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A B S T R A C T

Cerebral amyloid angiopathy (CAA) is one of the common causes of lobar intracerebral hemorrhage and vascular
cognitive impairment (VCI) in the aging population. Increased amyloid plaque deposition within cerebral blood
vessels, specifically the smooth muscle layer, is linked to increased cerebral microbleeds (CMBs) and impaired
cognition in CAA. Studies in Alzheimer’s disease (AD) have shown that amyloid plaque pathology is more
prevalent in the brains of elderly women (2/3rd of the dementia population) compared with men, however, there
is a paucity of studies on sex differences in CAA. The objective of this study was to discern the sexual dichotomies
in CAA. We utilized male and female Tg-SwDI mice (mouse model of CAA) at 12–14 months of age for this study.
We evaluated sex differences in CMBs, cognitive function and inflammation. Cognition was assessed using Y-maze
(spatial working memory) and Fear Conditioning (contextual memory). CMBs were quantified by ex vivo brain
MRI scans. Inflammatory cytokines in brain were quantified using ELISA. Our results demonstrated that aging Tg-
SwDI female mice had a significantly higher burden of CMBs on MRI as compared to males. Interestingly, these
aging Tg-SwDI female mice also had significantly impaired spatial and contextual memory on Y maze and Fear
Conditioning respectively. Furthermore, female mice had significantly lower circulating inflammatory cytokines,
IL-1α, IL-2, IL-9, and IFN-γ, as compared to males. Our results demonstrate that aging female Tg-SwDI mice are
more cognitively impaired and have higher number of CMBs, as compared to males at 12–14 months of age. This
may be secondary to reduced levels of neural repair cytokines (IL-1α, IL-2, IL-9 and IFN-γ) involved in sex specific
inflammatory signaling in CAA.
1. Introduction

As the population ages, the prevalence of dementia will continue to
increase. In 2010, there were an estimated 36 million people suffering
from dementia with this number expected to increase to 115 million by
2050 (van der Flier et al., 2018; Dichgans and Leys, 2017). Vascular
cognitive impairment (VCI) is the second most common cause of de-
mentia (Smith, 2017; Jiwa et al., 2010). It encompasses a constellation of
changes in the cerebral vasculature that lead to impairments in multiple
domains of executive function, memory, and planning (Dichgans and
Leys, 2017; Khan et al., 2016). Cerebral amyloid angiopathy (CAA), or
the deposition of amyloid beta (Aβ) within cerebral blood vessels
(Iadecola, 2013), is being increasingly recognized as a common cause of
VCI. CAA is a neurodegenerative disease characterized by depositions of
aggregated Aβ in the media and adventitia of small and medium sized
arteries of the cerebral cortex (Charidimou et al., 2017). This
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accumulation of Aβ causes impairment of the brain microvasculature via
inflammation, leading to cerebral microbleeds (CMBs) (Freeze et al.,
2019). Using the Boston Criteria for diagnosis of CAA, CMBs (detected on
brain MRI) are the major hallmarks of CAA in patients (Smith and
Greenberg, 2003; Greenberg and Charidimou, 2018). These CMBs can
extend to lobar hemorrhages and further contribute to morbidity and
mortality in the elderly (Smith and Greenberg, 2003).

CAA often co-exists with Alzheimer’s disease (AD) (Farid et al., 2017)
but a significant number of CAA patients lack AD pathology. The esti-
mated general prevalence of CAA is in the range of 10 - 50% in the elderly
population and around 80% in patients with pathological features of AD
at autopsy (Auriel and Greenberg, 2012). One pathological difference is
that the longer Aβ42 protein is associated with AD, while the shorter
protein, Aβ40 is the dominant misfolded protein in CAA (Zipfel et al.,
2009). Sex differences exist in dementia and AD, with women being
affected more than men (Mazure and Swendsen, 2016; Gannon et al.,
ril 2021
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2019). In individuals with AD, men outperform women in episodic, se-
mantic, non-semantic, visuo-spatial and verbal memory tasks (Sunder-
mann et al., 2016; Irvine et al., 2012). This is attributed to women having
enhanced and earlier progression to cognitive impairment as compared
to men (Laws et al., 2016). In late-onset familial AD, which is associated
with the apolipoprotein E (APOE)-epsilon4 allele, women demonstrate a
higher risk of developing AD at younger ages than men (Payami et al.,
1996; Neu et al., 2017). Since AD and CAA share some pathological
features (Aβ deposition), sex differences may also exist in CAA, however,
this has been understudied. The aim of this study was to determine if sex
differences exist in CAA using a transgenic mouse model that harbors the
Swedish, Dutch, and Iowa mutation (Tg-SwDI mice) (Davis et al., 2004).
We used male and female Tg-SwDI (12–14 months old) mice that are
symptomatic for CAA to study cognition, CMB’s and inflammatory
cytokines.

2. Materials & methods

2.1. Animal model

Transgenic mice (Tg-Thy1-APPSwedish/Dutch/Iowa) BWevn/Mmjax-
SwDI (Davis et al., 2004) purchased from Jackson Laboratories were
bred and aged in house. Aged (12–14 month) Tg-SwDI male and female
mice were used for all experiments.

2.2. Animal housing

Animals were housed in the Center for Laboratory Animal Medicine
and Care at the University Of Texas Health Science Center. Housing
conditions conformed to Association for Assessment and Accreditation of
Laboratory Animal Care International, IACUC, and protocol standards
(Animal Welfare Committee-18-0128). Mice were maintained and aged
at an ambient temperature in a humidity controlled vivarium and had
access to food and water ad libitum. Vivarium rooms were on a 12-h
light-dark cycle (6:30-18:30).

2.3. Behavior

Behavioral experiments (Y-maze and Fear Conditioning) were per-
formed by two experimenters. Experimenter 1 performed all behavioral
experiments and experimenter 2 analyzed the data blinded to sex. All
behavioral experiments were video-recorded using Noldus EthoVisionXT
Video Tracking Software (Noldus et al., 2001) and saved to a dedicated
UT Health network drive. For Y-maze, experimenter 1 recorded arm
entries over a 5 minute trial and experimenter 2 used the exported data
for calculation and analysis. For Fear Conditioning, experimenter 1
performed three trials (Training, Shock, and Test) using Noldus EthoVi-
sion XT. Fear Conditioning videos were analyzed using Noldus EthoVi-
sionXT software; exported data was provided to experimenter 2 for
analysis. Behavior experiments were consistently performed at the
beginning of animals’ light cycle, at 06:30 each day.

2.3.1. Y-maze
Cognitive deficits in spatial working memory were assessed as

changes in percent (%) alternation and total arm entries using Y-maze
(Holter et al., 2015; Wang et al., 2017; Knowles et al., 2013). Briefly,
mice were placed in the start arm of Y-maze and allowed to explore for 5
minutes. Arms were labeled A, B, and C; all mice started in arm A.
EthoVisionXT tracking software and experimenter 1 recorded the ani-
mal’s arm entries for all trials. An alternation was counted when each
armwas visited consecutively without repeats (eg. ABC, BCA, CAB). Mice
with intact working memory visit all three arms in alternation (choose
the novel arm) and do not return to the recently explored (familiar) arm
immediately. Total arm entry included each arm visited regardless of
order. Percent alternation (% Alternation) was calculated as (Total
number of alternations)/(Total arm entries - 2) * 100, as described
2

previously (Tucker et al., 2016). A decreased % Alternation indicates
impaired spatial working memory (Tucker et al., 2016).

2.3.2. Fear Conditioning
Contextual memory was assessed as Cumulative Duration (seconds) of

Inactive State (inactivity/freezing) using fear conditioning through shock
habituation (Bergstrom, 2020; Lugo et al., 2014). For all tests (Training,
Shock, and Testing), mice were placed inside a 12”W by 10”D by 12”H
rectangular box. Mice underwent three phases for hippocampal learning
and memory, Phase 1 Training/Acclimation, Phase 2 Shock, and Phase 3
Memory Testing. For Phase 1 Training/Acclimation, mice were placed in-
side the box with the chamber light on to acclimate for 2 min. Mice were
then returned to their home cage for 60 minutes. Following 60-minutes,
mice were returned to the chamber for Phase 2. For Phase 2, mice under-
went the sameconditions asPhase1,but at the2-minmark, a1000μAshock
was administered for 2milliseconds.Micewere then returned to their home
cage for 24 hours. For Phase 3 memory testing, mice were placed in the
chamberwith the light on for 3minutes under the same conditions as Phase
1 and 2. EthoVisionXT tracking software recorded Mean Inactive State
(MIS), the freezing behavior, in seconds for all phases in 60-second in-
tervals. The first 60 seconds of MIS for Training and Testing phases was
analyzed to determine difference in inactivity (Testing-Training) or the
Delta Inactive State (DIS) (Pham et al., 2009). Decreased freezing behavior
(DIS) after the shock is an index of impaired contextual memory.

2.4. Imaging

2.4.1. Magnetic resonance imaging (MRI)
Following behavioral testing, mice were euthanized, as described

previously (Manwani et al., 2011). Briefly, mice were anesthetized
through an intraperitoneal injection of 2,2,2-tribromoethanol (Avertin).
Anesthesia was confirmed through loss of reflex response via toe pinch.
Mice were then perfused with cold heparinized 1X PBS and 4% para-
formaldehyde, and brains harvested for ex-vivo MRI. MRI study was
conducted using a 9.4 T system (Bruker BioSpec 94/20, Bruker BioSpin,
Billerica, MA USA) equipped with a BGA6 microgradient with a
maximum strength of 1000 mT/m and interfaced with ParaVision 5.1.
Images were acquired using a 30 mm mouse volume coil to transmit and
receive. A 2Dmulti-echo gradient echo, T2* weighted sequence was used
for CMB detection with the following imaging parameters: TR/TE:
1500/4 10 16 ms, FA: 30�, NA: 4, voxel size was 90 � 90 � 750 μm3.
Total imaging time was 9 min and 36 s. We also acquired a T2 weighted
RARE, anatomical dataset with the following parameters: TR/TE:
2500/24 ms; FA 1800, voxel size was 90 � 90 � 750 μm3, 10 slices and
RARE factor ¼ 4, NA ¼ 2. Total imaging time was 10 min and 40 s.

2.5. ELISA

An additional cohort of mice was sacrificed (n ¼ 8 males and 10 fe-
males) for brain cytokine analysis. A blinded investigator performed
brain cytokines level assessment using an ELISA (Bio-Plex Pro Mouse
Cytokine 23-plex assay, Bio-Rad Laboratories, M60009RDPD). Briefly,
brain hemispheres from 12-14 months old male and female Tg-SwDI
were collected and homogenized in ice-cold phosphate-buffered saline
(PBS) with protease inhibitors as described previously (Ritzel et al.,
2018). 50 μl of 10 μg/μl of whole brain lysate was loaded in each well.
Each sample was run in duplicate. Samples were assayed according to the
manufacturer’s instructions using a Bio-Plex® 200 system. The observed
concentrations on the calibration curve were in the following ranges;
IL-1α (2.28 – 8543.87 pg/ml), IL-2 (5.23 – 18263.05 pg/ml), IL-9 (15.4 –

15955.63 pg/ml), and IFN-γ (2.75 – 11801.31 pg/ml).

2.6. Statistical analysis

Descriptive statistics and scatter dot plots were presented for different
variables. Normality of the data for each variable was checked and



Fig. 2. Fear Conditioning to test contextual memory for Tg-SwDI female (n ¼ 9)
vs Tg-SwDI male (n ¼ 14) at 12–14 months of age. Delta Inactive State was
calculated using first 60 seconds of Training (pre-shock) – Testing (post-shock)
to determine “freezing” behavior. Female mice demonstrated a significant
reduction in Delta Inactive State or decreased freezing time compared to male
mice, suggesting deficits in contextual memory. * indicates p < 0.01.
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confirmed. Unpaired two-sample t-test was used to compare variables be-
tweenmale and female. P value less than0.05was consideredas significant.
Graph Pad Prism 7.03 was used for statistical analysis and graphing.

3. Results

3.1. Behavior

3.1.1. Y-maze
To determine differences in spatial working memory, aging female

and male mice underwent Y-maze testing. Measurements included Total
Arm Entry and% Alternation. There was no difference in Total Arm Entry
between Tg-SwDI female (26.11� 3.19, n¼ 9) and male (25.78� 3.475,
n ¼ 9), (t (16) ¼ 0.070, p ¼ 0.944) mice (Fig. 1A). Interestingly, female
mice exhibited a significant decrease in % Alternation (48.23 � 4.077, n
¼ 9) compared to male mice (62.49� 4.439, n¼ 9), (t (16)¼ 2.367, p¼
0.031) (Fig. 1B), indicating a significantly impaired spatial working
memory in females compared to males.

3.1.2. Fear conditioning
Differences in contextual memory were assessed using Fear Condi-

tioning. There was a significant difference in the Delta Inactive State
(difference between Testing and Training) or freezing behavior in female
(24.56 � 3.1, n ¼ 9) versus male mice (36.73 � 3.05, n ¼ 14), (t (21) ¼
2.668, p ¼ 0.014) (Fig. 2). The significant reduction in Delta Inactive
State (freezing behavior) in females demonstrates their decreased
cognitive ability to associate the environment with a prior negative
stimulus (shock).

3.2. Imaging

3.2.1. MRI
Ex-vivo brains were imaged to determine sex differences in total

CMBs for female and male Tg-SwDI mice. At 12–14 months of age, fe-
males (16.75 � 3.4, n ¼ 4) had significantly more CMBs as compared to
males (3.25� 1.25, n¼ 8), (t (10) ¼ 4 0.635, p¼ 0.009) (Fig. 3A and B).

3.3. ELISA

Inflammatory cytokine markers were measured using ELISA cytokine
assay in brain tissue lysate of 12–14 month old Tg-SwDI female (n ¼ 8)
and male (n ¼ 10) mice. Female mice had significantly lower concen-
trations of Interleukin-1α (IL-1α) (18.89� 1.604 pg/ml) vs. males (25.24
� 1.235 pg/ml), (t (13.94) ¼ 3.134, p ¼ 0.007). Interleukin-2 (IL-2)
levels were also significantly lower in females (27.31 � 2.452 pg/ml) vs.
males (35.43 � 1.817 pg/ml), (t (13.61) ¼ 2.662, p ¼ 0.018). Similarly,
Interleukin-9 (IL-9) was lower in females (30.64 � 4.549 pg/ml) vs.
males (44.88 � 2.462 pg/ml), (t (9.415) ¼ 2.309, p ¼ 0.018). and,
Interferon-gamma (IFN-γ) was also found to be lower in females (36.97
� 3.76 pg/ml) vs. males (50.84 � 3.011 pg/ml), (t (14.29) ¼ 2.878, p ¼
0.012) (Fig. 4).
3

4. Discussion

Our study demonstrates that sex differences exist in Tg-SwDI, a mu-
rine model of CAA. We found that females have higher number of CMBs
(on MRI) and poor spatial and contextual memory (on Y-maze and Fear
Conditioning behavioral tasks) as compared to males. This is the first
study to demonstrate sex differences in a murine model of CAA using
symptomatic Tg-SwDI mice. These transgenic mice express the human
APP gene (isoform 770) containing the Swedish (K670N/M671L), Dutch
(E693Q), and Iowa (D694N) mutations under the mouse Thy1 promotor
and develop Aβ deposits primarily in the cerebral microvasculature,
simulating CAA pathology (Davis et al., 2004). They develop VCI which
has been detected on the Barnes Maze task in homozygotes at 3, 9, and 12
months of age. Tg-SwDI recapitulate CAA type 1 that has mostly capillary
CAA, but unlike other mouse models, it also models the vascular neu-
roinflammation associated with CAA (Jakel et al., 2017). Perivascular
and vascular Aβ deposits can be detected starting at three months of age
and the pathology is extensive by 12 months of age (Van Vickle et al.,
2008). Therefore, we used 12–14 month old mice to study sex
differences.

Sex differences have been described in AD. However, sexual di-
chotomies in CAA, that shares some pathological features with AD, are
less well defined. With the advancement in small animal MRI technology,
it is now possible to visualize CMBs, the hallmark of a possible or prob-
able CAA diagnosis in humans (Greenberg and Charidimou, 2018). In our
study, MRI T2 star imaging demonstrated that Tg-SwDI female mice had
significantly more CMBs than age matched males. This is consistent with
studies in APP/PS1 and transgenic mice expressing human APOE, where
Fig. 1. Spatial working memory test using Y-
maze for Tg-SwDI female (n ¼ 9) vs Tg-SwDI
male (n ¼ 9) at 12–14 months of age, A)
Total Arm Entry and B) % Alternation. Total
testing time per trial of 5 minutes demon-
strated no difference in Total Arm Entry be-
tween female and male mice (A), but female
mice demonstrated a significant reduction in
% Alternations, or inability to distinguish the
novel arm versus familiar arm, compared to
male mice. This suggests a more impaired
spatial working memory in females, * in-
dicates p ¼ 0.03.



Fig. 3. A. MRI for cerebral microbleeds (CMBs) in Tg-SwDI female (n ¼ 4) vs Tg-SwDI male (n ¼ 8) at 12–14 months age. Female mice had significantly more total
CMBs compared to male mice. *** indicates p ¼ 0.009. Fig. 3 B. Top panel- Females, Bottom panel-males. Left panel: T2 anatomy scan (A and C), Right panel showing
T2 star sequence on MRI (B and D). Arrows demonstrate the cerebral microbleeds (CMBs).

Fig. 4. Inflammatory cytokines identified by ELISA from whole brain tissue lysate in Tg-SwDI female (n ¼ 8) vs male (n ¼ 10) mice at 12–14 months of age.
Concentrations are represented in pg/ml. Sex differences were identified in four inflammatory cytokine markers with male Tg-SwDI mice having significantly higher
concentrations of A) IL-1α, B) IL-2, C) IL-9, and D) IFN-γ, when compared to female Tg-SwDI mice. * IL-1α, p ¼ 0.007**; IL-2, p ¼ 0.01; IL-9, p ¼ 0.01, and IFN-γ, p
¼ 0.012.
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females had greater CMBs, as detected by immunohistochemistry (Jiao
et al., 2016; Cacciottolo et al., 2016). There is a correlation of CMBs with
the levels of Aβ (Cacciottolo et al., 2016) and female mice have been
shown to have a greater Aβ burden than males (Callahan et al., 2001) in
4

Tg human amyloid precursor protein (hAPP), Tg-2576, and human APP
with the Swedish & presenilin-1 A246E mutation-APP/PS1 mice (Wang
et al., 2003). In contrast to these studies in animal models, studies in
human autopsy samples from AD patients found increased CAA severity
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in men, as suggested by levels of Aβ (Shinohara et al., 2016; Nelson et al.,
2013). One study found more CMBs on MRI in men with AD in associ-
ation with APOE4 allele than women (Cacciottolo et al., 2016). This
disconnect in mouse and human studies may be secondary to the pres-
ence of CMBs related to hypertension, a condition that is more commonly
seen in men. In addition, studies on CMB load are difficult in humans as
there are multiple other co-morbidities (like hypertension, which also
causes CMBs), different ages and even different disease stages when
autopsies or MRIs are done. Moreover, the autopsy studies have been
done in patients with AD/other forms of dementia and when comorbid
with CAA, the prevalence of CMBs and the cause of CAA (hereditary,
sporadic or AD-related) may become difficult to distinguish.

In line with sex difference in CMBs on MRI, we observed sexual
dimorphism in both spatial and contextual working memory behavioral
tasks. Alternation/exploration of different arms of the Y maze was used
as a gauge of spatial working memory (Tucker et al., 2016). Aging fe-
males chose the familiar arm significantly more than the novel arm,
demonstrating impaired spatial working memory. Contextual memory
was tested using fear conditioning (Pham et al., 2009).When introduced
into an environment where an aversive stimulus (shock) is previously
administered, a freezing behavior/inactivity is expected as the mouse
associates the environment with the aversive stimulus (Curzon et al.,
2009). Aging female mice had significant lack of freezing behavior,
suggesting deficits in associative learning or impaired memory of the
negative stimulus (Curzon et al., 2009). This is consistent with prior
studies in ADmouse models, APP/PS1/tau triple-transgenic and Tg-2576
mice where female mice demonstrated a more impaired cognition on
behavioral tasks as compared to males (Yang et al., 2018; Schmid et al.,
2019). Sexual dichotomy in cognitive deficits has also been observed in
clinical population. In AD patients, women perform poorly on verbal
memory tasks and have a faster cognitive decline compared to men
(Sundermann et al., 2016; Laws et al., 2016).Women also have more AD
pathology vs. men (Oveisgharan et al., 2018), for each additional unit of
pathology, there is a threefold increase in the odds of clinical AD in men
and 20 fold increase in women (Barnes et al., 2005). However, the eti-
ology of these sex differences in AD and CAA is not well understood.

There appears to be an inevitable role of inflammation in the for-
mation of CMBs and cognitive decline. Aβ accumulation and CMBs cause
an innate inflammatory response characterized by an increase and acti-
vation of microglia, macrophages and astrocytes (Rosidi et al., 2011).
This inflammation leads to further neuronal damage and cognitive
decline (Rosidi et al., 2011; Ungvari et al., 2017). Using a series of in vivo
two-photon imaging and histological studies, a recent study found
recruitment of microglia and monocytes/macrophages around an
induced 100 μm sized hemorrhage (Ahn et al., 2018). The increase in
these microglia is only found in AD patients who also had CAA and was
not seen in patients with no CAA, suggesting a role of microglia in
pathogenesis of CAA (Zabel et al., 2013). Microglia are known to secrete
both pro and anti-inflammatory cytokines (Smith et al., 2012), that may
have both positive (Rea, 2018; DiSabato, 2016) and negative effects
(Michaud, 2013; Newcombe, 2018; Wyss-Coray, 2016) on cognition in
aging and neurodegenerative diseases. We measured cytokine concen-
trations in brain lysates from Tg-SwDI mice and found a sex difference in
brain concentrations of IL-1α, IL-2, IL-9 and IFN-γ in symptomatic
Tg-SwDI mice. Female mice were found to have significantly lower
concentration of these cytokines as compared to males. Sexual di-
chotomies in cytokine levels in CAA have not been reported previously.
Overexpression of IL-1α causes increased microglial activation (Shaftel
et al., 2008), and decreases concentrations of APP and Aβ1-40 (Domingues
et al., 2017). With females having decreased IL-1α, their Aβ load maybe
increased correlating with increased CMBs as compared to males. IL-2
has anti-inflammatory effects (Saadoun et al., 2011) and IL-2 knockout
mice are known to have impairments in learning and memory (Petitto
et al., 2015). In an AD mouse model, IL-2 administration leads to astro-
cytic recruitment and reduction of amyloid plaques (Alves et al., 2017).
IL-9 is upregulated in AD (Taipa et al., 2019) and is known to exert its
5

anti-inflammatory properties by decreasing the activation state of mac-
rophages in other disease models (Donninelli et al., 2020). Interferon
gamma (IFN-γ) has pleiotropic effects and in a murine model of AD, ten
months of IFN-γ expression has been shown to cause microglial activation
and neurogenesis (Domingues et al., 2017; Monteiro et al., 2017; Mas-
trangelo et al., 2009). Moreover, interferon gamma (IFN-γ) has been also
shown to improve spatial working memory in wild type aging mice
(Monteiro et al., 2017; Baron et al., 2008). Our results suggest that a
sexually dichotomized immune dysregulation contributes to CAA path-
ogenesis. A paucity of neural repair (IFN- γ) and anti-inflammatory cy-
tokines (IL-1α, IL-2, IL-9) may contribute to the worst cognitive deficits
seen in female sex in our study. There may be a role of endogenous sex
hormones (Christensen and Pike, 2015, 2017), genetics or epigenetic
factors in the CAA induced differential inflammatory pathways in males
and females. Future studies on immune cell types and downstream
signaling pathways using both sexes may further decipher the mecha-
nisms of this sexual dimorphism.

Our study does elucidate the importance of using sex as a biological
variable in neurodegenerative diseases like CAA. However, our study
validated this in only one mouse model of CAA, the Tg-SwDI mice. It has
been speculated that an active estrogen response element exists on the
Thy 1 promotor of Tg-SwDI mice (using prediction analysis), but this has
not been established in-vivo (Sadleir et al., 2015). Since our findings are
in aging females (when estrogen levels are low) and consistent with prior
studies of female excess of CMBs in AD mouse models (APP/PS1) (Jiao
et al., 2016), this phenotype is less likely to be an effect of the estrogen
response element or restricted to this mouse model. Future research in
humans and in different mouse models of CAA is needed to confirm these
findings.

In summary, we report that females have more CMBs and a more
impaired cognition as compared to males in a mouse model of CAA. This
may be secondary to differences in neuroinflammatory pathways of
repair and regeneration in males and females. Future studies are needed
to understand the sexual dimorphism in CAA across the lifespan, in terms
of pathological and functional outcomes.
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