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Distinct Brain Proteomic Signatures in Cerebral Small Vessel
Disease Rat Models of Hypertension and Cerebral Amyloid

Angiopathy
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Abstract
Cerebral small vessel diseases (CSVDs) are prominent contribu-

tors to vascular cognitive impairment and dementia and can arise

from a range of etiologies. Cerebral amyloid angiopathy (CAA) and

hypertension (HTN), both prevalent in the elderly population, lead

to cerebral microhemorrhages, macrohemorrhages, and white matter

damage. However, their respective underlying mechanisms and mo-

lecular events are poorly understood. Here, we show that the trans-

genic rat model of CAA type 1 (rTg-DI) exhibits perivascular

inflammation that is lacking in the spontaneously hypertensive

stroke-prone (SHR-SP) rat model of HTN. Alternatively, SHR-SP

rats display notable dilation of arteriolar perivascular spaces. Com-

parative proteomics analysis revealed few shared altered proteins,

with key proteins such as ANXA3, H2A, and HTRA1 unique to rTg-

DI rats, and Nt5e, Flot-1 and Flot-2 unique to SHR-SP rats. Immu-

nolabeling confirmed that upregulation of ANXA3, HTRA1, and

neutrophil extracellular trap proteins were distinctly associated with

rTg-DI rats. Pathway analysis predicted activation of TGF-b1 and

TNFa in rTg-DI rat brain, while insulin signaling was reduced in the

SHR-SP rat brain. Thus, we report divergent protein signatures asso-

ciated with distinct cerebral vessel pathologies in the SHR-SP and

rTg-DI rat models and provide new mechanistic insight into these

different forms of CSVD.
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INTRODUCTION
Cerebral small vessel diseases (CSVDs) are prominent

contributors to vascular cognitive impairment and dementia
(VCID). They are common among patients in the growing
elderly population and are therefore of increasing clinical con-
cern (1–3). CSVDs describe a range of cerebral vessel-related
pathologies typically involving thrombotic events in capillar-
ies, arterioles, and small arteries that lead to parenchymal inju-
ries and white matter (WM) damage (4, 5). CSVDs arise from
various etiopathogenic origins and can be classified into 2 ma-
jor categories: amyloidal and nonamyloidal (2). Cerebral amy-
loid angiopathy (CAA), a common form of CSVD
characterized by the deposition of amyloid b-protein (Ab)
fibrils in the cerebral vasculature, occurs sporadically in
>50% of individuals over the age of 80 years and is a strong
comorbidity in the majority of Alzheimer disease (AD)
patients (6–10). Cerebral vessel deposition of Ab and resultant
vessel wall dysfunction commonly leads to cerebral microhe-
morrhages, intracerebral macrohemorrhages (ICH), WM dam-
age, and VCID (6, 8, 11, 12). CAA can present as 2 forms:
CAA type-1 where Ab deposition occurs primarily in brain
microvessels and capillaries, and CAA type-2 where amyloid
deposition resides within intracortical small arteries and arte-
rioles and surface meningeal/pial vessels (13). CAA type-1 is
characterized by capillary “dyshoric” amyloid, where fibrillar
amyloid protrudes into the adjacent parenchyma causing con-
siderable perivascular neuroinflammation (8, 13–15). Ulti-
mately, these severe vascular and perivascular pathologies
correlate with cognitive decline and dementia (16, 17).

On the other hand, nonamyloidal forms of CSVD include
lifestyle-induced disorders such as hypertension (HTN) (18), di-
abetes (19), or arteriosclerosis (20). Hypertensive arteriopathy
(HA) causes loss of blood-brain barrier (BBB) integrity and en-
dothelial dysfunction, and is another prominent cause of cere-
bral hemorrhages, WM damage, and VCID (20, 21). Diagnosed
in �70% of individuals over the age of 65, and present in 80%
of CSVD patients, HTN is a prevalent risk factor for VCID, and
is the most common cause of ICH in young adults (20, 22–24).

The preclinical transgenic rat model of CAA type 1
(rTg-DI) produces human Ab containing the Dutch (E22Q)
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and Iowa (D23N) familial CAA mutations, resulting in exten-
sive cerebral microvascular amyloid deposition and severe
perivascular inflammation (25, 26). Recently, we reported re-
gional proteomic analysis, using Sequential Acquisition of all
Theoretical Mass Spectra (SWATH-MS), of several brain
regions isolated with laser capture microdissection from 12-
month rTg-DI rat brains that revealed many proteins com-
monly elevated in all regions presenting significant vascular
amyloid deposition and perivascular inflammation, as well as
proteins specific to the thalamus where more severe vasculo-
pathies such as small vessel occlusions and microhemorrhages
occur (27). On the other hand, the spontaneously hypertensive
stroke-prone rat (SHR-SP) is a well-documented preclinical
model for HTN- and HA-related nonamyloidal CSVD pathol-
ogy (21, 28–30).

While amyloidal and nonamyloidal CSVDs have dis-
tinct origins, interplay between the 2 has been suggested (21,
31). Furthermore, studies performed in the SHR-SP rat model
reported that HTN and HA can result in failed Ab clearance,
and that CVSD arising from HTN may lead to the develop-
ment of CAA (21, 31). Despite the prevalence and significant
clinical burden of these 2 common CVSDs, the underlying
molecular mechanisms responsible for CAA- or HTN-related
vasculopathies and neuropathic presentations are not fully
understood.

Regardless of their different etiologies, HTN and CAA
share a convergence of clinical pathologies, including cerebral
microhemorrhages, cerebral infarction, and WM damage. The
goal of the present study was to compare brain proteomic anal-
ysis in a model of amyloidal CSVD (rTg-DI) and nonamyloi-
dal CSVD (SHR-SP) to identify distinct, and potentially
common, proteins and pathways responsible for the respective
pathologies observed in each model. Here, we conduct brain
SWATH-MS proteomic analysis of the rTg-DI and SHR-SP
rat models and reveal comparatively largely different pro-
teomes in each. Additionally, we perform pathway analysis to
define regulators and causal networks specific to each model.
Thus, we report differential proteomic and pathway signatures
for each model of CSVD and describe novel findings to better
understand the mechanisms underlying their pathogenesis.

MATERIALS AND METHODS

Animals
All work with animals was approved by the University

of Rhode Island Institutional Animal Care and Use Committee
and in accordance with the United States Public Health Serv-
ice’s Policy on Humane Care and Use of Laboratory Animals
was and in compliance with the ARRIVE guidelines. The
rTg-DI rat model was generated as previously described (25).
Briefly, rTg-DI rats, generated on a Sprague-Dawley (SD)
background, express low levels of human Swedish/Dutch/
Iowa mutant AbPP under the control of the neuronal-specific
Thy1.2 promoter and results in production of chimeric Dutch/
Iowa CAA mutant Ab peptides in the brain (25). Microvascu-
lar Ab accumulation and perivascular inflammation begin at
�3 months of age and increase in a time dependent manner
(25). SHR-SP rats were obtained from Charles River Labora-

tories, Kingston, NY. For the present study, rTg-DI rats
(5 female þ 5 male), SHR-SP rats (3 female þ 3 male), and
SD wild-type (WT) rats (5 female þ 5 male) were all aged to
12 months. The study was not randomized or blinded. All rats
were housed in a controlled room (22 6 2�C and 40%–60%
humidity) on a standard 12-hour light cycle. Rat chow and wa-
ter were available ad libitum.

Brain Tissue Collection and Preparation
Anesthetized rats were transcardially perfused with PBS

and the brains surgically removed. Rat brains were then
bisected in the midsagittal plane, with 1 hemisphere subse-
quently fixed in 4% paraformaldehyde for immunohistochemi-
cal analysis and the other hemisphere directly snap-frozen and
pulverized on dry ice for protein MS analysis.

Immunolabeling and Histological Analyses
Tissue sections were cut from frozen paraformaldehyde-

fixed brain hemispheres in the sagittal plane at 25-mm thick-
ness using a cryostat (Leica, Buffalo Grove, IL) and placed on
slides. Antigen retrieval was conducted via 5-minute incuba-
tion with proteinase K (0.2 mg/mL) at 22�C. Tissue sections
were then blocked in Superblock blocking buffer (37518,
Thermo Fisher, Waltham, MA) containing 0.3% Triton X-100
at room temperature for 30 minutes and incubated with indi-
vidual primary antibodies at the following dilutions overnight:
rabbit polyclonal antibody to collagen IV to identify cerebral
blood vessels (1:250, SD2365885, Invitrogen, Waltham, MA);
goat polyclonal antibodies to glial fibrillary acidic protein
([GFAP], 1:250, ab53554, Abcam, Cambridge, UK) or ionized
calcium-binding adapter molecule 1 ([Iba-1], 1:250, NB100-
1028, Novus, St. Louis, MO) used to identify astrocytes and
microglia, respectively, and rabbit polyclonal antibodies to
Annexin A3 (ANXA3, 1:250, PA5082483, Invitrogen),
HTRA1 (1:200, MAB2916, R&D Systems, Minneapolis,
MN), neutrophil elastase (NE) (1:250, RRID# AB_2746314,
Invitrogen), and histone 2A (1:250, RRID# AB2735313, Invi-
trogen). Alexa Fluorescent 594- or 488-conjugated secondary
antibodies (1:1000) were used for primary antibody detection.
Deposits of fibrillar vascular amyloid were detected by stain-
ing with either thioflavin S (123H0598, Sigma-Aldrich, St.
Louis, MO) or Amylo-Glo (TR-300-AG, Biosensis, Inc., The-
barton, Australia) as described by the manufacturer. Prussian
blue iron staining was performed to detect hemosiderin depos-
its reflecting signs of previous microbleeds (25, 32). Von
Kossa calcium staining was used to detect calcified small ves-
sel occlusions in the brain (25, 33). Immunolabeled and histo-
logical images were collected with the Keyence BZ-X710
Microscope (RRID: SCR_017202) and analyzed with the
Keyence BZ-X Analyzer Software Version 1.3.1.1 (Keyence
Corp., Osaka, Japan).

The density of microglia and astrocytes was quantified
in the regions of the cortex, thalamus, and hippocampus of
rTg-DI, SHR-SP, and age-matched WT rats using stereologi-
cal principles (26, 27) The total numbers of microglia and
astrocytes were estimated using the Stereologer software sys-
tem (Systems Planning and Analysis, Alexandria, VA). Every
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tenth section cut at 25mm was selected and generated �20
sections per reference space in a systematic-random manner.
Immunopositive cells were counted using the optical fraction-
ator method with the dissector principle and unbiased counting
rules (26, 27). A minimum of 8–10 reference spaces within
each brain region from each slide were randomly selected for
counting. Criteria for counting cells required that cell bodies
exhibited positive GFAP or Iba-1 immunostaining, for astro-
cytes or microglia, respectively. Statistical significance was
determined by 2-way ANOVA.

For perivascular space (PVS) area measurements, multi-
ple brain tissue sections (4–6 sections per animal) were stained
with hematoxylin and eosin. A total of 30 random cortical
arterioles were imaged per animal. The total area occupied by
the PVS and vessel together and area of vessel alone was mea-
sured utilizing the area measurement tool on the Keyence BZ-
X Analyzer Software. The vessel area was then subtracted
from the total area to reveal the PVS area. A ratio of PVS area
to vessel area was then calculated for each animal. Animals
from each cohort (n¼ 3) were pooled for a total of 90 PVS
determinations for comparison. Statistical significance was
determined by 1-way ANOVA.

Protein Digest of Collected Brain Tissue Regions
Aliquots from pulverized whole brain tissue from SHR-

SP (n¼ 6), rTg-DI (n¼ 10), and WT (n¼ 10) rats were lysed
in RIPA buffer via sonication, and proteins were denatured
with 25mL DTT (100 mM) and 15-minute shaking (300 rpm)
incubation at 95�C. Twenty-five microliters IAA (200 mM)
was added for alkylation, and samples were incubated at 20�C
in the dark for 30 minutes. Proteins were then precipitated and
concentrated via chloroform-methanol-water (1:2:1) precipita-
tion and resuspended in sodium deoxycholate ([DOC], 3% w/v
in 50 mM ammonium bicarbonate). Pressure cycling technol-
ogy was used for proteins digestion with TPCK-treated trypsin
at a concentration of 1:20 (trypsin:protein) (Sciex, Framing-
ham, MA), in a barocycler (Pressure Biosciences Inc, Easton
MA) as previously described (27, 34). Formic acid (5% v/v, in
50% v/v acetonitrile in water) addition for final concentration
of 0.5% v/v, followed by centrifugation (15 300g, 5 minutes,
at RT) was performed to precipitate the DOC. Sample super-
natants were then collected and subjected to LC-MS/MS
analysis.

Analysis by LC-QTOF/MS
Proteomic experiments using a SCIEX 5600 TripleTOF

mass spectrometer, in positive ion mode using a DuoSpray ion
source (AB Sciex, Concord, Canada), following chromato-
graphic separation using an Acquity UPLC HClass system
(Waters Corp., Milford, MA) were done as previously de-
scribed (27, 34). An Acquity UPLC Peptide BEH C18
(2.1 mm� 150 mm, 300 Å, 1.7mm) column preceded by an
Acquity VanGuard precolumn (2.1 mm� 5 mm, 300 Å,
1.7mm) were used for peptide separation following the previ-
ously described solvent method (27). TOF mass calibration
was monitored with trypsin-digested b-galactosidase injected
every 5 samples. Analyst TF 1.7.1 software (AB Sciex, Con-

cord) in data-independent acquisition mode was used for data
acquisition, and mass spec settings were exactly as previously
described (27, 34).

Data Processing
Spectronaut (Biognosys, Schlieren, Switzerland) soft-

ware, referencing our previously formed in-house rat brain
spectral library (27) was used for protein identification and
quantification. Spectronaut factory defaults were used for all
settings, except “used Biognosys’ iRT kit” and “PTM local-
ization” were deselected. Using the total protein approach (35,
36), raw protein intensities were converted to molar concentra-
tions (pmol/mg total protein). We imputed a baseline concen-
tration (0.013 pmol/mg tissue) for protein concentrations of
zero in individual samples as previously described (27). Effect
threshold cutoffs for differentially expressed proteins (DEPs)
were set at �33% increase or �33% decrease, and statistical
significance of p< 0.05 determined via Student t-test. Primary
component analysis (PCA) considering the DEPs in each dis-
ease model was performed using the statistical computing
software “R,” and custom scripts in RStudio.

RESULTS

Accumulation of Vascular Amyloid in the Brains
of rTg-DI Rats but Not Hypertensive SHR-SP
Rats

We previously reported that rTg-DI rats are a compel-
ling model of CAA type-1 with robust accumulation of micro-
vascular amyloid in the cortex, hippocampus, and thalamus
(25–27). Despite being a nonamyloidal model of CSVD hy-
pertensive (HA), there have been mixed reports of cerebral
vascular amyloid accumulation and Ab deposition in the
SHR-SP model (21, 31, 37, 38). Therefore, we first sought to
determine if vascular amyloid is present in our cohort of 12-
month SHR-SP rats. Robust microvascular amyloid was con-
firmed in the cortex, hippocampus, and thalamus of rTg-DI
rats (Fig. 1B, E, H), consistent with our previous studies (25–
27). In contrast, we found no evidence of vascular amyloid de-
position in any brain region of the SHR-SP rats (Fig. 1C, F, I),
similar to the WT rats (Fig. 1A, D, G). The presence of exten-
sive microvascular amyloid in rTg-DI rats had no appreciable
effect on systolic blood pressure and were comparable to WT
rats (109 6 23 vs 108 6 18, respectively) in contrast to SHR-
SP rats (163 6 28) (Supplementary Data Fig. S1). Thus, we
found that in contrast to the normotensive rTg-DI rats, the pre-
sent cohort of hypertensive SHR-SP rats does not show evi-
dence of microvascular amyloid deposition.

Increased Perivascular Glial Cells in rTg-DI Rats
but Not Hypertensive SHR-SP Rats

Cerebral microvascular amyloid deposition results in a
robust neuroinflammatory response in the rTg-DI rat brain
marked by activation and dramatic increases in the number of
perivascular astrocytes and microglia in the cortex, hippocam-
pus, and thalamus (26, 27). Given the disparity in vascular
amyloid deposition between the rTg-DI and SHR-SP rats, we
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compared the neuroinflammatory cell responses in each model
compared to WT rats. Consistent with previous findings,
rTg-DI rats displayed elevated numbers of astrocytes in the
cortex, hippocampus, and thalamus, representing a 75%, 55%,
and 182% increase compared to WT rat astrocyte densities,
respectively (Fig. 2B, D). On the other hand, astrocyte num-
bers in the SHR-SP rats showed no significant changes com-
pared to WT rats (Fig. 2C, D). Similarly, microglia numbers
were dramatically increased in the cortex, hippocampus, and
thalamus the rTg-DI rats, representing 420%, 446%, and 746%
increases over WT rat microglia densities, respectively, and
adopt an activated phenotype (Fig. 3B, D). The SHR-SP rats
however, showed no significant change in the microglia densi-
ties compared to WT rats in any of the brain regions and
retained their resting state with extended processes (Fig. 3C,
F). Thus, unlike the amyloidal-based rTg-DI rats the nonamy-
loidal hypertensive phenotype of the SHR-SP model does not
promote appreciable glial cell responses.

Dilated PVSs in Hypertensive SHR-SP Rats
Enlargement of PVS is a common presentation in

CSVD (39, 40). Recently, it has been reported that SHR-SP
rats display enlarged PVS (41). Therefore, we investigated the
presence of dilated PVS in the rTg-DI rat model of CAA and
in hypertensive SHR-SP rats. While there was no PVS en-
largement in the rTg-DI rats compared to WT rats, the hyper-
tensive SHR-SP rats displayed significant dilation of arteriolar
PVS (Fig. 4).

Cerebral Microhemorrhages Are Present in Both
rTg-DI and SHR-SP Rat Brains

We previously reported that 12-month rTg-DI rats
exhibit numerous cerebral microhemorrhages and calcified,
occluded small vessels that are predominantly found in the
thalamus (25–27, 42, 43). Consistent with our previous find-
ings, histological staining revealed perivascular hemosiderin
deposits and calcified, occluded small vessels in the thalamus
of the rTg-DI rats (Fig. 5A, C, respectively). On the other
hand, hemosiderin staining in the SHR-SP rats revealed that
cerebral microhemorrhages were more random and present in
the cortical regions and olfactory bulb (Fig. 4B). However, in
contrast to rTg-DI rats we observed no small vessel occlusions
in the WT or SHR-SP rat brains (Supplementary Data Fig.
S2). Thus, while the amyloidal-based rTg-DI model and nona-
myloidal hypertensive SHR-SP model both present with cere-
bral microhemorrhages, their anatomical distribution is
different and small vessel calcified occlusions were unique to
the rTg-DI rats.

Comparison of Elevated Proteins in the Brains
of SHR-SP and rTg-DI Rats

Together, the above studies show that although amyloi-
dal rTg-DI rats and nonamyloidal hypertensive SHR-SP rats
share certain features (e.g. cerebral microhemorrhages) they
are largely distinct forms of CSVD presenting with different
cerebral vascular pathologies. To further understand the
unique, and potentially common, molecular impacts of CAA

FIGURE 1. Prominent cerebral microvascular amyloid in rTg-DI rats but not in SHR-SP rat brain. Brain sections from 12-month
WT (A, D, G), rTg-DI (B, E, H), and SHR-SP (C, F, I) rats were immunolabeled with rabbit polyclonal antibody to collagen IV to
specifically detect cerebral microvessels (red) and stained with thioflavin S to identify fibrillar amyloid (green). Cerebral
microvascular fibrillar amyloid deposits are only observed in rTg-DI rats. Scale bars¼50 mm.
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and HTN in these models, we conducted global proteomic
analysis of the rTg-DI and SHR-SP rat brains and compared
the DEPs (relative to WT). Proteins isolated from pulverized
whole brain tissue from rTg-DI rats and SHR-SP rats were
subjected to the data-independent acquisition approach, Se-
quential Window Acquisition of all Theoretical Mass Spectra
(SWATH-MS), as previously described (27). Data-
independent acquisition data was analyzed with Spectronaut
(Biognosys) for protein identification and quantification
referencing a recently compiled spectral library (27), and pro-
tein quantities were converted to molar concentration (pmol/
mg total protein) according to the “total protein approach”
(35). In total, 2685 proteins were identified and quantified,
and the number of proteins found in each analyzed sample is
displayed in Supplementary Data Figure S3. Protein concen-
trations were then compared to identify DEPs. Because multi-
ple testing corrected false discovery rates (FDR) can be too
restrictive in small n proteomic studies (44, 45), we imposed
threshold cutoffs to manage FDR and considered uncorrected
p values as previously performed (27, 34). Additionally, FDR,
set to 0.01, is managed during protein identification and quan-
tification by Spectronaut at the protein, peptide, and protein
spectrum match levels. We defined significantly enhanced
proteins as �33% increase in expression compared to WT,
with statistical significance defined as p� 0.05. Comparative
analysis of detected protein concentrations revealed 101 and

276 proteins were significantly elevated in the rTg-DI and
SHR-SP rats, respectively, of which 28 proteins were com-
monly enhanced (Fig. 6A). Lists of the elevated proteins in
each model can be found in Supplementary Data Tables S1
and S2, and heat maps depicting the most enhanced proteins in
the rTg-DI, SHR-SP, and those common to both models are
depicted in Figure 6B. Anxa3, HTRA1, S100A4, CLU, SDC4,
Histone H2A, and Histone H4 were all specifically elevated in
the rTg-DI rat brain (Fig. 6B), all of which we previously
reported elevated in different regions of rTg-DI rat brains
(27). Anxa3 may be an important marker of microglia activa-
tion in the rTg-DI rats and CAA (27, 34), while HTRA1 has
been reported as a possible marker of CAA in humans (46).
H2A and H4 histone proteins are reported markers of neutro-
phil extracellular traps (NETs), a neutrophil mediated immune
response causing breakdown of blood vessels, thrombosis, and
severe perivascular tissue damage (47–52). Thus, the unique
differential expression of these proteins may contribute to the
distinctive pathologies associated with CAA in rTg-DI rats.

Globally the 2 models share few commonly elevated
proteins, with the 28 overlapping proteins representing 27.7%
and 10% of the enhanced proteins in the rTg-DI and SHR-SP
rats, respectively. Among the overlapping enhanced proteins
was Metallothionein I (MT1, Mt1m). MT1 can mediate
inflammatory responses in the brain, and enhanced expression
of MT1 in astrocytes and microglia during neuroinflammation

FIGURE 2. Increased astrocytes in rTg-DI rats but not in SHR-SP rats. Brain sections from 12-month WT rats (A), rTg-DI rats (B),
and SHR-SP rats (C) were labeled with Amylo-Glo to detect microvascular fibrillar amyloid (blue), goat polyclonal antibody to
collagen IV to detect cerebral microvessels (red), and rabbit polyclonal antibody to GFAP to detect astrocytes (green). Images
from the cortex are shown. Scale bars¼50 mm. (D) Quantitation of astrocyte numbers in different brain regions from WT rats
(gray circles), rTg-DI rats (red circles), and SHR-SP rats (blue circles) at 12 months. Data points show the results from each rat and
the group mean6SD of n¼6 rats of each type. ***p<0.001 determined by 2-way ANOVA.
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has been reported (53, 54). Though MT1 upregulation has
been reported in the liver of spontaneously hypertensive
(SHR) rats (55), to our knowledge it has not yet been reported
in SHR-SP brains. Additionally, upregulation of MT1 in cells
surrounding AD amyloid plaques and in the brains of the Tg-
SwDI mouse model of CAA has been reported (53, 56). Heat
shock protein B1 (HSPB1, HSP27) was also commonly ele-
vated in both models. We have previously reported enhanced
HSPB1 expression in rTg-DI rat brains (27), while enhanced
expression in AD and colocalization with senile plaques and
CAA in humans have also been reported (57, 58). Also,
HSPB1 upregulation in peri-ischemic microglia and astrocytes
following cerebral ischemia in rat brain has been reported
(59). Aquaporin 4 (AQP4) was also enhanced in both rTg-DI
rats and SHR-SP rats. We have previously reported AQP4 ele-
vation in rTg-DI rat brains (27), and elevated expression of
AQP4 in brains of AD and CAA patients surrounding senile
plaques and vascular amyloid deposits has been established
(60–62). Increases in AQP4 expression in astrocyte end feet
following the development of HTN in SHR-SP rats has been
reported in the mixed vascular dementia (HTN and AD) SHR-
SP/FAD model rats (63, 64).

Proteins specifically elevated in the SHR-SP rat brains
included milk fat globule EGF factor V/VIII (MFGE8), 50

ectonucleotidase (Nt5e, CD73), and flotillins 1 and 2 (FLOT1,
FLOT2). MFGE8 has been reported to be neuroprotective via

anti-inflammatory mechanisms and inhibiting neuronal apo-
ptosis in rodent models of cerebral ischemia (65, 66). CD73
can contribute to chronic HTN by modulating angiotensin-II
signaling via the induction of the A2B adenosine receptor
(67). Other reports indicate roles for CD73 limiting vascular
leakage, leukocyte migration, and cerebral infarct severity
during hypoxia/ischemia and stroke (68, 69). Thus, CD73 may
contribute to the incidence of HTN or mitigating responses to
the cerebral vascular pathologies in the SHR-SP rats. En-
hancement of FLOT1 and FLOT2 was previously reported in
both skeletal muscle of SHR-SP rats and renal and mesenteric
arteries of related SHR rats (70, 71). To our knowledge, this is
the first-time FLOT1 and FLOT2 upregulation has been char-
acterized in the SHR-SP brain.

Comparison of Reduced Proteins in the Brains
of SHR-SP and rTg-DI Rats

Fifty-four and 157 proteins were significantly reduced
(�33%, p< 0.05) in the rTg-DI and SHR-SP rat brains, re-
spectively, of which 11 overlapped between the 2 models
(Fig. 6C). Lists of these proteins can be found in Supplemen-
tary Data Tables S3 and S4. Among the specifically reduced
proteins in the rTg-DI brains was biliverdin (BLVRA).
BLVRA deficiency has been reported to trigger a cascade
leading to endothelial to mesenchymal transition, and endo-
thelial dysfunction (72). Thus, BLVRA deficiency could be a

FIGURE 3. Increased microglia in rTg-DI rats but not in SHR-SP rats. Brain sections from 12-month WT rats (A), rTg-DI rats (B),
and SHR-SP rats (C) were labeled with Amylo-Glo to detect microvascular fibrillar amyloid (blue), goat polyclonal antibody to
collagen IV to detect cerebral microvessels (red), and rabbit polyclonal antibody to Iba-1 to detect microglia (green). Images
from the cortex are shown. Scale bars¼50 mm. (D) Quantitation of microglia numbers in different brain regions from WT rats
(gray circles), rTg-DI rats (red circles), and SHR-SP rats (blue circles) at 12 M. Data points show the results from each rat and the
group mean6SD of n¼6 rats of each type. ***p<0.001 determined by 2-way ANOVA.
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contributing factor to the vascular pathologies observed in the
rTg-DI rats. Sirtuin 1 (SIRT1) was also uniquely reduced in
the rTg-DI rats. Inhibition of neuroinflammation and resultant
neuroprotective effects of SIRT1 activation have been
reported (73–75). SIRT1 activation has also been reported to
inhibit Ab induced inflammation in age-related macular de-
generation (76). Therefore, reduced expression of SIRT1 in
rTg-DI rats might contribute to an impaired regulation of Ab
induced neuroinflammation. Adam10, also specifically re-
duced in the rTg-DI brains, has been reported as the a-secre-
tase responsible for APP cleavage, and therefore is vital in
lowering Ab production (77). Furthermore, ADAM10 levels
in the CSF of AD patients are reduced (78). Thus, decreases in
ADAM10 expression may contribute to the cerebral vascular
accumulation of Ab in rTg-DI rats.

Only a small fraction of the significantly reduced pro-
teins overlapped between the 2 models. It is noteworthy that
out of the 11 overlapping proteins, 6 (Krt1, Krt2, Krt14,
Krt10, Krt6a, and Krt15) were keratin proteins. To our knowl-
edge, none of these proteins has been previously associated
with either CAA, AD, or HTN. Still, the small number of over-

lapping proteins further highlights the distinct nature of the
rTg-DI and SHR-SP proteomes.

Among the uniquely reduced proteins in the SHR-SP
rats was ATPase Naþ/Kþ Transporting Subunit b1
(ATP1B1). Genetic polymorphisms in the ATP1B1 gene have
been associated with an increased risk of HTN (79). In mice,
reduced ATP1B1 expression is associated with elevated blood
pressure, and circadian expression rhythms of AT1B1 are anti-
phasic to that of blood pressure (80). It is possible that reduced
AT1B1 expression in SHR-SP rats contributes to elevated
blood pressure. Interestingly, many hemoglobin subunit pro-
teins (Hba-a3, Hbb, Hba1, Hba-a2, Hbb2) showed reduced ex-
pression in the SHR-SP rats. To our knowledge,
downregulation of hemoglobin has not been reported in SHR-
SP rats.

PCA of DEPs
To further highlight the distinct nature of the DEP signa-

tures in the rTg-DI and SHR-SP models, we conducted PCA
using custom scripts in the program “R.” Two PCAs of the

FIGURE 4. Dilated perivascular spaces in the SHR-SP rats. Brain sections from 12-month WT rats (A), SHR-SP rats (B), and rTg-DI
rats (C) stained with hematoxylin and eosin revealing dilated PVS in SHR-SP brains. (D) Measurement of PVS area was
determined by subtracting the area occupied by the vessel from the total combined PVS and vessel area. A ratio for PVS to vessel
area was then determined. Data shown are the mean6SD of 90 randomly selected individual cortical arterioles (30 vessels
selected from n¼3 rats per group). ****p<0.0001 determine by 1-way ANOVA.
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DEPs were conducted, first considering the DEPs in the rTg-
DI rats (Fig. 7A), and second considering the DEPs in the
SHR-SP rats (Fig. 7B). In the rTg-DI DEP PCA, there is clear
separation of both models from the WT and from each other,
despite indication of some similarity between the rTg-DI and
SHR-SP. This is expected as �25% of the DEPs in the rTg-DI
model overlap with the SHR-SP. On the other hand, PCA
according to the DEPs observed in the SHR-SP rats, showed
large separation between the SHR-SP rats from the rTg-DI
rats and WT rats, with PC1 accounting for 42.88% of the vari-
ance, while rTg-DI rats and WT rats did not fully separate
from each other. This again, is not surprising, as only �9% of
the SHR-SP DEPs overlap with the rTg-DI. Nevertheless,
PCA analysis of the DEPs in each model reveals that the 2
models display largely unique changes in their respective
proteomes.

Ingenuity Pathway Analysis Reveals Distinct
Activities in rTg-DI and SHR-SP Rat Brains

To discern pathway/disease-related functional context
to the observed proteomic changes, we conducted comparison
analysis with ingenuity pathway analysis (IPA) (Qiagen, Red-
wood City, CA) of the DEPs (�33% increase or �33% de-
crease, p< 0.05). In our study, IPA analyzes the directional
differential global expression of proteins to predict activation
or inhibition of pathways, upstream regulators, causal net-
works, and disease functions, and providing a z score for each
prediction (81). We recently reported regional differential reg-
ulator, network, and disease function IPA predictions in the
cortex, hippocampus, and thalamus of the rTg-DI rats (27).
Here, comparative IPA analysis revealed predicted upstream
regulator activation of TNFa and TGFb-1 in the rTg-DI
(z¼ 2.467, 2.606, respectively), but not in the SHR-SP rats.
Heat maps displaying relative global expression of DEPs asso-

ciated with TNFa and TGFb-1 networks in the rTg-DI rat
brains are displayed in Figure 8A, B, respectively, along with
their corresponding SHR-SP expression. We have previously
reported increased TNFa mRNA expression and predicted ac-
tivation of TNFa in distinct rTg-DI rat brain regions (26, 27),
and TNFa is elevated in the CSF of AD patients (82). Impor-
tant model differences in this network include Syndecan 4
(SDC4), a protein we have previously reported as elevated in
multiple rTg-DI rat brain regions (27). TNFa has been shown
to regulate SDC4 expression in multiple cell types (83–85),
and SDC4 can contribute to both cellular uptake and fibrilliza-
tion of Ab (86). Thus, SDC4 may play an important role in
mediating proinflammatory effects of TNFa, contribute to Ab
fibrillization, and be an important marker of CAA as evi-
denced by the rTg-DI rats.

TGF-b1 released by pericytes and astrocytes is reported
to support BBB function (87), however, hyperactivation of
TGF-b1 in astrocytes is associated with loss of BBB integrity
(88). Notable differences in expression include CLU and
HTRA1, which we recently reported elevated in several brain
regions of rTg-DI rats (27). CLU has been previously sug-
gested as a possible marker of CAA in human samples (89).
TGF-b1 induces the release of CLU, and CLU has been
reported to mediate effects of TGF-b1, including epithelial to
mesenchymal transition (90). The differential expression of
HTRA1 between these 2 CVSD models is also interesting, as
mutations in the Htra1 gene that cause loss of proteolytic func-
tion have been reported to cause cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephalop-
athy (CARASIL), another nonamyloidal CSVD (91–94).

Insulin was indicated as inhibited by IPA analysis
(z¼�1.837) in the SHR-SP but not the rTg-DI rats (Fig. 8C).
The SHR-SP rat has been previously described as a model of
insulin resistance (70, 93, 95). Therefore, our findings here are
consistent with this previous characterization of the SHR-SP
model. Insulin resistance and HTN have been linked to
increased severity of CSVD in human patients, as well as
increased incidence of small vessel stroke in nondiabetic
patients (96, 97). Thus, the delineating differential proteomics
of the SHR-SP from the rTg-DI rats reported here is consistent
with previous findings that suggest insulin resistance as a
distinct mechanism contributing to the vascular pathologies
observed in the SHR-SP model.

Validation of CAA-Specific Regional Proteins
To further characterize and validate some the distin-

guishing rTg-DI-specific proteomic results we conducted re-
gional immunolabeling of select proteins of interest in the
rTg-DI and SHR-SP models. ANXA3 is commonly elevated
in microglia of the rTg-DI rat cortex, hippocampus, and thala-
mus (27), and ANXA3 has been suggested as a marker of
microglial activation (98). We also recently reported that
ANXA3 was elevated in microglia of the rTg-DI corpus callo-
sum, a region which displays little CAA burden (34). Based
on these findings, ANXA3 may be an important marker of
microglial activation in CAA. The proteomic results indicated
that ANXA3 was not elevated in the SHR-SP brain. Immuno-
labeling studies were performed to confirm the differential ex-

FIGURE 5. Cerebral microhemorrhages in rTg-DI rats and SHR-
SP rats. Brain sections from 12-month rTg-DI rats (A, C) and
SHR-SP rats (B) were stained for hemosiderin with Prussian
blue to identify microhemorrhages (blue). Scale bars¼50 mm.
Representative images show that cerebral microhemorrhages
in the thalamus of rTg-DI rats (A) and cortex of SHR-SP rats
(B). In addition, rTg-DI rats typically show calcified, occluded
small vessels detected by von Kossa calcium stain in the
thalamic region (C) that are not observed in SHR-SP rats.
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pression of this potentially important marker for CAA in both
CSVD models. Consistent with the proteomic results, immu-
nolabeling for ANXA3 revealed strong elevation in the
rTg-DI rats only, with no significant changes in any region of
the SHR-SP rats. Figure 9A–C shows representative images of
ANXA3 staining in the thalamus of WT, rTg-DI, and SHR-SP
rats, respectively, confirming ANXA3 elevation was specific
to the rTg-DI rats.

Because of its implication in the TGF-b1 pathway
(Fig. 8A), its specific upregulation in the rTg-DI rats (Fig. 6)
(27), and its reported role in the CSVD, CARASIL (91–94),
we further characterized expression of HTRA1 in the rTg-DI
and SHR-SP brain regions. Consistent with our proteomic
results, immunolabeling revealed elevation in HTRA1 in the
rTg-DI thalamus (Fig. 9E) and other regions, while no signifi-
cant changes in HTRA1 expression were observed in the

FIGURE 6. Differentially expressed proteins in SHR-SP and rTg-DI brains. (A) A Venn diagram comparing significantly enhanced
proteins by �33% of the WT concentration in the rTg-DI and SHR-SP brains (n¼10 for rTg-DI and 6 for SHR-SP, p�0.05
determined by t-test). (B) Heat map comparing relative expression of the enhanced proteins with the greatest increases specific
to the rTg-DI, SHR-SP, and those overlapping between the 2 models. Red indicates enhanced expression, green reduced
expression, and color intensity relative to the degree of change. (C) A Venn diagram comparing significantly reduced proteins by
�33% of the WT concentration in the rTg-DI and SHR-SP brains (n¼10 for rTg-DI and 6 for SHR-SP, p�0.05). (D) Heat map
comparing relative expression of the decreased proteins with the greatest relative decreases specific to the rTg-DI, SHR-SP, and
those overlapping between the 2 models. Color shading as in panel (B).
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SHR-SP thalamus (Fig. 9F), or other regions. Therefore,
HTRA1 may be another important distinctive marker of CAA-
related pathology.

The observed incidence of microhemorrhages and calci-
fied vessel occlusions, and the DEPs in the rTg-DI thalamus
led us to further characterize the presence of NET markers in
the rTg-DI and SHR-SP brains. We previously reported the
presence of NET markers only in the thalamus of rTg-DI rats,
the only region to display microbleeds and thrombotic events

(27). In the present study, elevation of NET markers H2A and
H4 was specific to the rTg-DI rats (Fig. 6A). Therefore, we in-
vestigated the presence of NET markers in the rTg-DI and
SHR-SP via immunolabeling for Histone 2A (H2A) and NE
(27, 48). Consistent with our previous results, H2A and NE
show robust immunolabeling in the rTg-DI thalamus confirm-
ing the presence of NETs in this region (Fig. 9H, K). On the
other hand, we did not find any enhancement of H2A or NE in
the thalamus (Fig. 9I, L) or any other brain region of SHR-SP
rats. Thus, the presence of NET markers was specific to the
rTg-DI model and may not contribute to the microbleeds ob-
served in the SHR-SP brains.

DISCUSSION
The goal of the present study was to compare proteomic

signatures in the nonamyloidal, hypertensive CSVD rat model
SHR-SP with that of the CAA type-1 CSVD rat model rTg-DI,
to identify DEPs and implicated mechanisms. The rTg-DI rat is
a well-documented model of CAA type-1 that faithfully produ-
ces microvascular fibrillar amyloid deposition, significant peri-
vascular neuroinflammation and glial cell responses, along with
numerous microhemorrhages and occluded small vessels that
lead to diffuse WM loss and behavioral deficits (25–27, 42, 99).
Investigating the similar and disparate regional pathologies us-
ing proteomics and pathway analysis allowed for the identifica-
tion of DEPs and mechanisms associated with the presence of
CAA. On the other hand, the SHR-SP rat is a well-studied
model of nonamyloidal HTN CSVD and the investigation of
HA (21, 28–30, 37). To our knowledge, the SWATH-MS and
subsequent pathway analysis of the brain performed here is the
first such study in the SHR-SP rat model. This comparative
analysis with the rTg-DI rat model allows for the identification
of important proteins and mechanisms common or distinct to
both types of CSVD. By uncovering changes that are unique to
rTg-DI rats our study is advantageously positioned to report
novel potential biomarkers and important proteins related to
mechanisms specific to CAA.

SWATH-MS analysis revealed 155 and 433 DEPs in the
rTg-DI and SHR-SP rats, respectively. The 39 overlapping
proteins represented �25% and �9% of the total DEPs in the
rTg-DI and SHR-SP models, respectively, signifying that the
protein changes relative to the WT animals were largely
unique between the 2 models. PCA of the DEPs in each model
further displayed the unique nature of the proteomic changes
in each model of CSVD (Fig. 7A, B).

In general, significantly more DEPs were identified in
the SHR-SP rat brains. A possible explanation for this, and
limitation of this study, is that the different genetic back-
grounds between the SHR-SP rats and SD WT controls can
produce numerous “false positives” or DEPs unrelated to the
hypertensive state. Indeed, many studies have used Wistar
Kyoto (WKY) rats as a WT control for the SHR-SP model
(21, 28–30). However, WKY and SHR-SP contain large strain
difference in their genome as the WKY rats were developed
independently of SHR-SP from a separate ancestral pair in the
original closed colony (100, 101), and it has been suggested
that WKY rats are not a suitable control for SHR-SP rats (100,
102). Therefore, a more appropriate WT control for the SHR-

FIGURE 7. Primary component analysis (PCA) of differentially
expressed proteins in the rTg-DI and SHR-SP brains. (A) PCA
conducted in RStudio computing software, considering only
the DEPs identified in the rTg-DI rats with PC1 accounting for
37.51% and PC2 accounting for 12.24% of the variance. The
individual animals and probability ellipses for WT show in
gray, rTg-DI red, and SHR-SP blue. (B) PCA conducted in
RStudio computing software, considering only the DEPs
identified in the SHR-SP rats with PC1 accounting for 42.88%
and PC2 accounting for 9.1% of the variance. The individual
animals and probability ellipses are indicated as in panel (A).
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SP may not be available. In any case, if the used SD WT con-
trol has resulted in overestimating the number of DEPs in the
SHR-SP rats, then subsequent comparison with the rTg-DI
results would lead to underestimating the number of proteins
uniquely altered in that model. Thus, background differences
and false discoveries in the SHR-SP model do not reduce our
confidence in proteins identified as uniquely altered in the
rTg-DI rat brains.

FLOT1 and FLOT2 upregulation has been previously
reported in SHR and SHR-SP rats (70, 71). Flotillins are lipid
raft associated proteins with reported functions in cell adhe-
sion maintenance, endocytosis, and a suggested role in insulin
signaling (103–105). Based on their pronounced enhancement
in SHR-SP skeletal muscle, and SHR renal and mesenteric ar-
teries, it has been suggested that aberrant expression of
FLOT1 and FLOT2 contributes to alterations in the insulin
signaling cascade and HTN pathology observed in these ani-
mals (70, 71). Previously, we observed significant elevation of
FLOT1 and FLOT2 in the hippocampal and thalamic regions
of the rTg-DI rats (27). However, in the present global proteo-
mic analysis the flotillins did not meet this threshold in rTg-DI
rats and was unique to SHR-SP rats.

Other specifically enhanced proteins in SHR-SP rats in-
cluded MFGE8 and CD73. MFGE8 harbors neuroprotective
and anti-inflammatory functions and could be upregulated in
response to HTN stress (65, 66). CD73 can contribute to the
incidence of HTN via angiotensin-II signaling and upregula-
tion of the A2B adenosine receptor (67). Thus, CD73 upregu-

lation in the SHR-SP rats, which exhibit HTN, is not
surprising. On the other hand, CD73 is also reported to restrict
vascular leakage, leukocyte migration, and cerebral infarct se-
verity during cerebral ischemia/stroke (68, 69). Hence, it is
also possible that CD73 upregulation in SHR-SP is in response
to the HTN pathologies.

Many elevated proteins in rTg-DI rat brain including
ANXA3, S100A4, HTRA1, and CLU were not elevated in the
SHR-SP rats. We recently reported regional elevation of each
of these proteins in the cortex, hippocampus, thalamus, and
corpus callosum of 12-month rTg-DI rats (27, 34). The identi-
fication of these uniquely elevated proteins in the rTg-DI
brains is important, as they harbor potential as biomarkers for
differentiating CAA type-1 from other CSVDs. The identifica-
tion of HTRA1 as a unique protein, both by proteomic analysis
and immunolabeling in rTg-DI rats is also quite intriguing.
Mutations in the Htra1 gene and resultant HTRA1 dysfunction
are reported to cause CARASIL, a hereditary nonamyloidal
CSVD (92–94). While loss of HTRA1 function is already im-
plicated in nonamyloidal CSVD, the implications of elevated
expression of HTRA1 in the rTg-DI model and its mechanistic
ramifications for CAA type-1 pathogenesis have yet to be de-
termined. Similar to our findings in rTg-DI rats, elevated
HTRA1 was recently reported in human CAA type-1 further
supporting a role for this protein in this disease (46). Thus,
HTRA1 may play differential roles in CARASIL (nonamyloi-
dal) and CAA (amyloidal) CSVD from a mechanistic perspec-
tive and distinct from HTN. ANXA3 is upregulated in all

FIGURE 8. Ingenuity pathway analysis (IPA) identified upstream regulators, causal networks, and disease functions. (A) Heat
map depicting the differentially expressed proteins (DEPs) (�33% increase or �33% decrease) in the rTg-DI and SHR-SP rat brains
associated with the upstream regulator TNFa. (B) Heat map depicting the DEPs (�33% increase or �33% decrease) in the rTg-DI
and SHR-SP rat brains associated with the upstream regulator TGF-b1. (C) Heat map depicting the DEPs (�33% increase or
�33% decrease) in the rTg-DI and SHR-SP rat brains associated with the Insulin causal network. Red indicates increased, green
indicates decreased, and white indicates not DEPs; color intensity correlates with degree of change.
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brain regions of rTg-DI rats and immunolabeling has revealed
its expression in microglia (27, 34). In the present study, both
proteomic analysis and immunolabeling revealed that
ANXA3 upregulation is unique to the rTg-DI rats. Thus,
ANXA3 is potentially an important identifying marker of
CAA-type 1.

NETs are an important innate immune response medi-
ated by neutrophils that consist of web-like structures of nu-
cleic acids budded with histones and proteinases (48, 106).
NETs have been reported to promote thrombosis, blood vessel
wall disruption/breakdown, and result in significant inflamma-
tion induced tissue damage (47–52). It has also been reported
that Ab fibrils promote NET release (107). We previously
reported elevation of NET histone markers (H3, H4, H2A, and

H2B) in rTg-DI thalamus, and immunolabeling with NE and
H2A confirmed the presence of NETs in the rTg-DI thalamus
(27). Here, global elevation of the H2A and H4 NET markers
was specific to the rTg-DI rats. Further, immunolabeling with
NE and H2A revealed no evidence of these NET markers in
any SHR-SP brain region. Therefore, NETs may be a distin-
guishing mechanism leading to the thrombotic vasculopathies
observed in CAA.

IPA revealed further divergence of the SHR-SP and
rTg-DI models. In the comparative analysis, predicted TNFa
and TGF-b1 activation was specific to the rTg-DI rats. Eleva-
tion of TNFa in the CSF of AD patients has been reported,
while we have previously shown upregulation of Tnfa mRNA
expression in the brains of rTg-DI rats (26). Associated with

FIGURE 9. Increased immunolabeling for specific protein markers in rTg-DI rats. Brain sections from 12-month WT rats (A, D, G,
J), rTg-DI rats (B, E, H, K), and SHR-SP rats (C, F, I, L) were stained with thioflavin S to detect microvascular fibrillar amyloid
(green) and rabbit polyclonal antibody to annexin 3 (A–C), Htra1 (D–F), histone 2A (G–I), and neutrophil elastase (J–L) (red).
Scale bars¼50 mm. Representative images show each protein is increased only in the thalamus of rTg-DI rats.
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this network is the rTg-DI specific upregulation of SDC4. We
have previously reported regional upregulation of SDC4 in the
cortex, hippocampus, and thalamus of rTg-DI rats (27), and
SDC4 can contribute to the fibrillar assembly of Ab (86).
Therefore, TNFa activation may contribute to the CAA-
specific pathologies, and SDC4 may be an important marker
of CAA. On the other hand, TGF-b1 may have diverse impli-
cations regarding CAA. For example, TGF-b1 has been
reported to increase BBB permeability and endothelial dys-
function or promote BBB integrity, and, thus, may have differ-
ing localized effects on cerebral microvascular function
stability (87, 108–111). Elevation of CLU and HTRA1, poten-
tial identifying markers of CAA (46, 89), was associated with
activation of TGF-b1. CLU has been reported to mediate
TGF-b1 induced epithelial to mesenchymal transition (90).
On the other hand HTRA1 is reported to regulate TGF-b1 sig-
naling through processing/proteolysis of TGF-b1 (93, 112,
113). Thus, both proteins, CLU through mediating and
HTRA1 via regulation, likely have significant impacts on the
proinflammatory effects of TGF-b1 activity in response to ac-
cumulation of cerebral vascular amyloid in the rTg-DI rats,
and while already suggested as potential markers, may have
important mechanistic impacts in human CAA as well.

Insulin resistance in the SHR-SP rats is another distin-
guishing feature between the 2 CSVD models. IPA analysis
revealed decreased insulin activity in the SHR-SP rats but not
in the rTg-DI. SHR and SHR-SP rats have been previously de-
scribed as a model of insulin resistance, and it has been postu-
lated that FLOT1 and FLOT2, both elevated in the current
study, contribute to the insulin resistance observed in these
animals (70, 71). Insulin resistance has been linked to an in-
creased incidence of cerebral ischemia and stroke and CSVD
severity in nondiabetic HTN patients (96, 97). Thus, insulin
resistance is an important distinguishing feature between these
2 models of CSVD and presents a unique mechanism for the
development of vasculopathies observed in the SHR-SP rats
not shared in the amyloidal rTg-DI rat model.

In conclusion, the global brain proteomic analysis of
SHR-SP hypertensive rats and comparison to the global brain
proteomic profile of rTg-DI CAA rats reveals largely distinct
patterns of differential expression in these 2 models of CSVD.
Even though HTN and CAA, and their respective models, dis-
play some convergent downstream pathological presentations,
the present results suggest they arise from very different un-
derlying mechanisms. Furthermore, uniquely differentiated
proteins identified here in rTg-DI rats harbor potential for de-
velopment as disease-specific protein biomarkers for CAA.
Thus, this study presents important distinguishing mechanistic
and diagnostic insight from the SHR-SP hypertensive and the
rTg-DI CAA models of CSVD.
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