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Abstract

We aimed to test the hypothesis that in spontaneously hypertensive stroke-prone 
rats (SHRSP), non-amyloid cerebral small vessel disease/hypertensive arteriopathy 
(HA) results in vessel wall injury that may promote cerebral amyloid angiopathy 
(CAA). Our study comprised 21 male SHRSP (age 17–44 weeks) and 10 age- and 
sex-matched Wistar control rats, that underwent two-photon (2PM) imaging of the 
arterioles in the parietal cortex using Methoxy-X04, Dextran and cerebral blood 
flow (CBF) measurements. Our data suggest that HA in SHRSP progresses in a 
temporal and age-dependent manner, starting from small vessel wall damage (stage 
1A), proceeding to CBF reduction (stage 1B), non-occlusive (stage 2), and finally, 
occlusive thrombi (stage 3). Wistar animals also demonstrated small vessel wall 
damage, but were free of any of the later HA stages. Nearly half of all SHRSP 
additionally displayed vascular Methoxy-X04 positivity indicative of cortical CAA. 
Vascular β-amyloid deposits were found in small vessels characterized by thrombotic 
occlusions (stage 2 or 3). Post-mortem analysis of the rat brains confirmed the 
findings derived from intravital 2PM microscopy. Our data thus overall suggest that 
advanced HA may play a role in CAA development with the two small vessel 
disease entities might be related to the same pathological spectrum of the aging 
brain.

INTRODUCTION
Sporadic cerebral small vessel disease (CSVD) is frequently 
found in the aging brain and represents one of the major 
causes of stroke and (vascular) dementia (13,29,54,88). The 
term CSVD thereby stands for a mixture of clinical, cogni-
tive, neuroimaging, and neuropathological findings arising 
from the integrity loss of the cerebral small vasculature 
(29,60,88). There are two major forms of CSVD comprising 
non-amyloid CSVD (also called hypertensive arteriopathy, 
HA) and cerebral amyloid angiopathy (CAA) (13,29,54). 
HA mainly develops as a result of an early endothelial 
failure, basement membrane changes, and associated blood 
brain barrier (BBB) breakdown and later stages progress 
to overall small vessel wall damage (6,13,28,80,85,88). In 
CAA, however, tunica media destruction caused by β-amyloid 
(Aβ) accumulation precedes the later disease stages charac-
terized by endothelial and adventitial damage (6,7,19).

There is evidence from human post-mortem and imaging 
studies that HA and CAA occur together in the aging 
brain (1,20,39,63,69). This raises the question whether this 
observation is simply explained by the common co-occur-
rence of the two CSVD entities, eg, due to shared (risk) 
factors such as aging and apolipoprotein (APO) Eε4 geno-
type (29,82,88) or if there is a more causal relationship.

The consideration of a causal relationship is based on 
experimental data demonstrating the accumulation of 
β-amyloid in the small vessel walls due to a failure of 
intramural periarterial protein drainage and endothelial 
transport mechanisms (31,91,97). Both require small vessel 
wall integrity, in particular that of endothelial and base-
ment membranes. HA-related small vessel wall damage 
may therefore be susceptible to the deposition of β-amyloid. 
Investigating this hypothesis, however, demands for the 
definition of suitable animal models revealing (pure) HA 
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without developing Aβ deposits as a result of, eg, trans-
genic modifications.

The spontaneously hypertensive stroke-prone rat 
(SHRSP) develops malignant hypertension and displays the 
broad spectrum of HA-related pathologies comprising, eg, 
BBB breakdown (9,10,33,44,66). That rodent model addi-
tionally shows parenchymal and (peri)vascular amyloid 
depositions, albeit no transgenic modifications of any genes 
involved in the Aβ turnover have been conducted 
(11,33,61,68). One may thus argue, that in SHRSP HA-related 
small vessel wall pathology itself could play a leading 
(causal) role when considering the etiology of vascular 
amyloid accumulations.

In the present study conducted in a set of male SHRSP 
and age- and sex-matched Wistar control rats, we intended 
to investigate the hypothesis that HA represents a risk 
factor for the development of CAA. We firstly aimed to 
define temporal stages of HA progression based on the 
findings from intravital 2-photon microscopy (2PM) small 
vessel imaging, comprising cerebral blood flow (CBF) 
measurements. We then examined whether HA progression 
relates to CAA development.

MATERIALS AND METHODS

Animals

All experiments were performed in compliance with the 
German regulations on the welfare of animals used for 
experiments or for other scientific purposes (Tierschutz-
Versuchstierverordnung, August 2013). Animal procedures 
were conducted after obtaining the approval of the local 
Animal Care Committee of Saxony-Anhalt (reference num-
ber of license for animal testing 42502-2-1148 DZNE) and 
in compliance with the ARRIVE guidelines for animal 
experiments. N = 26 male SHRSP (Charles River 
Laboratories International Inc., Wilmington, MA, USA) 
aged from 17 to 44 weeks and n = 15 male Wistar rats 
(Charles River Laboratories, Research Models and Services, 
Germany GmbH, Sulzfeld, GER) aged from 17 to 44 weeks 
were used in the study. All animals were housed under 
standard conditions including free access to food and water 
and a natural light–dark cycle. To record the health status 
of the animals, their 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.

Two-photon imaging

Before surgery, Pentobarbital (1 mL per 100 g body weight) 
was injected intraperitoneally. During surgery the body 
temperature was controlled and kept constant at 37°C with 
a heating pad. A 4 × 6 mm2 sized craniotomy was per-
formed over the parietal cortex, and the dura was then 
removed carefully. The cranial window was located between 
−2 mm and −8 mm relative to Bregma and between 1 
mm and 5 mm lateral from the sagittal suture. After 

surgery, the cranial window was filled with sterile irriga-
tion and sealed by a 7-mm cover glass. Out of n = 26 
SHRSP n = 5 (19%) and out of n = 15 Wistar rats n = 
2 (13%) animals died during surgery (eg, from subdural 
or intracranial bleeding). Thus, n = 21 SHRSP and n = 
13 Wistar rats remained for intravital 2PM conducted using 
a LSM 7 MP microscope (Carl Zeiss, Oberkochen, GER) 
with the animals’ heads fixed in a head holder to ensure 
a stable position during the imaging sessions. N = 3 Wistar 
rats aged 44 weeks, however, did not fit into the head 
holder due to too large head sizes, leaving n = 10 Wistar 
rats aged from 17 to 35 weeks for final analysis using 
2PM.

First, in each out of n = 8 SHRSP (aged 18 weeks (w)—[n 
= 2], 28–30 w—[n = 3], 32–33 w—[n = 3]) and n = 5  
Wistar rats (aged 18 w—[n = 2], 32 w—[n = 3]) red blood 
cell (RBC) flow velocity was determined in 9 parietal arte-
rioles on average, and arteriolar luminal diameter ranged 
from 10 to 60 μm. RBC flow velocity was assessed using 
the line scan technique recently described by Kleinfeld and 
colleagues (40).

Dextran (Dextran, Tetramethylrhodamine, 70 kDa, 10 
mg/mL, Life Technologies, Darmstadt, GER) was injected 
intraorbitally to mark the blood plasma. Since this dye 
does not bind to the RBCs, they appear as dark moving 
shadows within the Dextran-enhanced blood plasma.

Using a Radon transform algorithm (Radon function 
in the MATLAB Image Processing Toolbox) (24) evaluated 
in MATLAB R2013a (Mathworks, Natick, MA) RBC flow 
velocity [in mm/s] was then determined from space time 
images (line scans) generated from repeated scanning along 
the central vessel axis. Starting from the upper part of 
the image for each vessel those line scans were created 
along the y-time-axis, while the respective vessel was 
scanned for 10.000 msec. Line scans thus indicate the 
non-fluorescent RBCs’ time-dependent movement from the 
upper left to the lower right corner of the image with the 
x-axis displaying the spatial position of the red blood 
cells (Figure  1). The movement of RBCs observed as the 
change in the RBCs’ spatial position ∆x during a certain 
time period ∆t results in dark streaks whose slopes (∆t/∆x) 
are inversely related to the RBC flow velocity (∆x/∆t) 
(21,40,65). Arterioles without pathological alterations dis-
play line scans characterized by a large number of nearly 
non-sloping streaks indicative of plenty of RBCs moving 
unhampered from the upper left to the lower right corner 
of the image (Figure  1A). In this case, ∆x exceeds ∆t 
resulting in high values for RBC flow velocity. Conversely, 
line scans of arterioles affected by pathological alterations 
such as non-occlusive erythrocyte thrombi or luminal 
Dextran accumulations exhibit a smaller number of streaks 
characterized by steep slopes. The latter indicate slowly 
to nearly not moving RBCs resulting in a reduced number 
of red blood cells passing the scanned vessel segment dur-
ing the same course of time (Figure  1B–D). While time 
is passing by, there is limited change of the RBCs’ spatial 
position resulting in low RBC flow velocity values.

The remaining n = 13 SHRSP (aged 17 w—[n = 1], 28 
w—[n = 2], 32–33 w—[n = 7], 39 w—[n = 1], 44 w—[n = 2]) 
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underwent Aβ imaging of the parietal cortex with an imaging 
depth up to 300 μm. For this purpose, the fluorescent Congo 
red derivate Methoxy-X04 (23,42) (2 mg/mL, TOCRIS biosci-
ence, Bristol, UK) together with Dextran (70 kDa, 10 mg/mL) 
were injected intraorbitally allowing for the detection of vascular 
amyloid as well as the integrity and structure of the microvas-
culature. Methoxy-X04 was injected 80 minutes prior to imaging, 
and Dextran was applied immediately before 2PM took place. 
After crossing the BBB, Methoxy-X04 binds up to 72 h after 
injection to fibrillary Aβ including CAA (4,23,41,64). It is, how-
ever, cleared within seconds from brain tissue that does not 
contain fibrillary amyloid (42). For Wistar rats, however, no 
Methoxy imaging was performed as our previous studies showed 
that age-matched Wistar rats do not exhibit any Aβ accumula-
tion (11,33,68).

Tissue preparation and histology

After imaging, all n = 21 SHRSP and n = 10 Wistar rats 
were transcardially perfused using 120 mL phosphate-
buffered saline (PBS) followed by fixation through 120mL 
paraformaldehyde (PFA, 4%) within 8 minutes. Brains 
were removed, fixed in 4% PFA for 48 h, cryoprotected 
in 30% sucrose for 6 days and frozen in methylbutane at 
−80°C. Using a cryostat the brains were then sliced and 

coronal slices were taken from 11 planes comprising all 
brain regions extending from the frontal to the occipital 
pole.

The surgical area was located between the fifth and 
the ninth sectional plane and covered an area of around 
4 × 6 mm2 of the parietal cortex. For all histological 
analysis (and immunohistochemical analysis, see below) 
the researchers (SJ, CG) were blind with respect to group 
and age of the animals. For each animal, three slices (30 
μm slice thickness) per plane within the surgical area 
were stained with hematoxylin and eosin (HE, used for 
the detection of HA features that is non-occlusive eryth-
rocyte thrombi and occlusive erythrocyte thrombi/totally 
obstructed vessel segments). For the n = 13 SHRSP that 
were used for Methoxy imaging one slice per plane within 
the surgical area was stained with Congo red (CR)/Prussian 
blue and Thioflavin T/Prussian blue (used for the detec-
tion of (peri)vascular Aβ accumulations). The brains of 
Wistar rats were not stained with CR or Thioflavin T 
since they were not used for intravital Methoxy imaging 
(see above).

Immunohistochemistry

In SHRSP, besides conventional histological β-amyloid 
detection, (peri)vascular Aβ was assessed immunohisto-
chemically in n = 5 brain slices within the surgical area 
per rat; this was undertaken for all n = 13 animals that 
underwent in vivo Methoxy-X04 imaging. Moreover, n = 
5 brain slices of n = 12 SHRSP were additionally stained 
with Aβ and IgG to investigate whether vascular β-amyloid 
accumulations relate to BBB breakdown. Wall-adherent 
and perivascular IgG depositions thereby indicate small 
vessel wall/BBB damage (51). In short, tissue was pretreated 
with citrate buffer (70°C, 30 minutes), slices were repeat-
edly washed in PBS and blocked with 10% donkey serum. 
Subsequently, slices were stained with STL-FITC (solanum 
tuberosum lectin-fluorescein isothiocyanate, endothelial 
marker, 1:500; Axxora, Enzo Life Sciences GmbH, Lörrach, 
GER) and anti-rodent Aβ (1:500; Covance, Dedham, MA, 
USA; specific for rodent Aβ) overnight at 4°C. Moreover, 
in all n = 21 SHRSP in vivo applied Dextran (Dextran, 
Tetramethylrhodamine, 70 kDa; Life Technologies, 
Darmstadt, GER) was visualized post-mortem by its 
Tetramethylrhodamine labeling without any further anti-
body. The co-localization between IgG and wall-adherent 
and perivascular Dextran indicate small vessel wall damage 
and BBB breakdown (53). For IgG detection, slices were 
then incubated with Cy3-donkey anti rat IgG (1:200, Jackson 
Immuno Research, West Grove, PA, USA) and Cy5-donkey 
anti rabbit IgG (1:500, detection of Aβ; Jackson Immuno 
Research) for 2 h at room temperature. Finally, DAPI 
(4′.6-diamidino-2-phenylindol, nuclear staining, 1:10.000; 
MoBiTec GmbH, Göttingen, GER) staining was performed 
for 20 minutes at room temperature. After dehydration 
with increasing concentrations of alcohol, slices were 
mounted on slides with Histomount (Fisher Scientific 
GmbH, Schwerte, GER).

Figure 1.  Intravital RBC flow velocity measures using 2-photon 
microscopy. A shows an exemplary line scan of an arteriole without any 
HA phenomena displaying unhampered RBC flow velocity. For 
comparison, B—D demonstrate line scans of arterioles characterized by 
RBC flow velocity disturbances. B thereby shows a line scan of an 
exemplary arteriole with luminal Dextran accumulations and C and D 
display line scans of vessels filled with non-occlusive erythrocyte 
thrombi. HA, hypertensive arteriopathy; RBC, red blood cell. Scale bars 
= 20 μm; x-axis—spatial position of RBCs; y-axis—time t (10.000 ms 
from top to bottom of the line scan).
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Data analysis and quantification

2PM data analysis

For analysis, 2PM data were recorded using the ZEN 
2010 software (Carl Zeiss Microscopy GmbH, Jena, 
Germany) and saved as lsm-files for later data 
evaluation.

HA phenomena, HA cascade, and HA staging

Lsm-files of all n = 21 SHRSP and n = 10 Wistar rats 
were then used to quantify the presence of distinct HA 
phenomena, that are arteriolar (luminal diameter 10–60 
μm) erythrocyte accumulations in the vessel walls, accu-
mulations of Dextran in the vessel walls and vessel lumina, 
non-occlusive and occlusive luminal erythrocyte thrombi 
as well as totally obstructed vessel segments. Wall-adherent 
erythrocyte accumulations became obvious through non-
moving dark spots in the vessel walls. Dextran accumula-
tions were defined through extraordinary brightly 
fluorescent vessel lumina or walls; slowly and/or non-moving 
RBCs in the vessel lumina were indicative of non-occlusive 
or occlusive luminal erythrocyte thrombi, while long-distant 
Dextran gaps displayed totally obstructed vessel segments 
(see Figure  2). Quantification of each phenomenon took 
place in a binary manner (existent or not existent) in all 
available vessels from on average of 8 fields of view (FOVs) 
per animal. In the SHRSP, an additional evaluation of 

the different HA phenomena was carried out in young 
(17–28 weeks, n = 7), middle-aged (30–32 weeks, n = 7), 
and old (33–44 weeks, n = 7) animals.

The different phenomena characteristic of HA were 
subsequently taken into account to define an intravital 
HA cascade. Based on the cascade we outlined the exist-
ence of 5 HA stages. Assignment of each rat to a certain 
HA stage was based on the most advanced HA pathology 
derived from the HA cascade detectable in the individual 
animal.

Measurement of RBC flow velocity

On average 9 line scans per animal were taken into account 
with each line scan mapping one arteriole. Each arteriole 
was assigned to exhibit one of the following features: (i) 
no HA phenomena, (ii) luminal Dextran accumulations, or 
(iii) non-occlusive erythrocyte thrombi. RBC flow velocity 
was assessed in all available arterioles in FOVs randomly 
placed into the surgical area. For statistical analysis, per 
animal for each arteriolar HA entity RBC flow velocity was 
averaged across all line scans of vessels displaying that entity.

In vivo assessment of (peri)vascular β-amyloid 
accumulations

In the n = 13 SHRSP that underwent Methoxy imaging, 
3 FOVs per animal were investigated semi-quantitatively 

Figure 2.  Phenomena of cortical small vessel pathology in SHRSP 
demonstrated using intravital 2-photon microscopy. B shows small vessel 
wall damage indicated by Dextran accumulations in the small vessel walls 
(arrows). C demonstrates erythrocyte accumulations within an arteriolar 
wall (arrows) and D shows Dextran accumulations within the small vessel 
lumen (arrow). In E (arrow) the luminal formation of non-occlusive 
erythrocyte thrombi is demonstrated together with intraluminal Dextran 
accumulations (arrowhead). Non-occlusive erythrocyte thrombi then 
transform to occlusive erythrocyte thrombi (F, arrow) together with luminal 

Dextran accumulations (arrowhead) or later to totally obstructed vessel 
segments (F, asterisk). A refers to HA stage 0 (no HA features), B and C 
refer to HA stage 1A (small vessel wall damage), D indicates HA stage 1B 
(RBC flow reduction), E refers to stage 2 (non-occlusive thrombus 
formation) and F refers to HA stage 3 (occlusive thrombus formation). 
Data refer to the investigation of 21 male SHRSP aged 17–44 weeks. HA, 
hypertensive arteriopathy; RBC, red blood cell. A–F: scale bars = 50 μm; 
age of the animals: D and E—18 weeks (w), C—32w, A—33 w, B and 
F—44w.
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for the occurrence of (peri)vascular amyloid deposits defined 
as accumulations of Methoxy-X04 surround or within the 
arteriolar or small artery walls (existent or not existent). 
Furthermore, in all Aβ/CAA-positive SHRSP the number 
of CAA-positive and totally obstructed vessel segments 
was counted (within 3 FOVs).

Histological and immunohistochemical 
analysis

Within each slice covering the parietal cortex we first assessed 
the occurrence of HA phenomena (for all SHRSP and Wistar 
rats) that is BBB breakdown, non-occlusive erythrocyte 
thrombi, occlusive erythrocyte thrombi/totally obstructed 
vessel segments and the occurrence of (peri)vascular amyloid 
deposits (for SHRSP only) in a binary manner (existent, 
not existent). In order to examine the % of small vessels 
per FOV affected by HA phenomena (see above) and CAA 
in SHRSP, we counted the number of all arterioles (diameter 
10 to 60 μm) as well as the number of (i) HA-positive 
arterioles and (ii) CAA-positive arterioles; within the arte-
rioles displaying CAA we also assessed the concurrent 
occurrence of small vessel wall damage, non-occlusive eryth-
rocyte thrombi and occlusive erythrocyte thrombi/totally 
obstructed vessel segments. Analysis took account of 27 
FOVs within 9 brain slices per rat with 3 FOVs per slice 
(for HE staining); 20 FOVs, 5 brain slices, 3 FOVs per slice 
(for Dextran/IgG immunohistochemistry); and of 15 FOVS, 
5 brain slices, 3 FOVs per slice (for β-amyloid staining). 
The mean of FOVs was taken for statistical analysis.

Statistics

For binary variables, group comparisons (Wistar rats vs. 
SHRSP or various SHRSP age groups) were conducted 
using a χ2-test or a binary logistic regression analysis. To 
compare RBC flow between (a) arterioles with luminal 
Dextran accumulations and arterioles without any HA 
pathology, and between (b) arterioles with non-occlusive 
erythrocyte thrombi and arterioles without any HA pathol-
ogy a paired-samples t-test was performed. P-values ≤ 0.05 
were considered to be significant.

RESULTS

In vivo HA phenomena

Intravital fluorescent Dextran imaging showed both, arterioles 
without any HA feature (Figure  2A) and with different HA 
phenomena. N = 4 (40%) Wistar rats did not display any 
HA, while only n = 1 (5%) SHRSP was devoid of any HA, 
resulting in significant group differences (χ2(1) = 6.2,  
P = 0.03). In contrast, the prevalence of various HA phe-
nomena was significantly higher in SHRSP compared to 
Wistar rats: (1) accumulation of Dextran in the small vessel 
walls (SHRSP n = 19 [90%] vs. Wistar n = 3 [30%],  
χ2(1) = 6.1, P = 0.02) (Figure  2B), (2) accumulation of 

erythrocytes in the small vessel walls (n = 16 [76%] vs. n = 4 
[40%], χ2(1) = 9.0, P = 0.006), or (3) a combination of (1) and 
(2) (n = 11 [52%] vs. n = 1 [10%], χ2(1) = 5.1, P = 0.05) 
(Figure  2C), (4) accumulation of Dextran in the small vessel 
lumina (n = 16 [76%] vs. n = 1 [10%], χ2(1) = 12.0, P = 0.001) 
(Figure  2D), (5) non-occlusive luminal erythrocyte thrombi (n 
= 15 [71%] vs. n = 0 [0%], χ2(1) = 13.8, P < 0.001), (6) occlu-
sive luminal erythrocyte thrombi (n = 9 [43%] vs. n = 0 [0%], 
χ2(1) = 6.0, P = 0.03), or (5a) a combination of (4) and (5) 
(n = 14 [67%] vs. n = 0 [0%], χ2(1) = 12.2, P < 0.001) (Figure 2E) 
(supplemental movie 1) or (6a) a combination of (4) and (6) 
(n = 6 [29%] vs. n = 0 [0%], not significant) (Figure 2F, arrow) 
and (7) totally obstructed vessel segments, indicated by long 
distant Dextran gaps (n = 9 [43%] vs. n = 0 [0%], χ2(1) = 6.0, 
P = 0.03) (Figure 2F, asterisk, supplemental movie 2). Detailed 
prevalence of all phenomena in each individual animal is 
given in Figure  3. On a group-level, frequencies of all HA 
phenomena for SHRSP and Wistar rats are demonstrated 
in Figure  4A.

When considering the SHRSP group alone, phenomena 
(1) to (5) were equally distributed across all SHRSP age 
groups (P > 0.05, respectively); eg, phenomenon (1) was 
detectable in 71% of the young rats (aged 17–28 weeks), 
in 71% of the middle-aged SHRSP (30–32 weeks) and in 
86% of the old animals (33–44 weeks). The prevalence of 
occlusive erythrocyte thrombi (6) and totally obstructed 
vessel segments (7) was, however, significantly different 
between the different age groups (B(1) = 1.3, P = 0.05, 
respectively): 14% (17–28 weeks) vs. 43% (30–32 weeks) vs. 
71% (33–44 weeks), respectively (Figure  4C).

In vivo HA cascade

We consider the existence of a temporal HA cascade in 
SHRSP initiated by the accumulation of erythrocytes and 
Dextran within the small vessel walls (phenomena (1) to 
(3)), indicative of small vessel wall damage. Wall damage 
is accompanied by the reduction of RBC flow which 
becomes obvious through luminal Dextran depositions 
(phenomenon (4)). The latter is supported by the finding 
that arterioles characterized by luminal Dextran accumula-
tions compared to arterioles without any HA feature exhibit 
lower RBC flow velocity (mean [SD] 0.08 [0.10] mm/s vs. 
1.83 [1.36] mm/s, t(2) = 2.4, P = 0.1 [trend-level], Figure 4B). 
RBC flow velocity reduction initiates the formation of 
incomplete small vessel thrombi (phenomenon (5)), which 
is supported by the fact that arterioles comprising non-
occlusive erythrocyte thrombi reveal significantly decreased 
RBC flow velocity when compared to arterioles without 
any HA feature (mean [SD] 0.08 [0.07] mm/s vs. 1.83 [1.36] 
mm/s, t(4) = 3.2, P = 0.03, Figure 4B). Incomplete thrombi 
progress to complete small vessel occlusions (phenomena 
(6) to (7)). In Wistar rats, small vessel wall damage as 
indicated by phenomena (1) to (3) was the predominant 
finding. Only one of the control animals displayed luminal 
Dextran accumulations (phenomenon (4)), representing the 
most advanced HA phenomenon detectable in the age-
matched Wistar rats, while none of the controls exhibited 
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any thrombus formation (phenomena (5) to (7)). This pre-
vented us from comparing RBC flow velocity between 
arterioles without HA features against arterioles with 
luminal Dextran accumulations or non-occlusive erythro-
cyte thrombi in the control group. Overall, our results 
suggest that the proposed HA cascade is unique to the 
SHRSP.

In vivo HA stages

Considering the demonstrated HA cascade we secondly 
defined the existence of 5 distinct HA stages: stage 0—no 
HA features, stage 1A—small vessel wall damage, stage 
1B—RBC flow reduction, stage 2—non-occlusive/incom-
plete thrombus formation, stage 3—occlusive/complete 
thrombus formation. Out of all n = 21 SHRSP compared 
to n = 10 Wistar rats, n = 1 (5%) vs. n = 4 (40%) were 
assigned to stage 0 (χ2(1) = 6.2, P = 0.03); n = 4 (19%) 
vs. n = 5 (50%) to stage 1A (not significant); n = 1 (5%) 
vs. n = 1 (10%) to stage 1B (not significant); n = 6 (29%) 
vs. n = 0 (0%) to stage 2 (not significant), and n = 9 
(43%) vs. n = 0 (0%) to stage 3 (χ2(1) = 5.1, P = 0.03). 
These results indicate that SHRSP and Wistar rats do 
not differ much with regard to initial HA characterized 

by small vessel wall damage, while the late HA stages 
characterized by thrombus formations are unique to the 
SRHSP. The HA stage of each individual animal is dem-
onstrated in Figure  3.

When considering the SHRSP alone, early HA stages 
(stage 0, 1A, 1B) were equally distributed across all SHRSP 
age groups (P > 0.05, respectively), while the prevalence 
of advanced HA (stage 3) was significantly different between 
the different age groups (B(1) = 1.3, P = 0.05): 14% (17-28 
weeks) vs. 43% (30–32 weeks) vs. 86% (33–44 weeks).

In vivo vascular Aβ pathology

Six out of 13 SHRSP (46%) that underwent in vivo Methoxy 
imaging displayed intravital β-amyloid positivity of the 
cerebral small vessel walls indicative of CAA. Half of 
those Methoxy-positive rats (50%) exhibited periarteriolar 
amyloid deposits (Figure  5A) indicating Aβ deposition 
spreading from the small vessel walls into the surrounding 
tissue and referred to as dyshoric CAA (2), while all 
Methoxy-positive animals displayed brightly fluorescent 
arteriolar/small artery wall adherent plane- or circular-
shaped amyloid accumulations (Figure  5B–D). Since those 
green vessel segments could also be interpreted as 

Figure 3.  Prevalence of HA phenomena and HA stages in each 
individual SHRSP and Wistar rat detected by in vivo imaging. All n = 21 
SHRSP and n = 10 Wistar rats that underwent in vivo imaging were 
evaluated for the occurrence of HA phenomena (1)–(7) and the resulting 
HA stages. The light and dark blue boxes indicate the existence of 

single HA phenomena, while the light and dark beige boxes display that 
a certain HA phenomenon was not detectable in one individual rat. 
Absolute and relative numbers of rats that were positive for the distinct 
HA phenomena are given in the outer right columns. HA, hypertensive 
arteriopathy.
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intraluminal Aβ staining, we checked whether Aβ accu-
mulates within the tunica media of small vessel walls as 
found in CAA. In this instance, Figure  5E and F dem-
onstrates the histological/immunohistochemical data of 
three exemplary SHRSP (animal number 19, 21, and 14, 
age 32, 33, and 39 weeks, Methoxy-positive; see Figure  3), 
proving that amyloid is not accumulating in the vessel 
lumen but in the vessel wall, especially in the tunica media. 
Considering all CAA-positive vessels, 66% displayed com-
plete small vessel occlusions. Out of the Methoxy-positive 
rats, none was in HA stage 0, 1A or 1B; one animal (17%) 

was assigned to HA stage 2, while the remaining 5 (83%) 
were in HA stage 3. Supplementary Table 1 demonstrates 
the assignment to the various HA stages of each individual 
SHRSP that had an intravital Aβ status available.

Post-mortem analysis of HA phenomena and 
vascular β-amyloid positivity

Intravital HA phenomena (see Figure  2) were verified by 
histology and immunohistochemistry, as demonstrated in 
Figure  6: intravital phenomenon (1) consisting of the 

Figure 4.  Frequencies of intravital HA phenomena and RBC flow 
velocity. A. Frequencies of various small vessel pathology phenomena 
detected by in vivo imaging (2PM) of the parietal cortex in 21 male 
SHRSP aged 17–44 weeks (filled bars) and 10 Wistar rats aged 17–35 
weeks (striped bars). The yellow bars indicate small vessel wall 
damage (HA stage 1A), the red ones refer to RBC flow reduction (HA 
stage 1B), the orange one shows non-occlusive thrombus formation 
(HA stage 2), and the brown bars are indicative of occlusive thrombus 
formation (HA stage 3). Asterisks show significant group differences 
between SHRSP and Wistar rats (*P < 0.05, ** P < 0.01, *** P < 
0.001). B. RBC flow velocity measures revealed lower RBC flow in 
arterioles with luminal Dextran accumulations (red bar) and 

significantly reduced RBC flow in arterioles with non-occlusive 
erythrocyte thrombi (orange bar) compared to arterioles without any 
HA phenomena (gray bar). Error bars indicate the standard deviation, 
*P < 0.05. RBC, red blood cell; RBC flow data refer to the investigation 
of 8 male SHRSP aged 18–33 weeks; y-axis—logarithmic scale. C. A 
separate consideration of young (17–28 weeks, light gray bars), 
middle-aged (30–32 weeks, middle gray bars) and old (33–44 weeks, 
dark gray bars) SHRSP revealed that phenomena (1)–(5) (x-axis) 
occurred rather frequently in both age groups while phenomena (6) 
and (7) showed a significantly higher prevalence in the old compared 
to the middle-aged and young animals. * P < 0.05. HA, hypertensive 
arteriopathy.
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accumulation of Dextran in the small vessel walls was also 
detectable using immunohistochemistry (Figure  2B vs. 
Figure  6A); the accumulation of erythrocytes in the small 
vessel walls (phenomenon (2), Figure  2C vs. Figure  6B), 
non-occlusive erythrocyte thrombi (phenomenon (5), 
Figure 2E vs. Figure 6C), and occlusive erythrocyte thrombi/
totally obstructed vessel segments (phenomenon (7), 
Figure 2F vs. Figure 6D) were proven post-mortem as well.

Quantitative tissue analysis of the surgical area of SHRSP 
vs. Wistar rats revealed that n = 19 (90%) vs. n = 8 (80%) 
(χ2(1) = 0.6, P = 0.6) of the animals displayed small vessel 
wall damage as indicated by Dextran accumulations. Non-
occlusive erythrocyte thrombi were found in n = 16 (76%) 
vs. n = 3 (30%) (χ2(1) = 6.1, P = 0.02); mean [SD] number 
of arterioles per FOV displaying non-occlusive erythrocyte 
thrombi was, moreover, significantly higher in SHRSP 
compared to Wistar rats (0.7 [0.7] vs. 0.04 [0.1]; Mann-
Whitney U test, Z = −3.2, P = 0.001). Occlusive erythrocyte 
thrombi/totally obstructed vessel segments were seen in 
SHRSP only, but not in the controls (n = 8 (38%) vs. n 
= 0 (0%); χ2(1) = 5.1, P = 0.03). In SHRSP, vascular amy-
loid positivity was found in n = 7 (54%) animals with n 
= 5 displaying dyshoric CAA and n = 6 revealing wall-
adherent β-amyloid deposits (Figure  6 E-I).

When considering the % of  small vessels per FOV 
affected by HA phenomena or CAA in SHRSP, the dis-
tribution was as follows: 22% of  the arterioles per FOV 
showed one or more of  the HA phenomena (27% of  the 
arterioles/FOV displayed small vessel wall damage, 18% 
non-occlusive erythrocyte thrombi, 2% occlusive erythrocyte 
thrombi/totally obstructed vessel segments) and 9% of  the 
arterioles per FOV were affected by CAA. Out of  the 
arterioles displaying CAA, 100% also revealed small vessel 
wall damage, 24% were filled with non-occlusive thrombi 
and 56% showed occlusive erythrocyte thrombi/totally 
obstructed vessel segments. Since all CAA-positive arte-
rioles also revealed any HA phenomena, both pathologies, 
HA and CAA, occurred together in 9% of  all arterioles. 
Out of  those 22% of  arterioles affected by HA, there 
was thus a remainder of  13% displaying HA without 
CAA.

To summarize, the post-mortem and intravital features 
of  HA were correlated with each other. The higher fre-
quencies of  HA compared to CAA-positive arterioles and 
the fact that the majority of  CAA vessels also displayed 
any HA phenomenon overall support our hypothesis that 
HA creates a state that may facilitate CAA 
development.

Figure 5.  Intravital two-photon microscopy of amyloid pathology in 
the parietal cortex of SHRSP. Vascular Methoxy-positivity (green) 
indicative of CAA comprises periarteriolar or dysphoric CAA (A, 
arrow) and wall-adherent amyloid deposits (arrows in B–D). CAA was 
detectable next to non-occlusive erythrocyte thrombi (A and D, 
arrowheads) or surround totally obstructed vessel segments 
characterized by long distant Dextran gaps (asterisks in B–D) leading 
to the assignment of all Methoxy-positive SHRSP to either HA stage 
2 or stage 3. E and e1 (arrows) show CAA in the small vessel wall but 
no Aβ accumulation in the lumen of the vessel (asterisks in E and e1). 
STL (green in F and f1) marks the endothelium and therefore the 

inner layer of the vessel wall; the vascular amyloid deposits (magenta) 
are found in the second layer of the vessel wall called tunica media (F 
and f1). Data refer to the investigation of 13 male SHRSP aged 17–44 
weeks. Small vessels and vessel walls are visualized by Dextran 
(red). CAA, cerebral amyloid angiopathy; HA, hypertensive 
arteriopathy. STL - solanum tuberosum lectin (endothelial marker), 
DAPI - 4′.6-diamidino-2-phenylindole (nuclear staining); A–D—2PM, E 
and e1 - CR/Prussian blue staining, F and f1—Immunohistochemistry; 
scale bars: A–D, F: = 50 μm, E = 20 μm, e1, f1 = 10 μm; age of  
the animals: A—28 weeks (w), B, E, F—32w, C–E—33w, e1 and  
f1 = 39w 
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HA-related cascade of CAA development in 
SHRSP

Figure  7 provides a graphical overview of the results 
depicted in the present study. HA is thereby initiated by 
small vessel wall damage (Figure  7B) and cerebral blood 
flow reductions (Figure  7C) followed by the formation of 
non-occlusive erythrocyte thrombi (Figure  7D) to finally 
result in complete small vessel occlusions (Figure  7E). 
Within that cascade, CAA development is related to 
advanced HA stages and mainly takes place in the plugged 
small vessels (Figure  7D and E).

DISCUSSION
We here present an in vivo cascade of hypertensive cer-
ebral small vessel disease/arteriopathy in SHRSP starting 
from small vessel wall damage and ending with occlusive 
small vessel thrombosis. Small vessel wall damage initiat-
ing the HA cascade is also found in Wistar control rats, 
but the later disease stages characterized by thrombus 
formation are unique to the SHRSP. In SHRSP, in around 
50% of the rodents ongoing small vessel damage was 
related to wall-adherent Aβ accumulations (cerebral amy-
loid angiopathy). The findings from intravital observations 

Figure 6.  Spectrum of post-mortem HA and amyloid pathology in 
SHRSP. A and a1 display Dextran accumulations in and surround the 
small vessel walls indicative of BBB breakdown and B, b1 and b2 show 
the accumulation of erythrocytes in the small vessel walls (arrows). C, c1 
and c2 demonstrate non-occlusive erythrocyte thrombi and D, d1 and d2 
show totally obstructed vessel segments. E, e1, e2, F, f1, f2 demonstrate 
dyshoric CAA with amyloid spreading from the vessel wall into the 
perivascular tissue (arrows in E, e1, e2, F, f1, f2), while G, g1, g2, H, h1, 
h2, I, and i1 display wall adherent Aβ accumulations both indicating CAA. 
Totally obstructed vessel segments within CAA-positive small vessels 
are shown in H, h1, and h2 (asterisks). CAA, cerebral amyloid angiopathy; 

HA, hypertensive arteriopathy. HA data refer to the investigation of 21 
and amyloid data to the investigation of 13 male SHRP aged 17–44 
weeks. STL—solanum tuberosum lectin (endothelial marker), DAPI—
4′.6-diamidino-2-phenylindole (nuclear staining); A, a1, b2, I, i1—
Immunohistochemistry, B, b1, C, c1, c2, D, d1, d2—HE staining, E, e1, 
e2, G, g1, H, h1—CR/Prussian blue staining, F, f1, f2, g2, h2—Thioflavin 
T/Prussian blue staining; scale bars: C-E, H = 50 μm, A, a1, B, F, G, I = 
20 μm, b1, b2, c1, c2, d1, d2, e1, e2, f1, g1, g2, h1, h2, i1 = 10 μm, f2 
= 5 μm; age of the animals: C, c1, e1, G—18 weeks (w), H—28w, a1, c2, 
E, e2, h2, i1—32w, f2, g2, I—33w, B, b2—39w, A, b1, D, d1, d2, F, f1, 
g1, h1—44w
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in SHRSP and Wistar rats were in line with subsequent 
histological and immunohistochemical analysis of the 
post-mortem rat brains, supporting our hypothesis. While 
exploratory in nature, our experimental data provides 
support for the working hypothesis that there is a con-
tinuous spectrum of hypertensive small vessel disease and 
CAA, pointing toward the idea, that CAA initiation and 
progression could take place (faster) in the presence of 
(severe) HA.

Historically, HA has mainly been related to advanced 
vascular lesions such as arteriosclerosis, hyalinosis and 
small vessel thromboses (26). During the last years, how-
ever, our understanding of HA has substantially changed, 
as early endothelial dysfunction and BBB breakdown have 
become an important starting point of hypertensive small 
vessel wall damage accelerating the development of overall 
small vessel pathology comprising the loss of smooth muscle 
cells or vessel wall thickening (36,54,66,67,71,85,87,88). The 
disruption of the BBB appears to favor the depositions 
of vascular fibrin and clot formation (22,71). Those find-
ings are in line with our temporal HA cascade overall 
supporting the existence of a circle of events comprising 
a pro-inflammatory thrombotic state related to blood flow 
reductions, hypercoagulability and finally, small vessel 

occlusions (25,45,77‒79). That circle obviously depends on 
age, since progressing disease pathology in terms of small 
vessel occlusions was found more frequently in the older 
SHRSP. Furthermore, age- and sex-matched control animals 
also exhibited the initial HA stages, emphasizing that 
(HA-related) small vessel wall damage likewisely occurs 
in the aging brain, even in the absence of vascular risk 
factors. The proposed HA cascade likely promotes the 
degeneration of the neurovascular unit which in turn results 
in cognitive decline in terms of vascular dementia and/or 
ischemic and hemorrhagic stroke (74,95,98).

Recently, Ihara and Yamamoto described a hypothetical 
HA cascade derived from several studies in spontaneously 
hypertensive (stroke-prone) rats (SHR and SHRSP) that 
is likewisely initiated by endothelial dysfunction leading 
to BBB breakdown, but finally resulting in white matter 
damage, cerebral microbleeds and enlarged perivascular 
spaces (36). The latter phenomena have, however, not been 
addressed in our study as white matter pathologies and 
perivascular space enlargement are not detectable by intra-
vital imaging of the rat cortex. White matter damage, 
microbleeds and enlarged perivascular spaces may indeed 
indicate breakdown of the BBB and/or failure of intramural 
periarterial drainage (5,35,84,86,90). The findings of Ihara 

Figure 7.  Non-amyloid HA cascade related CAA development. A 
demonstrates non-pathological vessels without any HA phenomena (A, 
stage 0). Non-amyloid HA-related changes are initiated by small vessel 
wall damage and blood flow reductions indicated by the accumulation of 
Dextran and erythrocytes in the small vessel wall (B, stage 1A) or 

Dextran in the small vessel lumen (C, stage 1B). The walls of small 
vessels with subsequent formation of non-occlusive (D) or occlusive 
thrombi (E) accompanied by a significant reduction of RBC flow velocity 
are prone to accumulate (peri)vascular amyloid deposits. CAA, cerebral 
amyloid angiopathy; HA, hypertensive arteriopathy; RBC, red blood cell.
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and Yamamoto are in line with our previous post-mortem 
studies in SHRSP reporting on BBB dysfunction, subse-
quent small vessel wall rupture and consecutive small 
perivascular bleeds (67,68). Future studies should address 
the temporal interconnection between white matter, sub-
cortical and cortical as well as between thrombotic and 
hemorrhagic pathologies in HA in more detail by using 
intravital imaging together with post-mortem tissue 
analysis.

Our experimental data emphasizes the common involve-
ment of cortical areas in HA, counteracting the widely 
accepted view that human HA is mainly restricted to 
subcortical regions (13,54). Current perspectives are, how-
ever, changing and magnetic resonance imaging (MRI) 
studies report on the existence of cortical pathologies such 
as gray matter atrophy, cerebral microinfarcts or CBF 
reduction in HA patients (46,58,70,81).

Our data demonstrates that HA, ie, small vessel throm-
bosis seems to create a state that facilitates periarteriolar 
and wall-adherent amyloid accumulations in SHRSP. They 
replicate the results derived from previous animal studies 
conducted in amyloid β precursor protein (AβPP) transgenic 
mice and human autopsy studies in Alzheimer’s disease 
or stroke reporting the frequent occurrence of CAA sur-
round small vessel occlusions characterized, eg, by vascular 
fibrin(ogen) accumulations (16,61). Fibrin(ogen) accumulat-
ing in the vessel lumen has thereby been hypothesized to 
“entrap” Aβ impeding its vascular clearance across the 
compromised endothelium (18). An intraluminal accumula-
tion of Aβ in occluded vessels was also reported in mice 
(38) and might also be possible in SHRSP. Nevertheless, 
our histological and immunohistochemical analyses clearly 
showed that in SHRSP the Aβ is accumulating within the 
tunica media, which is indicative of CAA (32). Since Wistar 
control rats showed no thrombus formation, which in turn 
seems to favor the deposition of vascular amyloid, our 
current findings may also explain the absence of any small 
vessel wall Aβ pathology/CAA in Wistar animals (11,33,68).

HA is one possible mechanism for CAA development 
in the SHRSP, but other mechanisms may exist as well: 
SHRSP is a non-transgenic, but genetically hypertensive 
rat that was selectively bred from the spontaneously hyper-
tensive rat (SHR), which in turn was developed by selective 
cross-breeding of outbred Wistar Kyoto rats (6,45,52). The 
SHRSP shows malignant hypertension by 12 weeks of age, 
which has been related to polygenic alterations of several 
candidate genes interacting with one another and involved 
in, eg, blood pressure regulation, salt-induced blood pres-
sure variability, activation of the renin-angiotensin system, 
adrenergic mechanisms, prostaglandin metabolism and renal 
pathology (43,50,52). Beside HA-related changes, ie, BBB 
breakdown, endothelial disturbances and hemorrhagic/
ischemic stroke-like lesions, this hypertensive rat model 
additionally develops parenchymal and vascular Aβ deposits 
(11,33,61,68,96), which, to the best of our knowledge, should 
not rely on the genetic alterations resulting in hyperten-
sion. There is, indeed, thus far no genome sequencing study 
available, that would definitely have ruled out any (spon-
taneous) mutations or specific risk alleles of AβPP, β-site 

APP cleaving enzyme, presenilin-1 or -2, or APOE, poten-
tially explaining an altered Aβ turnover in SHRSP. We, 
however, conducted some preliminary analysis in SHRSP 
that did not reveal altered neuronal RNA expression of 
any proteins involved in the Aβ metabolism (unpublished 
data). Recent studies performed by our group, nevertheless, 
depicted some upregulation of neuronal AβPP protein 
expression in SHRSP, which might rely on HA-related 
chronic hypoperfusion and subsequent neuronal injury 
rather than on any AβPP gene mutation (47,68). Indeed, 
in case of neuronal AβPP overexpression, CAA could evolve 
as well as a consequence of an increased clearance of Aβ 
via the perivascular drainage channels (14,34), potentially 
leading to a kind of “exhaustion” of vascular amyloid 
transport mechanisms. Further studies are needed to in-
depth address the question, to what proportion CAA in 
SHRSP is related to HA (only), and to what extent small 
vessel pathology and neuronal AβPP overexpression act 
together to promote vascular amyloid deposits.

Moreover, age and arterial hypertension themselves (and 
together) could further create a state where Aβ transport 
or degradation mechanisms fail. In line with this, arterial 
hypertension is indeed quiet commonly found in human 
CAA affecting around 30% to nearly 70% of patients ful-
filling the Boston criteria (8,17,18,37). Experimental data 
thereby relate hypertension (and age) to an upregulation 
of the receptor for advanced glycation end products (RAGE), 
providing greater Aβ influx, and to downregulation of the 
low-density lipoprotein receptor related protein 1 (LRP1), 
resulting in lower Aβ efflux, and thus in vascular Aβ 
overload (15,30,62,76). Arterial hypertension further pro-
motes plasma protein leakage into the vessel wall, that 
in turn could accelerate BBB dysfunction, which has not 
only been discussed as a direct risk factor for CAA devel-
opment but should further facilitate CAA-related hemor-
rhage (28,57). Indeed, distinction of “hypertension-related” 
and “HA-related” CAA formation is somewhat artificial, 
as both are inseparably interwoven. Overall, as for HA, 
it remains an unsolved question whether there is just some 
co-existence between CAA and hypertension, or whether 
one could assume there to be a more causal relationship 
(17,93). As there is no direct treatment of CAA, it would 
be a huge benefit if an indirect treatment via HA and 
blood pressure management would be possible. However, 
while in transgenic Alzheimer mice antihypertensive drugs 
have been already shown to be capable to reduce amyloid 
levels (55,83), studies focusing on the understanding how 
HA restoration (through, eg, antihypertensive treatment) 
could mediate the lowering of vascular Aβ depositions are 
still missing.

Human autopsy studies reveal that 20% to 40% of the 
non-demented elderly aged 75 years and older display CAA 
(16,19,59,75,92). Frequencies are even higher when consider-
ing HA with prevalences of 50% to up to around 70% 
from an age of 65 years on (3,38). The majority of neu-
ropathology studies has, however, been focusing either on 
the description of the extent of hypertensive CSVD patholo-
gies, or CAA severity assessment, or the evaluation of general 
HA and CAA frequencies in the aged human brain 
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(1,20,39,63,69). Only few human autopsy studies give indeed 
some more precise overlap prevalence of the two CSVD 
entities, which would better argue for the common occur-
rence and probable transition of HA and CAA. Ritter et al. 
described a weak relationship between deep hemorrhages 
(indicative of HA) and CAA with 18% of the patients 
showing that constellation (63). Multiple vascular disease 
was, moreover, found in 7% to 26% of population samples 
of the non-demented elderly (1,48). One recent autopsy study 
identified much higher overlap prevalences with 75% of the 
patients with pathologically defined CAA also displayed 
HA-related arteriolosclerosis (20). Similarly, there are nearly 
no consistent estimates of the overlap between HA- and 
CAA-related pathologies on neuroimaging, but two studies 
reported on mixed patterns of HA and CAA in 19% to 
23% of patients suffering from intracerebral hemorrhages 
(56,73). Based on the literature one may overall assume, 
that several aged human subjects display CAA without HA, 
and vice versa, having HA without CAA. Additionally, there 
should be, however, a certain proportion in the aged popu-
lation (especially that proportion that also experiences a 
hemorrhagic stroke) that has both, CAA together with HA, 
but thus far little is known about its precise prevalence. In 
that instance, our data supports the frequent common occur-
rence of HA and CAA (that constellation was found in 
50% of our SHRSP animals), and points toward the idea, 
that CAA initiation and progression could take place (faster) 
in the presence of (severe) HA.

One may further argue, that once CAA has developed 
vascular Aβ (which is vasoactive) could promote further 
disturbances of endothelial properties resulting in a failure 
of vascular autoregulation and BBB leakage (27). In the 
first instance, increased vascular Aβ thereby further impairs 
solute clearance and endothelial protein transport, faciliat-
ing the accumulation of potentially toxic products and its 
accompanying local inflammation in the small vessel walls. 
The latter should forward ongoing endothelial failure and 
finally small vessel wall reorganization, as it is typically 
found in HA, closing the circle. We, however, did not 
focus on the hypothesis that CAA also promotes HA 
progression, which thus needs confirmation by future 
studies.

The strength of our study is the use of an animal model 
displaying spontaneous HA development without additional 
induction of further vessel pathologies such as large vessel 
occlusions, allowing for the investigation of the spontane-
ous course of hypertensive CSVD. We here, moreover, 
demonstrate the applicability of intravital β-amyloid micros-
copy in a HA rat model as previous studies using 2PM 
Methoxy-X04 imaging have solely been conducted in trans-
genic Alzheimer’s disease mouse models (12,23,32,42,49,94). 
Our study thus provides a unique in vivo characterization 
of mixed vascular and amyloid pathologies in a non-
transgenic rat model opening the door for further studies 
combining in vivo Aβ together with small vessel 
imaging.

Our study is, however, limited by its rather descriptive 
approach and future studies are needed to understand the 

underlying mechanisms relating HA and vascular β-amyloid 
deposits. Furthermore, this study is limited by the use of 
one HA rodent model only, demanding for the replication 
of our findings in further animal models of hypertensive 
arteriopathy. We, moreover, did not treat the rats with 
antihypertensive drugs to document that the effect of HA 
progression is indeed related to hypertension-associated 
small vessel changes. Additionally, in few Wistar rats scat-
tered non-occlusive erythrocyte thrombi were found by 
histological analysis that could not be detected by 2PM. 
This indicates that post-mortem analysis cannot totally 
replicate intravital findings and intravital imaging might 
miss some HA features. In this study, HA definition was 
based upon functional data received from 2PM imaging 
of living animals, comprising very initial small vessel (wall) 
alterations. This is different from human autopsy or in 
vivo imaging (MRI) studies, which identify HA through 
more advanced small vessel wall (eg, arteriolosclerosis) 
(72) or downstream pathologies (eg, white matter hyper-
intensities or lacunes) (89). Additionally, at human autopsy, 
fresh agonal/post-mortem blood clots cannot be distin-
guished from very fresh thrombi. Those aspects somewhat 
limit the comparability (eg, of the HA/CAA overlap preva-
lences) of our experimental and existent human studies.

In conclusion, our data arisen in a non-transgenic HA 
rodent model (SHRSP) using intravital imaging suggests 
small vessel thromboses to play a role for CAA develop-
ment relating HA and CAA to the same disease spectrum. 
SHRSP could fill the gap of thus far missing animal models 
suitable to understand the interplay between the two small 
vessel disease entities of the aging brain. As there is cur-
rently no CAA treatment with affected patients sustaining 
severe hemorrhagic stroke and dementia, HA involvement 
could provide new therapeutic opportunities such as the 
rigorous control of vascular risk factors.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section at the end of the article.

Supplemental Movie 1: HA stage 2—Non-occlusive throm-
bus formation. Dextran (red) was used to mark the blood 
plasma and erythrocytes are detected as dark spots in front 
of the bright background. In the movie the formation of a 
non-occlusive thrombus is presented. In the lower part of the 
vessel normal blood flow is detectable but after the vessel is 
branching, the upper left part of the vessel shows a signifi-
cant reduction of the red blood cell flow velocity. Here, sin-
gle blood cells are accumulating in the vessel (yellow arrow) 
and Dextran and erythrocytes are slowing down their flow 
velocity (white arrow). Even though three is still blood flow 
detectable, a non-occlusive thrombus is formed.

Supplemental Movie 2: HA stage 3—Occlusive thrombus for-
mation. Dextran (red) was used to mark the blood plasma 
and erythrocytes are detected as dark spots in front of the 
bright background. In the movie the formation of an occlu-
sive thrombus is presented. In the upper part of the vessel, 

normal blood flow is detectable and the original vessel then 
leaves the level of the video. At this branching point of the 
vessel, a free-floating thrombus is formed (arrow). Here, dex-
tran and erythrocytes are accumulating in the lumen of the 
vessel and cannot flow through it because the following ves-
sel segment is totally plugged (asterisk). This is indicated by 
long-distant Dextran gaps and referred to as totally plugged 
vessel segment.

Supplemental Table 1: HA phenomena and HA stages of 
SHRSP that underwent Methoxy imaging. All 13 SHRSP 
that underwent Methoxy imaging were classified as 
Methoxy-positive or –negative and were evaluated for the 
occurrence of the following HA phenomena: (1) accumula-
tion of Dextran in the small vessel walls, (2) accumulation 
of erythrocytes in the small vessel walls, (3) a combination 
of (1) and (2, 4) accumulation of Dextran in the small vessel 
lumina, (5) non-occlusive erythrocyte thrombi, (5a) a com-
bination of (4) and (5, 6) occlusive erythrocyte thrombi, (6a) 
a combination of (4) and (6) and (7) totally plugged vessel 
segments. Additionally all rats were assigned to one of the 
following HA stages: stage 0—no HA features, stage 1A—
small vessel wall damage, stage 1B—RBC flow reduction, 
stage 2—non-occlusive thrombus formation, stage 3—occlu-
sive thrombus formation. Animal numbers refer to Table 1. 
Methoxy positive SHRSP are marked in gray. HA, hyperten-
sive arteriopathy; RBC, red blood cell. 
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