

Background

Vascular contributions to cognitive impairment and
dementia (VCID) is the second most common cause of
dementia [1]. Metabolic diseases, such as obesity and
diabetes, are well-known risk factors for VCID. Obesity,
especially at mid-life, has been shown to increase VCID
risk by up to fivefold independent of cardiovascular dis-
ease, stroke and diabetic status [2]. Moreover, obesity
has been associated an increased severity of vascular risk
factors that worsen VCID pathology [5]. Type 2 diabe-
tes is also a well-known risk factor for VCID, as it causes
damage to the cerebral vasculature and blood brain bar-
rier [3-5]. Prediabetes, defined as impaired glucose tol-
erance and/or slightly increased fasting glucose, has
similar negative effects on cerebrovascular disease, such
as promoting endothelial dysfunction and arterial stiff-
ness [6]. Prediabetes is even more common than type 2
diabetes. It is estimated that 34% of the US population is
prediabetic, though prediabetes often goes undiagnosed
[7]. Prediabetes has been shown to increase the risk of
VCID by ~50% [8]. Damage to cerebral vessels, whether
arising from prediabetes, obesity, or other pathological
contributors to VCID, creates a state of cerebral hypoxia
accompanied by neuroinflammation [9-11]. This leads to
disruption and degradation of the white matter and even
death of oligodendrocytes (the myelin forming cells of
the CNS) [9, 12]. Both prediabetes and obesity have been

associated with white matter damage [13-21] and neuro-
inflammation [11, 22-25].

We have previously shown that obesity and prediabe-
tes, modeled using chronic administration of a high fat
(HF) diet, causes cognitive impairment in the context of
normal aging [26] and in a mouse model of VCID [27].
However, these were single-sex studies. VCID is more
common in men than women throughout most of the
lifespan; however, this sex difference is reversed in the
presence of certain comorbidities, such as metabolic dis-
ease. In fact, diabetic women have a 19% greater risk of
developing VCID than diabetic men [28]. Prediabetes is
also associated with executive function decline in women
but not men [29]. Given the increasing prevalence of pre-
diabetes and obesity as well as the known sex difference
in the risk of developing cognitive impairment/VCID
within the (pre)/diabetic population, it is important to
understand how sex may influence the degree to which
obesity and prediabetes impact VCID.

The goal of the current study was to determine if
there are sex differences in the effects of mid-life meta-
bolic disease in mouse model of VCID. We used chronic
administration of a HF diet to induce obesity and predia-
betes, and a unilateral common carotid artery occlusion
surgery to induce chronic cerebral hypoperfusion and
model VCID. We previously reported that these middle-
aged HF-fed females had greater metabolic impairment
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(weight gain, glucose intolerance, visceral fat accumula-
tion), and a wider array of cognitive deficits (novel object
recognition, Morris water maze) compared to HF-fed
males (novel object recognition impairment only) [30].
VCID also caused a wider array of cognitive deficits in
females compared to males [30]. Here, we investigated
sex differences in the underlying neuropathology focus-
ing on two hallmarks of VCID: white matter changes and
neuroinflammation. We identified sex differences in both
types of neuropathology, further highlighting the need to
consider sex as a key biological variable.

Materials and methods

Animals and experimental design

All experiments were approved by the Albany Medical
College Animal Care and Use Committee and in com-
pliance with the ARRIVE guidelines. Male and female
C57BL/6] mice (~8.5 months old) were obtained from
Jackson Laboratories (Bar Harbor, ME, USA). Mice were
housed (3-5 per cage) at 21 °C, 30-70% humidity, with
a 12 h light/dark cycle. After 1 week of acclimation and
for the remainder of the study, cages of mice were ran-
domized to treatment groups and placed on either a
high fat (HF) diet (60% fat, D12492, Research Diets,
New Brunswick, NJ, USA) or a control (Ctrl) diet (10%
fat, D12450B, Research Diets, USA). Three months
after diet onset, mice underwent a right unilateral com-
mon carotid artery occlusion (UCCAO) to model VCID
or a sham surgery, as previously described [30]. Three
months after surgery, cognitive deficits were tested.
Details of procedures, as well as metabolic and behav-
ioral results, were previously published [30]. At the end
of the study, mice (~15 months old) were deeply anes-
thetized with pentobarbital and intracardially perfused
with saline. Brains were collected and further processed
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according to downstream procedure. A total of 160 mice
(20/group) were used in the study. Six mice died during
surgery, and an additional 14 were excluded as they died
prematurely or had to be euthanized due to illness. The
remaining 140 brains were randomly distributed among
3 analysis groups, 2 of which are presented in this study.
Brains were either post-fixed for IHC or regionally dis-
sected and flash frozen for RT-qPCR. Further, animals
were excluded for biological reasons such as tumors or
evidence of stroke (5 animals; 2 male HF VCID, 3 female
HF VCID); and for technical reasons such as poor RNA
yield/quality or tears/folds in the tissue for IHC. A time-
line of the project is shown in Fig. 1.

Immunohistochemistry

Brains were collected and fixed overnight in a 4% para-
formaldehyde (PFA) solution and then cryoprotected in
30% sucrose then frozen in optimal cutting temperature
(O.C.T.) solution (23-730-571, Thermo Fisher Scientific)
and stored at —80 °C until further processing. Brains
were sectioned in the coronal plane into six series of
40-um-thick sections using a cryostat (Cm1950, Leica).
One series of brain slices was immunolabeled for myelin
and oligodendrocytes using the following protocol. On
day 1, the slices were washed with PBS and then permea-
bilized and blocked, using PBS with 0.3% triton (TPBS)
and 5% donkey serum solution, for one hour at room tem-
perature. Next, a preincubated mixture of the following
antibodies was added: primary mouse anti-CC1 (1:500,
Millipore OP80) and secondary donkey anti-mouse CY5
(1:10, 715-605-150 Jackson ImmunoResearch) in normal
mouse serum (015-000-001 Jackson ImmunoResearch)
and incubated in a cold room overnight. The CC1 anti-
body, originally developed for adenomatous polyposis
coli, recognizes Quaking 7 an RNA-binding protein that
is highly up-regulated in myelinating oligodendrocytes

VCID or
Diet sham
start surgery

Males & Females
C57BL/6)

- Ctrl or HF

Age

8.5 11.5
(months)

Tissue
collection
*Behavior
RT-qPCR
diet -
IF

145 15

Fig. 1 Experimental design. Experimental timeline. Ctr/ control diet (10% fat), HF high fat diet (60% fat), VCID vascular contributions to cognitive

impairment and dementia, RT-gPCR real time quantitative polymerase chain
testing can be found in Salinero et al. [30]

reaction, IF immunofluorescent labeling. *Results of the behavioral
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in the central nervous system [31]. On day 2, the slices
were washed with PBS with 0.01% sodium azide and then
incubated with a chicken anti-MBP primary antibody
(1:1000; A1-10,008 Invitrogen) overnight in a cold room.
On day 3, the slices were washed with PBS and then a
mixture of donkey anti-chicken 488 (1:1000; 703-545-
155 Jackson ImmunoResearch) and DAPI (1:1000) were
added, incubated for 1 h, and then washed with PBS with
sodium azide and mounted using ProLong Gold Antifade
Mountant (P36930 Thermo Fisher Scientific). Another
series of brain slices was immunolabeled to assess micro-
glia activity as previously described [19-21]. Briefly,
slices were washed with PBS and then permeabilized and
blocked, using a 0.3% PBS with triton (TPBS) and 5%
donkey serum solution, for one hour at room tempera-
ture. Primary antibodies of goat anti-Ibal (1:1000; PA5-
18039, lot #T12638761, Thermo Fisher Scientific) and rat
anti-CD68 (1:1000; MCA1957, lot #1708, Bio-Rad) were
applied overnight at 4 °C. Rhodamine Red-X donkey anti-
rat (1:100; 712-295-150 Jackson ImmunoResearch) and
Alexa Fluor 647 donkey anti-goat (1:300; 705-605-147,
Jackson ImmunoResearch) were added in blocking buffer
for 2 h at room temperature.

Image analysis

Images of brain slices were obtained at 10X magnification
using the Axio Observer Fluorescent Microscope (Carl
Zeiss Microscopy, Oberkochen, Germany). All analyses
were conducted using coronal brain slices with the pos-
terior corpus callosum, the fornix, and the hippocampus
visible between bregma —1.28 to —1.82. Images were
imported to NIH’s Image] software. Regions of interest
(ROIs) were drawn around the corpus callosum, and the
entire hippocampus or the CA1l region. On average, a
minimum of three brain slices containing each ROI was
used and measurements were averaged across the brain
slices for each animal. All measurements were made by
an experimenter who was blinded to treatment group.

Quantification of myelin and oligodendrocytes

For myelin and mature oligodendrocyte analysis, respec-
tively, MBP and CC1 positive area density was obtained
for each ROI and average density (average of three brain
slices per ROI per animal) were compared in the right
hemispheres (the side of the UCCAO) between animals
across the four experimental groups. For the MBP analy-
sis of the medial corpus callosum, a rectangular ROI was
used for optimal thresholding. All analyses were per-
formed in the right hemisphere of coronal sections by an
experimenter who was blinded to treatment group using
Image] (NIH). Representative images are shown in Addi-
tional file 1: Fig. SI1.
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Quantification of microglia-related measures

Ibal and CD68 images were thresholded using ZEN (blue
edition, Carl Zeiss Microscopy) software. Regions of
interest (ROIs) were drawn around the medial corpus cal-
losum and the cornu ammonis 1 (CA1) region of the hip-
pocampus. Cells were counted manually, and microglia
(Ibal+ cells) were classified into 4 cell types according
to morphology and immunoreactivity to CD68: rami-
fied (punctate cell body) with and without CD68, and
ameboid (larger cell body; few or no processes) with and
without CD68. Additionally, we have quantified the area
density occupied by the Ibal labeling in the CC and the
entire hippocampus. All analyses were performed in the
right hemisphere of coronal sections by an experimenter
who was blinded to treatment group using ImageJ (NIH).
Representative images could be seen in Additional file 1:
Fig. S3.

RT-qPCR
The hippocampus was extracted in ice cold PBS, flash
frozen and stored at —80 °C. The hippocampus was
homogenized in 50 pL of RNA later (R0901 Sigma)
and half of the homogenate was used to extract RNA
using Qiagen RNeasy plus mini kit according to the
manufacturer’s instructions (74131 Qiagen). RNA con-
centration was determined using a nanodrop and lug
of this was converted to cDNA using High-Capacity
cDNA Reverse Transcription Kit with RNase Inhibi-
tor (4374967 Thermo Fisher Scientific) according to
the manufacturer’s instructions. Quantitative PCR was
performed in triplicates on 50 ng of cDNA in a 10ul
reaction using TagMan probe technology on a Bio-Rad
CFX-384 real time system. Tagman assays (Thermo
Fisher scientific) used were: I11b, MmO00434228 m1;
Tnfa, MmO00443258 ml; Anxal, MmO00440225 ml;
Fpr2, Mm00484464_s1; Ibal(Aifl), Mm00479862_gl;
Argl, MmO00475988_m1l; CD31, MmO01242576_m]l;
PDGFRf, MmO00435553_m1; Claudin5, Mm00727012_
s1; Chil3 (YM1), Mm00657889_Mh; Retnla (KIZZ1),
MmO00445109_m1. Rpsl7, MmO01314921_gl; and
Rpl13a, Mm05910660_gl were used as housekeeping
genes. Bio-Rad CFX Maestro 1.1 software was used to
analyze the data. The relative expression levels of genes
of interest were calculated using the AACq method
relative to either of the housekeeping genes using the
males on a Ctrl diet with sham surgery as reference

group.

Statistics

Statistical analyses were completed using Graph-
Pad Prism (GraphPad Software, San Diego, CA,
USA). Data were checked for normal distribution and
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heteroscedasticity. In cases of non-conformity, val-
ues were transformed to their log2 or square root
before performing a 2-way ANOVA (Additional file 1:
Table S1) followed by Tukey’s post hoc test to analyze
the effects of diet and VCID in each sex. In second-
ary analysis, 3-way ANOVA was used to test for sex
differences. Statistical significance was set at p<0.05.
All graphs show individual data points, as well as
mean + SEM. Correlations were run for all animals and
separately for each sex using Pearson correlations and
linear regression models.

Results

To induce metabolic disease, a high fat (HF; 60% fat) or
low fat control diet (Ctrl; 10% fat) was administered to
middle-aged male and female C57BL/6] mice from 8.5 to
15 months of age. To model VCID via chronic cerebral
hypoperfusion, mice (11.5 months of age) underwent
a unilateral common carotid artery occlusion surgery
or control (sham) surgery. At 14.5 months of age mice
underwent a battery of behavior tests to assess cogni-
tive deficits. At 15 months of age, tissue was harvested
to investigate pathology (see timeline in Fig. 1). We
have previously reported that these middle-aged HF-fed
females had greater metabolic impairment (weight gain,
glucose intolerance, visceral fat accumulation), and a
wider array of cognitive deficits (novel object recognition,
Morris water maze) compared to HF-fed males (novel
object recognition impairment only) [30]. VCID also
caused a wider array of cognitive impairment in females
(both tests) compared to males (Morris water maze
only) [30]. Here, we investigate underlying neuropathol-
ogy associated with both metabolic disease and VCID,
including white matter changes and neuroinflammation.

White matter changes are more heavily driven by VCID

in males and HF diet in females

VCID is characterized by accumulation of white matter
damage that is detected as white matter hyperintensities
using MRI [10]. We examined myelination in two brain
regions: the corpus callosum (CC; the main white mat-
ter tract connecting both hemispheres) and hippocam-
pus (a grey matter region that is critical for learning and
memory) using immunolabeling for myelin basic protein
(MBP) and CC1 to label mature oligodendrocytes. Repre-
sentative images of each group are shown in Additional
file 1: Fig. S1.

Corpus callosum
In the corpus callosum (Fig. 2A—C), we did not observe
any significant effect of HF diet on MBP density in males
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or females (2-way ANOVA). However, 3-way ANOVA
analysis revealed a main effect of HF diet in decreas-
ing the % area covered by MBP (main effect of diet,
p=0.0134). This diet effect was detectable due to the
increased statistical power of a 3-way ANOVA that con-
siders effects across both sexes. For mature oligodendro-
cytes (CC1+ cells), there was no effect of HF diet in males;
however, we observed a significant reduction in CC1+
density in VCID males (2-way ANOVA VCID effect
p=0.0034). This was further supported by a post hoc dif-
ference where for HF-fed males, VCID animals had lower
density than sham controls (Tukey’s post hoc p=0.0114
HF sham vs HF VCID). In females, we observed a main
effect of diet in reducing mature oligodendrocyte density
(2-way ANOVA diet effect p=0.0315). No VCID effect
was observed in females. When analyzing sex differences
via 3-way ANOVA, we observed a sex X VCID interaction
(»=0.0056), in which VCID surgery reduced CC1 den-
sity in males but not females. This is further supported
by post hoc tests, which showed that VCID surgery
reduced CC1 density in HF males only (Sidak’s post hoc
test, p=0.0274). Conversely, there was a sexX diet inter-
action (p=0.04) in which HF diet reduced CC1 density
in females (both sham and VCID), but not in males. This
is further supported by post hoc tests, which showed HF
diet reduced CC1 density in sham females compared to
sham males on a HF diet (3-way ANOVA with Sidak’s
post hoc test, p=0.0033).

Using metabolic health and behavior data from these
mice (previously reported [30]), we ran correlation analy-
sis between these measures and white matter measures.
Interestingly, we found an association between the glu-
cose tolerance test area under the curve (GTT-AUC)
and levels of MBP area density when pooling both sexes
(linear regression, r*=0.2365, p=0.0017), wherein worse
glucose intolerance was associated with lower myelin
coverage (Fig. 2D). This negative correlation was seen in
each sex (males: linear regression, r*=0.3276, p =0.0084,
females: linear regression, r*=0.2109, p=0.0479). Con-
versely, when examining the relationship between glu-
cose intolerance and mature oligodendrocyte density we
do not observe any significant correlation when pooling
sexes together (Fig. 2E). However, when data were segre-
gated by sex, in females, but not males, there was a nega-
tive correlation between the glucose tolerance test area
under the curve (GTT-AUC) and levels of CC1 area den-
sity (linear regression, r*=0.2451, p=0.0311), wherein
worse glucose intolerance was associated with lower
mature oligodendrocyte density. No correlations were
observed between white matter measures and behavior
outcomes (Additional file 1: Fig. S2).
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In the hippocampus (Fig. 2F-H), a major contributor to
spatial memory, we did not observe any significant effect
of HF diet on MBP density in males or females (2-way
ANOVA). We observed a sexxdietx VCID interaction

for MBP (p=0.0281); however, these differences were
small. For oligodendrocytes, there was no effect of diet
or VCID in males. In females, similar to the CC, we
observed a main effect of HF diet in reducing cell den-
sity (2-way ANOVA main effect of diet p=0.0434). There
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Fig. 3 High fat diet induces microglia activation in males but suppresses it in females. Microglia were labeled using Iba1 (cyan) and CD68
(magenta). Cells were classified into 4 groups depending on morphology and CD68 immunoreactivity: ramified cells with or without CD68 and
ameboid cells with or without CD68 (A, i-iv). Scale bar 20 um. The % area occupied by the Iba1 labeling was quantified in the CC (B) and the
hippocampus (H). Cell densities were quantified in the corpus callosum (C-E) and the CA1 region of the hippocampus (I-K). Data are represented
as mean + SEM. 2-way ANOVA with Tukey’s post hoc test. *p < 0.05 effect of VCID; *p < 0.05, **p < 0.01 effect of diet. 3-way ANOVA results are reported
under the graph *p<0.05, **p <0.01, ***p <0.001. Correlation of Ibal+ ameboid cell density with body weight change expressed as % of body
weight at the start of the experiment in the CC (F) and in the CA1 of the hippocampus (L). Correlation of ameboid Iba1+CD68+ cell density with
the novel object recognition index (NORI) as a measure of episodic-like memory in the CC (G) and in the CA1 of the hippocampus (M). Correlation
analyzed using simple linear regression for each sex with * and p values noted for each. *p < 0.05, ***p < 0.001, n=4-6 mice/group. Ctrl control diet,
HFD high fat diet

was a main effect of VCID surgery to reduce hippocam-  metabolic outcomes (Fig. 2I and Additional file 1: Fig.
pal CCl (p=0.049). No correlations were observed S2).Similar to the CC, we observed a negative association
between white matter measures in the hippocampus and  in females, but not males, between the glucose tolerance
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test area under the curve (GTT-AUC) and levels of CC1
area density (linear regression, r>=0.2080, p=0.0497;
Fig. 2]). Thus, in females more severe glucose intolerance
was associated with a reduction in a maker for mature
oligodendrocytes.

HF diet increased microglia in males but not in females
Microglia play a key role in the immune/inflam-
matory response in the CNS in several conditions,
including VCID. Ionized calcium binding adapter
molecule 1 (Ibal), which also labels infiltrating
monocytes, is a well-accepted marker for both rest-
ing and activated microglia [32-34]. Switching from
a ramified to an ameboid morphology is considered a
feature of activated microglia. CD68, which labels the
lysosomal membrane of microglia and macrophages,
is used to identify phagocytic microglia [35, 36]. We
used both markers to examine microglia number and
activation state in the CC and the hippocampus. We
classified microglia (Ibal+ cells) into 4 cell types
according to morphology and immunoreactivity to
CD68: ramified (punctate cell body) with and with-
out CD68, and ameboid (larger cell body; few or no
processes) with and without (Fig. 3A). Representative
images of each group are shown in Additional file 1:
Fig. S3.

Corpus callosum

In the CC, we did not observe any statistical differences
in the area covered by the Ibal labeling (Fig. 3B). Since
microglia are known to become reactive and swell in
response to stimuli, we also assessed cell number and
phenotype. VCID surgery reduced microglia density in
males (total Ibal+ cells/mm? 2-way ANOVA main effect
of VCID p=0.0142) but not females (Fig. 3C). However,
the 3-way ANOVA did not show a sex difference. When
examining reactive microglia (Ibal+ cells with an ame-
boid morphology), HF diet increased cell density in the
males (2-way ANOVA main effect of diet p=0.035) but
decreased cell density in the females (2-way ANOVA
main effect of diet p=0.0203). This sex difference in the
effect of HF diet is supported by a sexxdiet interaction
(3-way ANOVA p=0.0015; Fig. 3D). Microglia that are
CD68 positive were characterized as “phagocytic” In
males, HF diet increased ameboid phagocytic micro-
glia cell density (2-way ANOVA p=0.0255; Fig. 3E). In
females however, HF diet decreased phagocytic microglia
cell density (2-way ANOVA p=0.0045), which was high-
lighted by a significant post hoc difference between Ctrl
sham females and HF sham females (Tukey’s post hoc
p=0.0169). This was supported by a sex X diet interaction
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in the number of amoeboid phagocytic microglia (3-way
ANOVA p=0.0003). Additionally, we observed a
VCID x diet interaction (p=0.0272), in which VCID mice
of either sex on a control diet had decreased numbers of
ameboid phagocytic microglia relative to their sham con-
trols but VCID mice on a HF diet did not.

Hippocampus

Similar to the CC, we did not observe any statistical dif-
ferences in the area covered by Ibal labeling (Fig. 3H).
We also counted Ibal+ cells specifically in the CAl
region of the hippocampus. We focused on the CAl
region since it has been shown to be more vulnerable
to ischemia and hypoxia, which are often observed in
VCID in both humans and rodent models [37-40]. Fur-
ther, recent murine studies have shown that CA1 plays
a key role in episodic-like memory processing through
the novel object recognition task [41, 42]. When quan-
tifying the microglial cells, no group differences were
detected via 2-way ANOVA in either sex for total micro-
glia cell density, as well as reactive microglia. However,
3-way ANOVA revealed a sex X diet interaction for reac-
tive (ameboid) microglia cell density (»=0.0380, Fig. 3])
as these cells were increased in HF-fed males but not
females. Phagocytic (ameboid, CD68+Iba+) micro-
glia were increased by HF diet in males (2-way ANOVA
main effect of diet p=0.0317) but not females, which is
supported by a sexXxdiet interaction (3-way ANOVA
p=0.0308, Fig. 3H).

To better understand the relationship between weight
gain and microglia activation, we assessed the asso-
ciation between weight gain and the density of reac-
tive microglia in the CC and the hippocampus. When
pooling together all mice (regardless of sex), we do
not observe any association; however, when separat-
ing by sex, we observed a female-specific negative
correlation in both brain regions (linear regression,
CC: r*=0.3031, p=0.0179, hippocampus: r*=0.2255,
p=0.0464). In females, greater weight gain (% change
in body weight) was associated with fewer reactive
microglia in the CC and hippocampus (Fig. 3F, L). We
then examined whether microglia activation was asso-
ciated with cognitive deficits. We did not find any sig-
nificant correlations between reactive microglia and
cognitive measures (Additional file 1: Fig. S4). However,
when looking at the specific subpopulation of reactive
microglia that are phagocytic, we observed a negative
association with episodic-like memory in both sexes
in the hippocampus but not CC (Fig. 3G, M). Indeed,
a higher number of Ibal+CD68+ ameboid cells in
the hippocampus correlated with a decrease in novel
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object recognition index (NORI; measure of impaired
episodic-like memory; males and females combined
r*=0.3166, p=0.0005; males r*=0.3241, p=0.0171;
females r*=0.3358, p =0.0148).

Taken together, these data show a region-specific
effect of VCID on microglial cell density (decreased in
CC but not hippocampus) and a sex-specific effect of
the HF diet on microglia activation (increased in males,
but not in females). In both sexes, regardless of diet, a
greater density of ameboid phagocytic microglia in the
hippocampus was associated with worse episodic-like
memory.

Hippocampal inflammatory genes were increased in males
and decreased in females fed a HF diet

Iba1 and pro-inflammatory cytokines

Microglia, along with other resident and infiltrating cells,
participate in the inflammatory reaction of the CNS to
the damage caused by VCID [9]. Chronic neuroinflam-
mation has been linked to cognitive decline in VCID
patients, with high expression of IL-1 and TNF-a in
the hippocampus [43]. We therefore assessed the expres-
sion levels of these pro-inflammatory cytokines as well as
Ibal in the hippocampus via RT-qPCR. In males, we did
not detect any significant effect of diet or VCID for Ibal
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or either cytokine. However, in females HF diet signifi-
cantly reduced Ibal mRNA expression (2-way ANOVA
main effect of diet p=0.004). This was supported by a
post hoc difference between the Ctrl sham females and
HF Sham and VCID females (Tukey’s post hoc p=0.0417
and p=0.0348, respectively). When sexes were directly
compared via 3-way ANOVA, a sex X diet interaction was
found for Ibal and (p=0.027) that was driven by a reduc-
tion within HF-fed females, but not HF males, relative to
their controls (Fig. 4A). Similar diet effects were observed
in females for IL-1 mRNA expression (2-way ANOVA
main effect of diet p=0.0379, Fig. 4B). No significant
differences were observed for the males or females in
TNF-a expression, however we found a main effect of
diet (3-way ANOVA p=0.0475; Fig. 4C).

Anti-inflammatory factors

When activated, microglia and infiltrating macrophages
can be pro-inflammatory and secrete pro-inflammatory
cytokines or can be in an anti-inflammatory state, char-
acterized by the expression of several markers, such as
arginasel (Argl) [44-47]. When examining the expres-
sion level of Argl mRNA, we did not find any effect of
diet or VCID on males or females independently. How-
ever, we found a main effect of sex when comparing sexes
(3-way ANOVA, p=0.043; Fig. 4D). This is probably due
to HF diet affecting Argl expression differently between
sexes by increasing it in males. We also analyzed levels
of several other anti-inflammatory genes (FIZZ1, YM1);
however, they were below the level of detection or had
extremely low of levels of expression (Ct values > 35).

Inflammation resolution factors

Inflammation resolution is necessary to clear dam-
aged cells and promote tissue repair [48]. It is regulated
by several factors including Annexin Al (AnxAl) and
its receptor formyl peptide receptor 2 (FPR2). AnxAl—
FPR2 signaling has been shown to initiate pro-resolving
pathways to bring about a return to tissue homeostasis
after vascular injury [49]. For males, we did not detect
any significant effect of diet or VCID for both factors.
For females, no significant differences were observed
for Anxal expression. However, HF diet significantly
reduced FPR2 mRNA expression (2-way main effect of
diet p=0.0279). When sexes were directly compared via
3-way ANOVA, for both AnxAl and FPR2, there was a
sex X diet interaction (p=0.0425 and p=0.0183, respec-
tively). This was driven by HF diet-induced decrease in
FPR2 in females, but not males (Fig. 4E, F).

Surprisingly, increased IL-1B expression was posi-
tively associated with spatial memory as measured by
greater time spent in the target quadrant of the Mor-
ris water maze (MWM) in all animals (+*=0.1588,
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p=0.0089; Fig. 4G). This association was also significant
in females (r*=0.1928, p=0.0318). No other associa-
tions were found between neuroinflammatory or pro-
resolving factors and cognitive performance (Additional
file 1: Fig. S5). Taken together, these data show that
neuroinflammation was influenced by weight gain in a
sex-specific manner, wherein HF diet dampened both
proinflammatory and resolution mediators in females
but not males.

Studies have demonstrated an important role of
endothelial cells and pericytes in VCID pathology. Fur-
ther, these cells in the brain have been shown to be
negatively affected by diabetes, leading to changes in cer-
ebrovascular structure, angiogenesis, capillary rarefac-
tion, and altered blood brain barrier (BBB) permeability
[50-55]. To preliminarily probe how the prediabetic
state of our mice has affected these cells, we examined
differences in expression of vasculature-related genes,
i.e.,, CD31 (endothelial cell marker), PDGFRp (pericyte
marker), Claudin 5 (tight junction protein that is asso-
ciated with BBB integrity). For all 3 genes, we found an
effect of diet in females, whereby females fed a HF diet
showed decreased levels of mRNA compared to those on
control diet (Additional file 1: Fig. S6). This suggests that
HF diet may cause changes in cerebrovascular structure
in females but not males.

Discussion

We previously reported sex differences in the effect of
diet-induced obesity with prediabetes on cognitive defi-
cits in a middle-aged mouse model of VCID [30]. Using
chronic cerebral hypoperfusion to model VCID and a
HF diet to induce obesity with prediabetes, we showed
that females are more susceptible to metabolic and cog-
nitive effects of a HF diet [30]. Here, we show that these
sex differences extend to the underlying neuropathol-
ogy, specifically white matter changes and neuroinflam-
mation. White matter was more negatively impacted
by cerebral hypoperfusion in males and by HF diet in
females. In both sexes we do not observe any correlation
between white matter changes and cognitive outcomes.
Microglia activation was increased by HF diet in males
but decreased in females. In both sexes an increase in
activated microglia in the hippocampus, was associated
with worse episodic-like memory. Thus, in males, HF
diet-induced cognitive impairment appears to be par-
tially driven by increases in activated microglia, which
were associated with worse cognitive function. The
underlying cause of diet-induced cognitive impairment
in females remains elusive. Our preliminary observations
hint to changes in endothelial density and reduced BBB
integrity; however, further studies are required to inves-
tigate this potential mechanism. These results highlight
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sex differences in the effects of diet-induced obesity on
white matter and neuroinflammation. These findings fur-
ther highlight the need to consider sex as a key biological
variable in dementia research, and more focused efforts
in females specifically.

Sex differences have been described in white matter
organization, volume, and damage in neurodegenerative
disease, including dementia, in both humans and rodents
[56-61]. Here, we show that these differences extend to
the effects of VCID and/or HF diet on white matter loss.
We found that VCID impacted white matter loss mainly
in males, leading to a decrease of mature oligodendro-
cytes. This is in line with the literature, describing white
matter injury in the CC of young male rodents using
several models of VCID [27, 62-65]. Studies investigat-
ing the effect of VCID on white matter loss in females are
scarce. Our results show metabolically healthy females
are generally protected from VCID-induced reductions
in white matter in the CC.

When examining the effects of HF diet on white matter,
we found a decrease in mature oligodendrocyte density
in females but not males in both CC and hippocampus
(independent of VCID surgery). Our findings of white
matter alterations following high fat diet are in line with
both the human and rodent literature. We have previ-
ously shown in young male mice that HF diet leads to
exacerbated myelin loss and hippocampal atrophy in a
VCID model [27, 62]. Obesity, prediabetes and diabetes
have all been linked to white matter loss [15, 16, 18, 66].
Obesity is associated with greater white matter hyper-
intensities in humans in several brain regions, including
the CC and hippocampus [15]. Further, obesity leads to
accelerated aging of white matter, particularly at mid-
life, as middle-aged (~50yo) obese individuals showed a
decrease in cortical white matter volume similar to the
level of older controls (~60yo) [18]. Most of these stud-
ies, however, do not stratify findings by sex. In addition
to obesity, the HF diet used in the current study (with
diet onset in mid-life) also induces a prediabetic pheno-
type (impaired glucose tolerance without overt hypergly-
cemia) [30, 67]. In humans, prediabetes, specifically small
elevations in fasting blood glucose levels and impaired
glucose tolerance, has been shown to be associated with
microstructural abnormalities in white matter tracts [16].
Insulin resistance, another hallmark of prediabetes, is
associated with increased myelin water fraction in cog-
nitively unimpaired adults [68]. Using several transgenic
mouse lines, insulin signaling has been shown to be cru-
cial for oligodendrocyte genesis and function [69-73]. In
line with these studies, we found a female-specific nega-
tive association between glucose intolerance and mature
oligodendrocytes labeling density in the CC, supporting
that females are more vulnerable to the effects of a HF

Page 11 of 17

diet than males. Other studies have hinted at a mecha-
nism, showing that HF diet-induced loss of oligodendro-
cytes is associated with increases in oxidative stress and
mitochondrial dysfunction [74]. Whether similar mech-
anisms underlie our findings is yet to be investigated,
especially in regard to females. Although the diet seemed
to have altered the white matter pathology especially in
females, we do not find any correlation between this and
their behavioral outcome, suggesting that white matter
loss or damage may not be the leading underlying cause
of cognitive impairment.

Microglia, as resident immune cells of the CNS, play
a key role in the neuroinflammatory response to vari-
ous insults, including cerebrovascular damage. Sex dif-
ferences have been described in microglia, with female
microglia generally having higher phagocytic capacity,
greater expression of phagocytosis receptors, and greater
expression of cellular repair and inflammatory control
genes [75, 76]. Conversely, male microglia in general
have higher migration capacity and are more reactive
[75, 76]. While we did observe similar patterns of higher
phagocytic ameboid microglia in control sham females vs
males, these findings did not rise to the level of statistical
significance.

HF diet is known to induce microglia activation in vari-
ous areas of the brain, including the CC and hippocam-
pus in young mice [77-81]. Interestingly, Sherman et al.
observed that HF diet induced microglia activation in the
CC of male but not female 6-month-old mice, which is
in agreement with the sex differences we observed in our
15-month-old mice [77]. We found that HF diet led to a
male-specific increase in microglia cell density in the CC
and an increase in reactive and phagocytic microglia in
both the hippocampus and CC. This sex difference was
further exacerbated by a decrease in reactive and phago-
cytic microglia in the CC of HF-fed females. The effects
in males are in line with our previous work in young mice
showing that HF diet leads to an increase in microglia
(Ibal+% area covered) and phagocytic microglia (Ibal+/
CD68+% area covered) in males but not females in the
dentate gyrus of the hippocampus [20]. However, the
effects we observed of HF diet on female microglia were
unexpected given their increased metabolic and cognitive
impairment. Microglia and infiltrating macrophages have
been known to adopt an anti-inflammatory a state char-
acterized by the expression of several markers including
Argl [44-47]. We found that Argl mRNA expression
was increased in males, but decreased in females on a
HF diet. This decrease in females may lead to an overall
increased proinflammatory status compared to males
despite the lower density of ameboid microglia. How-
ever, these findings are limited to mRNA changes and
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need further confirmation. A recent study using a mouse
model of cortical photothrombotic ischemic stroke,
found more severe ischemic injury exacerbated neuronal
damage and an increased the inflammatory response in
animals in which Argl+ microglia/macrophages were
depleted [82]. This study used younger animals with no
specification of sex. Further investigations are needed
to better shed light on the status of microglia, especially
since recent studies have shown that the same microglia
cell can express both pro- and anti-inflammatory mark-
ers at the same time [83].

Less is known about the effects of HF diet on micro-
glia in the context of VCID. We have previously shown in
young male mice that a combination of HF diet and VCID
led to an increase in glia activation in the CC and hip-
pocampus [27]; however, this was a single-sex study. In
the current study, we show that on a HF diet, males show
an increase in reactive phagocytic microglia as opposed
to females that show a decrease. This is first study assess-
ing sex differences in VCID; however, our findings are in
in line with findings in other neurological diseases. In a
model of traumatic brain injury, HF diet has also been
shown to increase microglia activation in brains of HE-
fed male but not female mice [77]. In addition, the micro-
glial response 30 days after traumatic brain injury in
HE-fed mice was significantly lower in females compared
to males in both the CC and hippocampus [77]. Thus,
this data is in line with the similar response we observed
4 months after VCID. With aging, female microglia have
been shown to lose their ability to adapt their phagocytic
activity to inflammatory conditions in vivo [75]. This
might explain why in our middle-aged HF-fed females
we did not observe an increase in reactive or phagocytic
microglia compared to their controls. Alternatively, the
timing of the inflammatory response following VCID
could be different in females. Here, we examined out-
comes 4 months post-VCID surgery; further longitudinal
studies would be needed to investigate sex differences in
the timing of the inflammatory response.

Correlations were run to determine relationships
between microglia and cognitive function overall and
separately by sex. We found a negative association
between phagocytic microglia in the hippocampus and
episodic-like memory in both sexes. This is supported by
a study showing that HF diet-induced cognitive decline
was associated with an increase in microglia activation
and phagocytic activity (CD68+) in the hippocampus
[84]. Synapse phagocytosis by microglia was identified
as an underlying mechanism: through pharmacologi-
cal inhibition of microglial activation, dendritic spine
loss and cognitive degradation were prevented [84]. This
study was conducted in young male mice, leaving the
question of whether a similar mechanism is observed
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in females unanswered. In this study, however, we show
that the response of microglia to HF diet is sex-specific
with a surprising decrease in females. Further studies
are needed to elucidate the mechanisms by which HF
diet affects microglia and how they might differ between
sexes.

Similar to the effects of HF diet on microglia, we found
sex differences in the effects of HF diet on inflamma-
tory gene expression in the hippocampus. Females fed
a HF diet had a decrease in proinflammatory cytokine
expression. This finding was surprising, as obesity has
been associated with an increase in neuroinflammation
[85-89], although the majority of these studies have been
conducted exclusively in males or young animals. Studies
suggest that having IL-1p levels that are either too high
or too low can have detrimental effects on memory. For
example, overexpression of IL-1B impairs learning and
memory [90, 91]; however, mice lacking IL-1p also have
worse spatial memory than control mice [92]. Our data
provide further support that very low IL-1p levels may
be linked to impaired memory. Indeed, we observed
a correlation between decreased levels of IL-1p in the
hippocampus and worse MWM performance in female
mice. We had previously reported, in these same mice,
that females were more susceptible to the metabolic
effects of HF diet, as they showed greater visceral fat
accumulation [30]. Further, HF diet led to an increased
expression of TNF-a mRNA in their visceral fat [30]. This
could lead to high levels of circulating TNF-a originating
from visceral fat in females which might explain the low
levels needed to be produced locally in the brain. How-
ever, all these findings were based on RNA expression
and may not necessarily be reflected on the protein level.
Further experiments are needed to test this hypothesis.

We observed similar sex-specific effects of HF diet on
pro-resolving ANXA1/FPR2. ANXA1l was increased
in HF diet-fed males compared to females, whereas its
receptor, FPR2, was decreased in HF diet females. This
might indicate that the HF diet may disrupt the ANXA1-
FPR2 signaling pathway differently in females than in
males. Much of what is known about the function of
ANXA1/FPR2 in the context of metabolic disease is in
the periphery. Plasma ANXAL1 is increased in patients
with type 2 diabetes compared to normoglycemic con-
trols and is positively correlated with degree of metabolic
impairment [93]. ANXA1 KO mice fed a HF diet show
greater metabolic impairment than HF-fed WT mice
[93]. ANXA1 deficiency has been shown to exacerbate
renal and kidney pathology and lipid accumulation in
diabetic mice, while its mimetic ameliorates these effects
[94]. One study showed that insulin-resistant male mice
lacking ANXA1 displayed worse vascular dysfunction
in peripheral vessels [95]. It is unknown whether similar
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effects exist in cerebral vessels. One mechanism behind
the sex differences we observed might be the influence
of sex hormones. ANXA1 is regulated by estrogens in
multiple cell types, including microglia. In vitro studies
using primary microglia cultures from female mice have
shown that estradiol treatment increases production and
release of ANXA1, which enhances phagocytic clearance
of apoptotic cells by microglia. ANXAI via its receptor
FPR2 has been shown to mitigate cerebrovascular injury
by limiting immune cell infiltration and pro-inflamma-
tory thrombotic cytokine production in mouse models of
ischemic stroke [96—-98]. ANXA1 KO mice exhibit greater
inflammation, larger infarct volume and worse cogni-
tive impairment than controls [99]. Further, mice lacking
FPR2 have been shown to suffer greater cerebrovascular
damage [98]. Similar protective effects of ANXA1 were
found in a model of retinopathy, with ANXA1 KO mice
having worse outcomes [100]. However, all these studies
were conducted exclusively in young male mice. Given
these pro-resolving actions of ANXAL in cerebrovascular
disease, its reduction in the hippocampus of our HF-fed
females could contribute to the worse vascular outcomes
(lower CBF) and hippocampal-dependent cognitive defi-
cits we previously observed. Studies have demonstrated
an important role of endothelial cells and pericytes in
VCID pathology. Further, diabetes is associated with
changes in cerebrovascular structure, capillary rarefac-
tion, angiogenesis, and impaired blood brain barrier per-
meability [50-55]. In support of this, our preliminary
results indicated a decrease in expression of endothelial,
pericyte, and BBB genes in HF-fed, prediabetic females.
Our results suggest that a dysregulated inflammatory
response might be an underlying cause of cognitive
impairment in females. Future studies are needed to fur-
ther investigate the relationship between this dysregula-
tion of inflammatory responses in females and impaired
vascular function.

Perspectives and significance

This is the first study to examine sex differences in the
interaction between VCID and metabolic disease on neu-
ropathology. We identified several sex-specific pathologi-
cal outcomes in white matter and neuroinflammation.
These data highlight the need for future studies elucidat-
ing the causal mechanisms in the development of this
pathology, which are likely to be different between males
and females. One limitation of the current study is lower
than anticipated samples sizes due to premature death or
illness of these 15-month-old mice with multiple comor-
bidities (high fat diet and VCID model). The underlying
mechanism of these sex differences could be related to
effects of sex hormones, sex chromosomes or differences
in the effects of some risk factors that could be sex specific
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[101-103]. It is also possible that the timing of neuroin-
flammation and white matter loss following HF diet or
chronic cerebral hypoperfusion/VCID onset could differ
in males and females. While this study focused on long-
term effects, time course studies would also provide valu-
able information. Aside from the white matter changes
and neuroinflammation assessed in the current study,
there may be sex differences in other underlying patholo-
gies that were outside the scope of the current study (e.g.,
synaptic loss, blood brain barrier damage, and/or periph-
eral immune responses). Further studies are underway
that are needed to fill these gaps in knowledge. In a clini-
cal context, the current study adds to our understanding
of sex differences in underlying neuropathology of VCID
in the presence of a common risk factor (obesity/predia-
betes). This information is crucial for the development of
effective, sex-specific therapeutic interventions for VCID.
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Additional file 1: Figure S1. Representative images of white matter
labeling. Representative images of myelin basic protein labeling and

CC1 labeling are shown for all experimental groups. Scale bar 200 pm.
M=males F =females, Ctrl = control diet, HFD = high fat diet. Figure

S2. Correlations between metabolic and behavior measures with white
matter parameters. Pearson correlation matrices representing the rela-
tionships between metabolic, cognitive, and white matter in the CCand
the hippocampus of males and females combined as well as each sex
separately. GTT AUC: area under the curve from the glucose tolerance test,
high GTT AUC indicates greater glucose intolerance; MWM % in target
quadrant: % of the time spent in the target quadrant of the probe trial of
the MWM test, higher percentage indicates better spatial memory; NORI:
novel object recognition index, which is calculated as % time spent with
the novel object in the testing trial of the NOR test, higher percentage
indicates better episodic-like memory. Pearson r values are presented in
black, p-values are presented in blue font, *p <0.05, **p < 0.01 significant
correlation; Green: positive correlation, Blue: negative correlation. Figure
S3. Representative images of microglia labeling. Representative images
of Iba1 and CD68 labeling are shown for all experimental groups. Scale
bar 200 pm. M =males F =females, Ctrl=control diet, HFD = high fat diet.
Figure S4. Correlations between metabolic and behavior measures with
microglia. Pearson correlation matrices representing the relationships
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between metabolic, cognitive, and Iba1 area density as well as microglial
cells in the CCand the hippocampus of males and females combined

as well as each sex separately. Iba1 labeling was quantified in the whole
hippocampus and cells were counted in the CA1. GTT AUC: area under
the curve from the glucose tolerance test, high GTT AUC indicates greater
glucose intolerance; MWM % in target quadrant: % of the time spent in
the target quadrant of the probe trial of the MWM test, higher percentage
indicates better spatial memory; NORI: novel object recognition index,
which is calculated as % time spent with the novel object in the testing
trial of the NOR test, higher percentage indicates better episodic-like
memory. Pearson r values are presented in black, p-values are presented
in blue font, *p <0.05, ***p <0.001 significant correlation; Green: positive
correlation, Blue: negative correlation. Figure S5. Correlations between
metabolic and behavior measures with inflammation-related markers
expression in the hippocampus. Pearson correlation matrices representing
the relationships between metabolic, cognitive, with Iba1, inflammatory
markers, anti-inflammatory marker Arg1 and pro-resolution factors in

the hippocampus of males and females combined as well as each sex
separately. GTT AUC: area under the curve from the glucose tolerance test,
high GTT AUC indicates greater glucose intolerance; MWM % in target
quadrant: % of the time spent in the target quadrant of the probe trial of
the MWM test, higher percentage indicates better spatial memory; NORI:
novel object recognition index, which is calculated as % time spent with
the novel object in the testing trial of the NOR test, higher percentage
indicates better episodic-like memory. Pearson r values are presented in
black, p-values are presented in blue font, *p < 0.05, **p < 0.01 significant
correlation; Green: positive correlation, Blue: negative correlation. Figure
S6. HF diet leads to a decrease in vasculature associated genes in females
only. Relative expression of mMRNA of CD31, PDGFR{ and Claudin5. mRNA
levels were quantified using the AACq method and reported as fold
change relative to the males on a Ctrl diet with a sham surgery. Data are
represented as mean + SEM. 2-way ANOVA with Tukey's post hoc test
*p<0.05,**p<0.01 effect of diet. 3-way ANOVA results are reported under
the graph *p<0.05, ***p <0.001. n="5-8 mice/group. Ctrl=control diet,
HFD = high fat diet. Table S1. 2-way ANOVA Analysis. Results of 2-way
ANOVAs examining main effects of diet and VCID. Significant results are
shown in white, values trending toward significance in light gray, and
non-significant results in dark gray.
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