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Abstract

Non-amyloid cerebral small vessel disease (CSVD) and cerebral amyloid
angiopathy (CAA) may be interrelated by the damaged basement membranes
(BMs) and extracellular matrix changes of small vessels, resulting in a failure
of B-amyloid (AB) transport and degradation. We analysed BM changes and
the pattern of deposition of AB in the walls of blood vessels in spontaneously
hypertensive stroke-prone rats (SHRSP), a non-transgenic CSVD model.

In 45 SHRSP and 38 Wistar rats aged 18 to 32 weeks 1) the percentage area
immunostained for vascular collagen IV and laminin was quantified, 2) the
capillary BM thickness as well as endothelial and pericyte pathological
changes were analysed using transmission electron microscopy (TEM) and 3)
the presence of vascular AR was assessed.

Compared to controls, SHRSP exhibited a significantly higher percentage
area immunostained with collagen IV in the striatum and thalamus. SHRSP
also revealed an age-dependent increase of the capillary BM thickness and of
endothelial vacuoles (caveolae) within subcortical regions. Endogenous AR
deposits in the walls of small blood vessels were observed in the cortex (with
the highest incidence found within fronto-parietal areas), striatum, thalamus
and hippocampus. Vascular B-amyloid accumulations were frequently
detected at sites of small vessel wall damage.

Our data demonstrate changes in the expression of collagen IV and of the
ultrastructure of BMs in the small vessels of SHRSP. Alterations are
accompanied by vascular deposits of endogenous AB. Impaired p-amyloid

clearance along perivascular and endothelial pathways and failure of
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extracellular Ap degradation may be key mechanisms connecting non-amyloid

CSVD and CAA.

Keywords: cerebral small vessel disease, cerebral amyloid angiopathy,

spontaneously hypertensive animal model, perivascular A drainage
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1. Introduction

Non-amyloid sporadic cerebral small vessel disease (CSVD) and sporadic
cerebral amyloid angiopathy (CAA) have been considered as rather distinct
vascular pathologies of the ageing brain [1]. CSVD is predominantly
characterized by endothelial damage, blood brain barrier (BBB) breakdown
and subsequent small vessel wall degeneration, while CAA is mainly
characterized by the deposition of amyloid-f (AB) in the basement
membranes of capillaries and smaller arteries [2, 3]. CSVD and CAA are both
related to cognitive decline and are frequently found in various dementia
subtypes, comprising those with Alzheimer’s disease (AD) neuropathology [4—

6].

As identified by transmitted light microscopy and magnetic resonance imaging
(MRI), cerebral small vessel wall damage in CSVD and CAA is indicated by
microbleeds in the grey matter and by an increased number of enlarged,
visible perivascular spaces (PVS) surrounding the arterioles in the basal
ganglia or in the white matter [7, 8]. Strictly cortical microbleeds and white
matter PVS appear to be associated with CAA, while the combination of
microbleeds and PVS in the basal ganglia and in mixed subcortical-cortical
locations seems to be more closely related to CSVD [9-11]. Although basal
ganglia, cortical and white matter microbleeds and PVS share a common risk
profile, including age and arterial hypertension [12-14], their different
locations suggest there may be differences between the pathogenic

mechanisms underlying CSVD and CAA.
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Recent multimodal in vivo imaging data, however, challenged the commonly
accepted distinction between CSVD and CAA, reporting an interaction
between CSVD load and AB burden for the prevalence of cortical microbleeds
[15]. Those interactions may be explained by CSVD related inflammatory and
degenerative small vessel wall changes also affecting the integrity of the
extracellular matrix, vascular basement membranes and endothelium which in
turn could lead to a failure of B-amyloid degradation and transport, and thus to
CAA development [16]. On the other hand, in CAA, the progressive
accumulation of AB results in tunica media degeneration and BBB breakdown,
resembling closely the changes that occur in CSVD [2, 17]. It thus seems that
non-amyloid CSVD and CAA are conditions that appear within the same

disease spectrum.

Our study aimed to investigate whether there is an association between
CSVD and specific basement membrane and extracellular matrix changes
that could underline the relationship between CSVD and CAA. We therefore
examined morphological and biochemical alterations of small vessel
basement membranes and whether there is any sporadic deposition of Af in
the walls of blood vessels in spontaneously hypertensive stroke-prone rats

(SHRSP), a valid model of non-amyloid cerebral small vessel disease [18].
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2. Materials and Methods

2.1. Animals

All animal procedures were conducted after obtaining the approval of the
Animal Care Committee of Sachsen Anhalt, Magdeburg, Germany (reference
number of license for animal testing 42502-2-1148 DZNE). Animals were
obtained from Charles River Laboratories International Inc., Wilmington, MA,
USA, housed with a natural light—dark cycle and were allowed to access water
and food ad libitum. To record the health status of all animals, neurological
function such as decreased spontaneous activity, coordination failure, falling
to one side and hunched posture was assessed daily and body weight was

monitored weekly.

Overall, 45 male SHRSP and 38 male Wistar rats were included in the study.
For histology 19 SHRSP (18 weeks (w) n=6, 24w n=6, 32w n=7) and 14
Wistar rats (18w n=4, 24w n=5, 32w n=5), for collagen IV and laminin
immunohistochemistry 15 SHRSP (18w n=5, 24w n=5, 32w n=5) and 15
Wistar rats (18w n=5, 24w n=5, 32w n=5), for STL immunohistochemistry 9
SHRSP (18w n=3, 24w n=3, 32w n=3) and 9 Wistar rats (18w n=3, 24w n=3,
32w n=3), for AB-immunohistochemistry 10 SHRSP (18w n=1, 28w n=2, 32w
n=7) and for transmission electron microscopy (TEM) 9 SHRSP (18w n=3,
24w n=3, 32w n=3) and 9 Wistar rats (18w n=3, 24w n=3, 32w n=3) were

investigated.

For histology and immunohistochemistry, animals were perfused intracardially
with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA).

Brains were fixed in 4% PFA for 48 hours and cryoprotected in 30% sucrose
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(6 days); they were then sectioned using a cryostat and coronal brain sections
(30 um thickness) were taken from 11 planes from the frontal to the occipital

pole.

For TEM, after perfusion with PBS brains were fixed in a 2%formalin-

2.5%gluteralaldehyde-mixture for 48 hours.

2.2. Procedures

2.2.1. General histological assessment

Eleven coronal sections (one section per plane) per animal were stained with
Congo red (CR), CR/Prussian blue, Thioflavin S/Prussian blue and Thioflavin
T/Prussian blue for the simultaneous detection of dense vascular AP

accumulations and iron deposits indicative of small vessel wall damage [19].

2.2.2. _Immunohistochemistry for basement membrane and _endothelial

components

For anti-collagen IV and anti-laminin immunohistochemistry 12 coronal
sections per animal were stained. In short, sections were incubated in 3%
hydrogen peroxide (15 min), incubated in pepsin (1 mg/mL in 0.2N HCL, 4
min, at 37 °C), blocked with 15% normal goat serum (15 min, room
temperature), and then incubated overnight either with rabbit anti-rat collagen
IV (1:500, Abcam, Cambridge, UK) or with rabbit anti-rat laminin (1:500;
Sigma-Aldrich, Dorset, UK) in PBSt (PBS with 0.1% triton) at 4°C. The next
day, sections were first incubated with biotinylated goat anti-rabbit IgG in
PBSt (1:400, Vector, Peterborough, UK), then incubated with an Avidin-Biotin

Complex (ABC) (1:200, 1h, room temperature), and developed using glucose
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oxidase Diaminobenzidine (DAB)-nickel enhancement. Photomicrographs
were captured using a Leica transmission light microscope and exported to

Image J software (NIH, Maryland, USA) for quantification.

For anti-STL immunohistochemistry 3 coronal sections per animal were
stained. In short, repeated washing of the slices in PBS and blocking with 0.1
mol/L PBS, 0.5% Triton-X and 10% donkey serum was followed by
immunohistochemical staining with solanum tuberosum lectin-fluorescein
isothiocyanate (STL-FITC, 1 :500, Axxora, Enzo Life Sciences GmBH,
Lorrach, GER) overnight at 4°C in PBS containing 5% donkey serum. Finally
DAPI staining (DAPI = 4'6-Diamidin-2-phenylindol, 1:10000; MoBiTec,
Gottingen, GER) was performed for 20 minutes at room temperature. After
dehydration with increasing concentrations of alcohol, slices were mounted on

slides with Histomount.

2.2.3. Assessment of the presence of endogenous AB in SHRSP

Five sections per animal were stained. Sections were pretreated with citrate
buffer (70 °C, 30 min), repeatedly washed in PBS, blocked with 10% donkey
serum, and subsequently stained with STL-FITC (solanum tuberosum lectin-
fluorescein isothiocyanate, endothelial marker, 1:500; Axxora, Enzo Life
Sciences GmbH, Lérrach, GER) and rabbit anti-rodent A (1:500; Covance,
Dedham, MA, USA) as primaries overnight at 4 °C. Cy5-donkey anti-rabbit
IgG (1:500, detection of AB; Jackson Immuno Research) was used as
secondary antibody for two hours, and DAPI (4’.6-diamidino-2-phenylindol,
nuclear staining, 1:10.000; MoBiTec GmbH, Goéttingen, GER) staining was

performed for 20 min at room temperature. After dehydration with increasing
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concentrations of alcohol, sections were mounted on slides with Histomont

(Fisher Scientific GmbH, Schwerte, GER).

2.2.4. Transmission electron microscopy for analysis of the ultrastructure of

the cerebrovascular basement membranes

Sagittal sections (100 uym) were stored in 0.01M PBS, pH 7.2 until being
processed for TEM. Frontoparietal cortex, striatum, hippocampus and
thalamus were microdissected and processed as follows: sections were
washed in 0.1M phosphate buffer (PB) pH 7.2, post-fixed in osmium tetroxide
(1% in 0.1M PB at pH 7.2, 1 hour) and then dehydrated (alcohol series: 30%
for 10 min, 50% for 10 min, 70% (in 2% uranyl acetate) for 40 min, 90%
overnight and absolute for 2x10 min). Sections were then treated with neat
acetonitrile (10 min), immersed in a resin (TAAB Laboratories Equipment,
Aldermaston, UK) and acetonitrile mix (50:50) over night, and on the following
day treated with fresh neat TAAB resin (6h) before being placed in fresh resin
(TAAB Laboratories Equipment, Aldermaston, UK) for polymerization (60°C,
18 hours). Once polymerised, the tissue was sectioned (Leica-Reichert
Ultracut E ultra-microtome, Leica, UK), cut into 0.5 um thick sections,
mounted on frosted glass slides and analysed on a Nikon 80i brightfield
microscope (Nikon, Japan, x75 magnification) to confirm if the section
contained a sufficient amount of capillaries. Ultra-thin transverse sections (90
nm) were prepared and floated on to copper/palladium TEM grids for
visualisation of the capillaries. Only cross-sectional capillaries were
considered. For quantification images were exported to ITEM software
(Olympus, UK). Images were exported to Photoshop CS software (Adobe,

UK), for qualitative observations of the structures of the capillary walls.
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2.3 Data analysis and quantification

2.3.1. Immunohistochemical _assessment of cerebrovascular basement

membranes and endothelial components

The relative % signal area of collagen-IV- and laminin-positive capillaries
(luminal diameter < 15 ym) and arterioles/small arteries (luminal diameter =
15 um) [21, 22] was quantified in 6 randomly chosen sections from different
brain regions per animal. Analyses were performed separately in the cortex,
striatum and thalamus. For each region, 4 randomly selected fields of view
(FOVs) per section were quantified using Image J (NIH, Maryland, USA). By
setting a threshold for staining intensity and determining the vessel size (< or
= 15 uym, see above), we calculated the percentage of coverage of vessels
relative to the background per FOV for each region. STL-positive capillaries
and arterioles were counted in 10 randomly selected FOVs per animal and

region (cortex, striatum, thalamus).

2.3.2. Assessment of endogenous AB in SHRSP

The presence of immunocytochemically and histologically detected Ap
deposits in the walls of capillaries (luminal diameter < 15 uym) and arterioles
(luminal diameter = 15 pm) was first assessed in a binary manner (existent,
not existent). The number of AB positive vessels was then counted within 3
FOVs per section using all available sections stained for the assessment of -
amyloid (see above). Cortical, striatal, hippocampal and thalamic regions

were analysed.

10
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2.3.3. Analyses of cerebrovascular basement membranes by transmission

electron microscopy

Three TEM grids per animal were used for analysis of cortical, striatal,
hippocampal and thalamic capillaries defined as having: a luminal diameter of
4.0-15 um [23], a single endothelial layer with tight junctions and a fused
endothelial-astroglial basement membrane. For analysis, 5 transversely
orientated capillaries per animal were randomly chosen. To assess the overall
vessel structure, those capillaries were imaged first at x9.000. Basement
membrane thickness was subsequently determined at x50.000 by taking 20
measurements per capillary along each of the two thinnest points of the
capillary wall [20]. We additionally quantified the number of (i) endothelial
vacuoles (caveolae), (ii) extensions of the endothelial cells into the lumen
(“bridging of the endothelium”), (iii) tight junctions that appear to have lost the

normal architecture and (iv) abnormal appearing pericytes.

2.4. Statistical analysis

To determine group differences between SHRSP and Wistar controls, general
linear models were conducted with group as independent variable and the
following were considered as dependent variables: (i) immunocytochemical
collagen IV and laminin relative % signal area, (ii) immunohistochemical STL-
positive vessels, (iii) thickness of basement membranes as measured by TEM
and (iv) endothelial or pericyte pathologies, that are (a) endothelial vacuoles,
(b) “endothelial bridging”, (c) open tight junctions and (d) abnormal pericytes,

as quantified using TEM (please see also 2.3.3). When the variables (i) to (iv)

11
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(a)-(d) demonstrated a dependency on age, the respective model was

adjusted for age.

To address the issue of multiple comparisons, the following p-values were

deemed to be significant:

o for collagen IV/laminin/STL data (respectively quantified in 3 regions) p

< 0.05/9 = 0.006

e for basement membrane thickness or endothelial vacuoles or
“‘endothelial bridging” or open tight junctions or abnormal pericytes

(respectively quantified in 4 regions) p < 0.05/4 = 0.013, respectively

12
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3. Results

3.1. Immunohistochemical signal area of collagen 1V and laminin

SHRSP exhibited a significant, around 2fold higher cortical, striatal and
thalamic percentage area immunostained for collagen IV in vessels with a
luminal diameter = 15 ym compared to Wistar controls (Table 1, Figure 1 &
Figure 2). There were no group differences between SHRSP and Wistar rats
for the percentage area immunostained for collagen IV in vessels with a
luminal diameter < 15 ym (capillaries) (Table 1, Figure 1). Compared to
Wistar controls, SHRSP displayed significantly higher numbers of cortical
vessels with a luminal diameter 2 15 ym (as indicated by STL-positivity). The
upregulation of immunostaining for collagen IV observed in the cortical
vessels with a luminal diameter =2 15 ym in SHRSP was related to vessel
density alterations (Table 2). Collagen IV group differences found in striatal
and thalamic vessels with a luminal diameter = 15 ym were, however, not
associated with changes of vessel density. There were no overall group

differences for laminin in any of the regions involved (data not shown).

3.2. Ultrastructural features of basement membranes

The capillary thickness of the basement membrane as measured by TEM
software was related to age in SHRSP (p = 0.004 for striatum, p = 0.011 for
hippocampus, p = 0.001 for thalamus), but not in Wistar rats (Figure 1).
Significant age-independent (up to 1.3fold) increases in the capillary
basement membrane thickness in SHRSP compared to Wistar rats were
observed in the striatum (p < 0.001), in the hippocampus (p < 0.001) and in

the thalamus (p = 0.004) (Table 3 & Figure 1). The capillary basement

13
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membranes in the cortex of SHRSP were also thicker compared to those in

Wistar control rats (p = 0.018, trend-level, Table 3).

Qualitative morphological changes of the capillary walls were observed in
SHRSP and in Wistar controls that is degeneration of pericytes, folding of the
tight junctions, accumulation of electron lucent lysosomes or lipofuscin and an
increased number of caveolae in endothelial cells and pericytes. Fibrillar
structures and electron dense deposits were additionally observed in the

thickened BMs (Figure 3).

Quantification of endothelial and pericyte pathologies revealed a significant
age-related increase of abnormal pericytes within the striatum of the SHRSP
(p = 0.004) and a significant age-related decrease of “endothelial bridging”
within the Wistar controls’ striatum (p = 0.004). Compared to Wistar rats
SHRSP displayed significant higher numbers of endothelial vacuoles in the
striatum (p = 0.004) and in the hippocampus (p = 0.023, trend-level). On a
trend-level SHRSP moreover revealed higher numbers of abnormal cortical

pericytes (p = 0.07) when compared to Wistar animals.

3.3. Endogenous vascular -amyloid deposits in SHRSP.

Histological assessment of rodent AP revealed that nearly all SHRSP
sporadically developed vascular AR deposits resembling cerebral amyloid
angiopathy: at an age of 18w, 5 out of 6 animals were affected (83%), and
from an age of 24w on, 13 out of 13 SHRSP (100%) were affected. Deposits
were detected in cortical regions in 100% of the animals (mean number of ApB-
positive vessels/FOV 7.3) with the distribution was as follows: in 83% of the

SHRSP vascular B-amyloid accumulations were detected in parietal cortices

14
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(mean/FOV 4.2), while in 56% (mean/FOV 2.5) or 33% (mean/FOV 0.5) they
were found in frontal or occipital cortices. AR deposits were also observed in
the striatum (56%, mean/FOV 1.7), the hippocampus (61%, mean/FOV 1.8)
and the thalamus (28%, mean/FOV 1.3). Figure 4 visualizes the incidence
with which ApB-positive vessels in the respective regions were found in
SHRSP. Regional color-coding reflects the percentages of affected rats in the

respective regions.

Immunohistological assessment of rodent AR revealed CAA in 9 out of 10
SHRSP (90%); all affected animals were at an age of 28w and 32w. In cortical
regions, CAA was found in 50%, in the striatum in 40%, in the hippocampus in
90%, and in the thalamus in 50% of all SHRSP. Highest number of CAA-
positive vessels was found in the hippocampus, while the striatum displayed

the lowest number.

Deposits of AB were observed in vessels with a luminal diameter = 15 ym and
appearance characteristic of small arteries/arterioles as well as in the walls of
capillaries with luminal diameter < 15 um. All deposits of A were located on
the abluminal side of the small vessel walls and not on the endothelial surface
(Figure 5). Furthermore, these deposits were compact, as determined by the
Thioflavin staining (Figure 5). Of all AB depositing vessels within the whole
brain 95% additionally displayed iron accumulations (95% in the cortex, 97%

in the striatum, 97% in the hippocampus, 96% in the thalamus) (Figure 5).

None of the Wistar animals exhibited any histologically detectable vascular AB

accumulations.
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4. Discussion

Our analysis revealed a significant age-independent increase in the
immunohistochemical signal area of collagen IV in subcortical small
arteries/arterioles of spontaneously hypertensive stroke prone rats, compared
to Wistar controls. The increased percentage area immunostained for
collagen IV in cortical regions was related to an increased number of
arterioles/small arteries in SHRSP. The basement membranes of subcortical
capillaries in the striatum, thalamus and hippocampus were significantly
thicker in aged SHRSP compared to control animals, with the capillary
basement membranes of the cortex following the same trend. This increase in
thickness of the capillary basement membranes was, however, not explained
by a capillary increase of the collagen IV or laminin expression. It was indeed
accompanied by qualitative and quantitative alterations of the neurovascular
unit comprising higher numbers of (i) subcortical endothelial vacuoles and (ii)
abnormal cortical pericytes. Additionally, the hypertensive stroke prone rat
developed endogenous capillary and arteriolar/arterial vascular AR deposits
(CAA), commonly occurring at the abluminal vessel wall side and adjacent to
cortical and subcortical small vessel wall damage. One may speculate that
CAA development in SHRSP might result from different reasons that are
failure of perivascular B-amyloid drainage along the altered basement

membranes together with AP transport disturbances across the leaking BBB

and extracellular matrix protein alterations favouring p-amyloid aggregation

[24].
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Overall, our results confirm (i) the mutual occurrence of non-amyloid CSVD
and CAA, as it is commonly found in the aging brain. Despite CAA was
predominantly detectable in (fronto-parietal) cortical regions, subcortical areas
such as the basal ganglia or the hippocampus were also frequently affected,
which is different from humans. These data moreover suggest that (ii)
degenerative capillary basement membrane changes occur as a function of
age (in combination with arterial hypertension and CSVD). Underlying
mechanisms of overall capillary basement membrane alterations (which were
characterized by thickening and structural changes of the neurovascular unit)
seem thereby to differ from subcortical arteriolar/arterial basement membrane
changes (which were characterized by an increase of the collagen IV

expression).

Spontaneous CAA development in a non-transgenic non-amyloid CSVD
model suggests that there should be some mechanisms connecting the two
small vessel disease entities. The soluble AB-protein is eliminated from the
brain along the cerebral vascular system by a variety of mechanisms
comprising (i) enzymatic degradation, (ii) transport across the blood-brain
barrier and (iii) brain-wide Iymphatic AB-drainage into the extracranial
lymphatic system (a) along the vessels’ basement membranes or (b) along
glial water channels of the glymphatic system [25-27]. All of the mechanisms
for the elimination of AR depend on the existence of vascular and extracellular
matrix integrity, which fails with age, high vascular risk and vessel wall
damage, as found in non-amyloid CSVD [26, 27]. Alterations of the AP
clearance pathways in the cerebral vessel walls caused by BBB breakdown,

basement membrane and neurovascular unit damage comprising extracellular

17
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matrix proliferation, result in the accumulation of solutes such as p-amyloid in
the small vessel walls. Our findings of extracellular matrix protein and small
vessel basement membrane alterations in CSVD along with CAA
development, suggest that failure of -amyloid drainage and degradation may
play a crucial role in connecting non-amyloid and amyloid-related CSVD.
Failure of perivascular AP transport is additionally supported by the
observation that in our SHRSP model vascular AB was mainly found (i) in the
protein clearance pathways at the abluminal side of the small vessel walls and

(ii) at sites of small vessel wall damage.

Our results replicate previous findings in the SHRSP and SHR (spontaneously
hypertensive rat), namely capillary basement membrane thickening (which
depended on age) and the occurrence of qualitative capillary wall changes
such as endothelial degeneration [28, 29]. In SHRSP small vessel wall
changes are moreover accompanied by structural vascular smooth muscle
cell alterations surrounded by many layers of basal lamina-like material of the
large arteries, that is e.g. the middle cerebral artery [30]. In the small
vasculature, plasma protein leakage (which is commonly found in our
experimental CSVD model [18, 22]) related to endothelial damage may
thereby be one underlying mechanism explaining the accompanying
quantitative capillary basement membrane thickening [31, 32]. The latter has
been studied by Fredriksson et al. demonstrating that in SHRSP at BBB
leakage sites small vessel wall structures can be replaced by multiple
basement membrane layers and bundles of collagen fibrils resulting in small
vessel wall thickening and stenosis [28]. Regions without BBB damage,

however, seem to be free of any vascular alterations [28]. In our study,
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endothelial alterations and BBB breakdown became also evident by chronic
(perivascular) iron accumulations (see Figure 5). The capillary collagen IV
and laminin expression patterns, however, remained unchanged, suggesting
that other extracellular matrix proteins may be responsible for the thickening

observed.

Our data, however, differ from studies performed by Bailey et al. who did not
find differences of the collagen IV percentage area in SHRSP compared to
Wistar controls [33]. The authors assessed animals aged 5, 16 and 21 weeks,
so overall younger than ours that were 18, 24 and 32 weeks; it thus seems to
be very conceivable that collagen IV upregulation accompanies overall vessel

wall changes progressing as a function of age in SHRSP [22].

Subcortical arteriolar basement membrane alterations were, however,
characterized by an upregulation of collagen IV. One may speculate that the
increased expression of arteriolar/arterial collagen IV may result from its
reduced degradation [34], or from its increased synthesis [28, 35, 36], which,
overall may be explained by hypertension-associated changes of matrix
metalloproteases activities, and inflammation within the vessel wall [34]. The
latter may also account for regional angiogenesis and associated higher
microvessel densities [37] found in our hypertensive rat model. Future studies
have to better elucidate the pathomechanisms underlying the different
capillary and arteriolar/small artery BM alteration patterns and their relation to

age.

Our study confirms the observation that non-transgenic animal models with

CSVD and/or arterial hypertension sporadically develop vascular A deposits
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[38—40]. Interestingly, the regional distribution of CSVD (for further details see
[22]) and CAA in the SHRSP model does not represent the commonly
accepted pattern in humans of “mainly subcortical- (and white-matter-)
dominant” CSVD and “mainly occipital cortical-dominant” CAA. Instead, in
SHRSP, both, non-amyloid CSVD and CAA seem to similarly spread into
cortical, especially into fronto-parietal, and subcortical regions. This essential
finding might be related to differences of anatomical characteristics of the
regional cerebral blood vessels between rodents and humans. In humans,
cortical and striatal vessels differ this way that cortical arterioles/arteries are
characterized by a layer of leptomeninges that is closely adherent to the wall
of the vessel, without a perivascular space, whereas in the basal ganglia there
are two such layers, separated by a perivascular space [41]. This suggests
that in humans AR that is unable to clear efficiently across the endothelium or
by perivascular clearance may accumulate in the walls of cortical arteries, but
not in the basal ganglia, where (human) CAA is very rare [42]. It is reasonable
to assume that regional differences in the anatomy of the walls of the cortical
and subcortical arteries may also exist in rodents and this is supported by the
higher cortical frequency of vascular AB deposits. The quite equal distribution
of non-amyloid CSVD and CAA in the SHRSP makes it, however, a promising
model for studying the interactions between both types of small vessel

disease.

Our findings should be viewed in light of some limitations comprising missing
mechanistic links between non-amyloid CSVD and CAA. We can speculate
about the possible causes leading to AB retention in SHRSP, such as the

failure of endothelial transporter functions, which will need to be addressed in
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future studies. Additionally, we assume that the differences of vascular p-
amyloid detection using either histological or immunohistochemical stainings
rather result from our quantification approach than from sensitivity issues of
the various stainings. This way, that for histology slices covering nearly the
whole brain were quantified, while quantification of immunohistochemical data
took place using just exemplary slices. Those findings overall show, that the
SHRSP strain displays a patchy and heterogeneous distribution of vascular j3-
amyloid positivity. Evaluation of the whole brain rather than performing
regionally circumscribed analysis should thus be considered the gold standard

when investigating the vascular B-amyloid status of that rat model.

In conclusion, our data confirm the relationship between age, non-amyloid
CSVD, arterial hypertension and ultrastructural and biochemical capillary and
arteriolar/arterial basement membrane and extracellular matrix changes. They
moreover suggest that non-amyloid CSVD and CAA should be considered as

part of the same vascular disease spectrum in the ageing brain.
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Tables
Table 1. Collagen IV mean relative % signal area per group and region.
SD [standard deviation], SHRSP, spontaneously hypertensive stroke-prone
rats, p < 0.006 was deemed to be significant. The F-ratio demonstrates the
explained variance divided by the unexplained variance of the statistical
model.
Wistar, SHRSP,
n=15 n=15
Vessels Region Mean [SD] | Mean [SD] F-ratio
(p-value)
Collagen IV Cortex 2.90[1.29] | 4.40[3.18] 6.59 (0.013)
all vessels Striatum 2.09[1.07] | 3.39[2.92] 6.17 (0.016)
Thalamus 2.32[1.73] | 3.91 [3.48] 5.45 (0.023)
Collagen IV Cortex 3.40[1.71] | 6.67 [3.42] 10.95 (0.003)
vessels > 15uym Striatum 2.44 [1.42] | 5.46 [3.14] 11.51 (0.002)
Thalamus 2.99[2.28] | 6.30 [3.58] 9.46 (0.005)
Collagen IV Cortex 2.43[0.37] | 2.40 [0.56] 0.21 (0.65)
vessels <15um Striatum 2.44 [1.42] | 1.58 [0.57] 1.52 (0.23)
Thalamus 1.69[0.5] |1.60]0.75] 0.40 (0.53)
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Table 2. STL-positivity per group and region.

SD [standard deviation], SHRSP, spontaneously hypertensive stroke-prone

rats, p < 0.006 was deemed to be significant. The F-ratio demonstrates the
explained variance divided by the unexplained variance of the statistical
model.
Wistar, SHRSP,
n=9 n=9
Vessels Region Mean [SD] Mean [SD] F-ratio
(p-value)
STL-positivity Cortex 56.96 [4.47] |58.88[4.54] |8.18(0.010)
all vessels Striatum 41.64 [5.48] | 45.18[6.38] 15.88 (<0.001)
Thalamus | 40.71[4.73] |40.30[4.14] |0.39(0.5)
STL-positivity Cortex 2.01[1.00] 3.41[1.03] 85.89 (<0.001)
vessels > 15pm Striatum 2.72[1.15] 3.07 [1.31] 3.52 (0.06)
Thalamus | 2.94 [1.31] 2.91[1.16] 0.23 (0.60)
STL-positivity Cortex 54.94[4.37] |55.47[4.46] |0.63(0.43)
vessels <15pm Striatum 38.92[5.43] |42.11[6.06] 13.82 (<0.001)
Thalamus | 37.77[4.49] |37.39[4.08] |0.35(0.60)
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Table 3. Basement membrane thickness as measured using TEM per
group and region. SD [standard deviation], SHRSP, spontaneously
hypertensive stroke-prone rats, p < 0.013 was deemed to be significant. The
F-ratio demonstrates the explained variance divided by the unexplained
variance of the statistical model. All values are given in nm. TEM
transmission electron microscopy.
Wistar, n=9 SHRSP, n=9
Region Mean [SD] Mean [SD] F-ratio
(p-value)
Basement | Cortex 52.19 [3.26] 68.14 [17.82] | 6.98 (0.018)
membrane | gyrigtym 51.76 [5.53] 67.22 [10.83] | 19.43 (0.001)
::'ﬁ:‘n"ess Hippocampu | 52.93 [4.86] | 66.06 [8.25] | 22.7 (< 0.001)
s
Thalamus 51.65 [4.39] 64.22 [10.68] | 8.38 (0.004)
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Figure legends

Figure 1. Immunocytochemical and morphological basement membrane changes in
small vessels in SHRSP and Wistar controls. Graphs demonstrate the collagen IV relative
% signal area of the sum of small vessels with a luminal diameter =2 15um and < 15um (A), of
vessels with a luminal diameter = 15um (B), and of vessels with a luminal diameter < 15um
(C), separately for cortical regions, striatum and thalamus in Wistar rats and SHRSP. In
arterioles/small arteries (luminal diameter = 15um), there was a significant increase of the
cortical, striatal and thalamic collagen IV relative % signal area in SHRSP compared to

Wistar controls (B).

Age had a significant impact on striatal, thalamic and hippocampal basement membrane
thickness as measured by transmission electron microscopy (TEM) in SHRSP (D), but not in
Wistar rats (E). TEM basement membrane thickness was moreover significantly increased in

the striatum, the thalamus and the hippocampus in SHRSP compared to Wistar rats (F).

Error bars indicate the 95% CI, ** p < 0.01. A-C, SHRSP n = 15 (18 to 32 weeks), Wistar n =

15 (18 to 32 weeks), D-F, SHRSP n = 9 (18 to 32 weeks), Wistar n = 9 (18 to 32 weeks)

Figure 2. Collagen IV positive small vessels in SHRSP and Wistar rats. Figure
demonstrates the collagen IV relative % signal area in cortical (A, B), striatal (C, D) and
thalamic (E, F) regions in male SHRSP (A, C, E) and Wistar controls (B, D, F). Larger
vessels (luminal diameter = 15um) had a visibly increased collagen IV relative % signal area

in SHRSP versus controls.

Figure 3. Ultrastructural cortical basement membrane changes in SHRSP.
Ultrastructural changes in 24-32 week SHRSP brains, with arrowheads pointing to: (A)
dissociation of astrocytic end feet from the basement membrane and ruffling to the edge of
the basement membrane, (B) accumulation of lipofuscin in pericytes, (C) accumulation of

fibrillary structures in the basement membrane, (D) the swollen basement membrane



containing electron dense deposits, (E) an increase in the number and size of the caveolae

in pericytes, endothelial cells and the (F) folding of the tight junctions.

Figure 4. Regional incidence of CAA findings. Regional color-coding reflects the
incidence with which AB-positive vessels in the respective regions were found in the SHRSP.
Color coding is overlaid on axial slices of grey and white matter segments of a T2-weighted

MRI scan of a rat brain (own unpublished data) and rendered onto its surface.

Figure 5. Cerebral amyloid angiopathy in SHRSP. SHRSP spontaneously develop
cerebral amyloid angiopathy (A-E, arrows), found in capillaries (a1, b2, b3, ¢1, d2, arrows),
and in smaller and bigger arterioles/small arteries (a2, b1, c2, c3, d1, e1, arrows).
Endogenous amyloid-B (AB) accumulates initially on the abluminal side of the vessel walls
(D-E, arrows), with additionally diffuse and sparse amyloid accumulations in the vessel wall
elements (E, e1), and extending eccentrically from the vessel wall of small arterioles into the

perivascular parenchyma (dysphoric angiopathy; F, f1-f2, arrows).

STL - solanum tuberosum lectin-fluorescein isothiocyanate (endothelial marker), DAPI - 4’.6-
diamidino-2-phenylindole (nuclear staining), A, a1, a2, F, f1, f2 — Prussian blue/CR-staining,
B, b1, b3, C, c1-c3 — Prussian blue/Thioflavin T-staining, b2 — Prussian blue/Thioflavin S-
staining, D, d1, d2, E, e1 — Immunohistochemistry for AB/Alexa555, A, a1, B, b1, b3 — 18

weeks (w), a2, b2, C, c1,¢c2,D,d1,d2,E, e1,f2-32w; c3,F, f1 -32w
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