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Cerebral small vessel disease (CSVD) is associated with vessel wall changes, microbleeds, blood–
brain barrier (BBB) disturbances, and reduced cerebral blood flow (CBF). As spontaneously
hypertensive stroke-prone rats (SHRSP) may be a valid model of some aspects of human CSVD, we
aimed to identify whether those changes occur in definite temporal stages and whether there is an
initial phenomenon beyond those common vascular alterations. Groups of 51 SHRSP were
examined simultaneously by histologic (Hematoxylin–Eosin, IgG-Immunohistochemistry, vessel
diameter measurement) and imaging methods (Magnetic Resonance Imaging, 201-Thallium-
Diethyldithiocarbamate/99m-Technetium-HMPAO Single Photon Emission Computed Tomography
conducted as pilot study) at different stages of age. Vascular pathology in SHRSP proceeds in
definite stages, whereas an age-dependent accumulation of erythrocytes in capillaries and arterioles
represents the homogeneous initial step of the disease. Erythrocyte accumulations are followed by
BBB disturbances and microbleeds, both also increasing with age. Microthromboses, tissue
infarctions with CBF reduction, and disturbed potassium uptake represent the final stage of
vascular pathology in SHRSP. Erythrocyte accumulations—we parsimoniously interpreted as
stases—without cerebral tissue damage represent the first step of vascular pathology in SHRSP.
If that initial phenomenon could be identified in patients, these erythrocyte accumulations might be
a promising target for implementing prophylactic and therapeutic strategies in human CSVD.
Journal of Cerebral Blood Flow & Metabolism (2012) 32, 278–290; doi:10.1038/jcbfm.2011.122; published online
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Introduction

Human cerebral small vessel disease (CSVD), one of
the leading causes of cerebral ischemia (Amarenco
et al, 2009), is not only associated with stroke-like
symptoms but also with cognitive impairments that
occur in vascular dementia. As human CSVD substan-
tially contributes to late-life brain atrophy and demen-

tia in a population with increasing number of older
individuals (Fotuhi et al, 2009), studies of the natural
pathophysiology of CSVD are of pivotal importance.

Human CSVD and associated lacunar strokes are
believed to be caused by degenerative vessel wall
alterations of the small arteries and arterioles. These
changes include endothelial proliferation, hyaline con-
centric vessel wall thickening, and small vessel occlu-
sions (Grinberg and Thal, 2010). Additional
disturbances of the blood–brain barrier (BBB) and
associated (vasogenic) edema are indicated by plasma
protein leakage (Nag et al, 2009; Michalski et al, 2010).
Besides these changes, microbleeds have been described
to occur frequently in human CSVD (Gouw et al, 2010).

We aimed to identify whether these pathologic
changes associated with human CSVD proceed
in definite stages and whether there is an
initial phenomenon beyond the common vascular
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alterations. To implement prophylactic and thera-
peutic strategies in patients with CSVD, it is of
utmost importance to define that initial pathologic
vascular event, if existing as a single phenomenon.

To identify definite stages and the possible initia-
tion phenomenon of CSVD, we examined the
vascular pathology of spontaneously hypertensive
stroke-prone rats (SHRSP) at different stages of age.
These rats provide an animal model that is accepted
as a potentially relevant model to the study of CSVD
(Hainsworth and Markus, 2008). Therefore, histo-
logic data from SHRSP at different ages were
combined here with Magnetic Resonance Imaging
(MRI) and Single Photon Emission Computed Tomo-
graphy (SPECT) data to elucidate cerebrovascular
changes in SHRSP.

Furthermore, BBB disturbances were illustrated by
leakage of IgG into the vessel wall. The vasogenic
edema and tissue infarctions were detected by MRI;
cerebral blood flow (CBF) was measured using 99m-
Technetium-HMPAO (99m-Tc-HMPAO) as a tracer for
performing SPECT. In addition, to evaluate possible
disturbances of potassium uptake, 201-Thallium-
Diethyldithiocarbamate (201-Tl-DDC) SPECT was
performed.

Our results show that the vascular pathology in
SHRSP is initiated by an accumulation of erythro-
cytes in capillary and arteriolar segments. This
initial step is not accompanied by BBB disturbances,
microbleeds, or tissue infarctions, representing the
subsequent stages in the pathologic cascade of the
cerebral vascular pathology.

Materials and methods

Animals

Animal procedures were conducted after obtaining the
approval of the Animal Care Committee of Sachsen Anhalt
(reference number of license for animal testing 42502-2-
943, July 2009, Magdeburg, Sachsen-Anhalt). Animals
were housed with a natural light–dark cycle and allowed
to access water and food ad libitum.

Groups of two to 11 animals of a total of 51 male SHRSP
(Charles River Laboratories International Inc., Wilmington,
MA, USA) were investigated histologically at ages between
12 and 42 weeks (12 to 14 weeks—n = 11, 16 to 18 weeks—
n = 6, 24 to 26 weeks—n = 2, 28 weeks—n = 8, 32 weeks—
n = 8, 34 to 36 weeks—n = 9, 40 to 42 weeks—n = 4).
Animals were monitored daily for alterations in their
neurologic status (such as decreased spontaneous activity,
coordination failure, falling to one side, hunched posture)
and twice a week for decreased body weight. In all, 12
Wistar rats with corresponding ages served as a control
group (12 weeks—n = 2, 18 weeks—n = 4, 26 weeks—n = 2,
32 weeks—n = 2, 65 weeks—n = 2).

Histology

Rats were transcardially perfused with 120 mL phosphate-
buffered saline to remove blood completely, followed by

120 mL of 4% paraformaldehyde within 4 minutes. Their
brains were removed, perfused with 4% paraformaldehyde
for 48 hours, placed for cryo-protection into 30% sacharose
for 6 days, and frozen in methylbutane at �801C. Coronal
slices of the whole brain were prepared using a cryotoma
(Leica, Nussloch, Germany). Staining with Hematoxylin–
Eosin (HE) and Congo Red were performed. From the
frontal to the occipital pole, there were 10 to 11 sectional
planes per animal, whereas the first sectional plane was a
remote 930mm from the frontal pole. The distance between
each sectional plane was 1 mm. Three slices per brain
sectional plane were stained; thus, 30 to 33 slices per
animal were stained with HE and Congo Red. Congo Red
was applied to detect a possible Cerebral Amyloid
Angiopathy (CAA). These slices were subjected to light
microscopic examinations (Leica DMR), which included
the use of polarized light to detect the presence of apple-
green birefringence in the small vessel walls.

For all SHRSP and the whole control group, the
occurrence (existent or not existent) of vessels with
accumulated erythrocytes and the occurrence of micro-
bleeds (existent or not existent) were assessed within the
hippocampus, the basal ganglia, the corpus callosum, and
the cortex within all sectional areas of the HE slices at all
stages of age. In both animal groups, the luminal diameter
of those vessels showing accumulated erythrocytes was
measured in at least three HE slices per animal. The
capillary diameter ranged from 5 to 22 mm (Ley et al, 1986),
and the arteriolar diameter ranged from 20 to 65 mm (Yang
et al, 1991).

Immunohistochemistry

Repeated washing of the sections in phosphate-buffered
saline and blocking with 0.1 mol/L phosphate-buffered
saline, 0.5% TritonX, and 10% donkey serum (Sigma,
St Louis, MO, USA) were followed by staining with anti-
solanum tuberosum lectin (STL) antibody overnight at 41C
in phosphate-buffered saline containing 5% donkey serum.
Slices were washed anew before application of anti-IgG-
Cy3 for 2 hours at room temperature and subsequent DAPI
staining (20 minutes, room temperature). As a control, first
antibodies were omitted during immunohistochemistry
staining. After increasing concentrations of alcohol, slices
were mounted by Histomount.

Solanum tuberosum lectin (Vector Laboratories, Burlin-
game, CA, USA) is a fluorescein-labeled potato lectin
containing B50% carbohydrate, mainly composed of
arabinose and galactose (Vector Laboratories (Van Damme
et al, 2004)). Solanum tuberosum lectin binds on glyco-
proteins on the surface of endothelial cells and microglia
(Michalski et al, 2010) and was used for vessel staining
in a dilution of 1:500. Anti-laminin antibody (Abcam,
Cambridge Science Park, Cambridge, UK) detects laminin,
which is a component of the basal membrane and was used
in a dilution of 1:500. CY3-donkey anti-rat IgG was used for
detection of IgG and Cy5-donkey anti-rabbit IgG as
secondary antibody for anti-laminin in a dilution of 1:500.

In 9 SHRSP of different ages (18 weeks—n = 1, 24
weeks—n = 1, 28 weeks—n = 2, 32 weeks—n = 2, 34
weeks—n = 1, 36 weeks—n = 2), we identified the number
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of immunohistochemically stained vessels in the hippo-
campus, the basal ganglia, the corpus callosum, and the
cortex. Three slices per brain region were investigated. We
determined the density of STL- and IgG-positive vessels by
counting them within at least 10 counting boxes per animal
and region. The ratios of IgG- and STL-positive vessels
were than calculated for each counted area.

Statistics

We evaluated the presence of vessels with accumulated
erythrocytes and microbleeds (existent or not existent)
within the 4 different brain regions of all HE slices (30 to
33) per animal. All stages of age were investigated. To
compare the SHRSP and the control group, Fisher’s exact
probability test for 2� 2 contingency tables was used.
Using the two-sided linear-by-linear association w2 test
(exact version), the occurrence of vessels with accumulated
erythrocytes and microbleeds at different ages was eval-
uated in the group of SHRSP and in the Wistar group.

We used a mixed model analysis with age as fixed and the
animal number as random effects and a Bonferroni adjust-
ment to calculate a possible change in the small vessel
diameter with age in the SHRSP group. We performed a
t-test to compare the diameters of small vessels between the
control group and SHRSP.

Using a mixed model analysis with the different brain
regions as fixed and age as random effects, we investigated
the immunohistochemistry data of the SHRSP group.
Owing to the unsymmetrical spread of ratios, a linear
regression analysis was carried out after transformation of
the data using a square root function, resulting in a second-
order regression function after the inverse transformation.
Using a Bonferroni adjustment, we performed a pairwise
comparison between the different brain regions. P-values
< 0.05 were deemed to be statistically significant.

Imaging

Magnetic Resonance Imaging was performed in groups of 15
SHRSP every second week from the 12th to the 42nd week
of age. If one of the MR Images showed abnormalities, that
animal subsequently underwent 201-Tl-DDC SPECT. One
42-week-old rat with a progressive weight loss of 38 g
within 4 weeks and decreased spontaneous activity was
examined simultaneously with 201-TI-DDC SPECT and
99m-Tc-HMPAO SPECT. Subsequently, after SPECT was
performed, rats were perfused to investigate the correspond-
ing histology.

Magnetic Resonance Imaging

Animals were anesthetized with 1.0% to 1.5% isoflurane (in
50:50 N2O:O2; volume ratio) and secured using a head
holder with a bite bar to reduce motion artifacts. Magnetic
Resonance Imaging experiments were performed on a Bruker
Biospec 47/20 scanner at 4.7 T (Bruker, Bruker BioSpin MRI
GmbH, Rudolf-Plank-Strasse, Ettlingen, Germany; free-bore
diameter of 20 cm) equipped with a BGA 09 (400 mT/m)

gradient system. A 50-mm Litzcage small animal imaging
system (DotyScientific Inc., Columbus, SC, USA) was
used for radiofrequency excitation and signal reception.
T2 weighted images with coronal, axial, and sagittal slice
orientation were measured using a RARE (rapid-acquisition
relaxation-enhanced) imaging sequence (Hennig et al, 1986)
with the following parameters: repetition time 4,000 milli-
seconds; echo time 15 milliseconds; slice thickness 0.8 mm;
distance between slices 0.8 mm; field of view 40� 40 mm2;
matrix 256� 256 (resulting in a nominal in-plane resolution
of 156mm); RARE factor 8; number of averages 6. Time of
Flight Angiography was performed to exclude an occlusion
of the large arteries of the skull base.

201-Thallium-Diethyldithiocarbamate and
99m-Technetium-HMPAO SPECT Imaging

Single Photon Emission Computed Tomography Imaging
was performed as a pilot study in three rats (2� 32 weeks
of age, 1� 42 weeks of age). Two different tracers were
used: 201-Tl-DDC and 99m-Tc-HMPAO. TlDDC is a
lipophilic chelate complex that crosses the BBB (de Bruine
et al, 1985). It has recently been shown that after crossing
the BBB, the K+-analog thallium (Tl+) is released from
TlDDC (Goldschmidt et al, 2010). When animals are
intravenously injected with TlDDC, neurons in the central
nervous system take up Tl+ in an activity-dependent
manner (Goldschmidt et al, 2010). TlDDC can thus be used
for imaging central nervous system K+ uptake.

201-Thallium-Diethyldithiocarbamate as used for SPECT
Imaging was prepared in a similar manner as described by
de Bruine et al (1985). A 4% NaDDC solution was prepared
by adding 1 g NaDDC trihydrate (Sigma) to 25 mL of a 0.9%
NaCl solution. This solution was diluted 1:10 in a 201-Tl
solution to yield a 0.4% DDC (sodium diethyldithiocarba-
mate trihydrate) concentration in the injection solution.
The 201-Tl solution contained 100 MBq 201-Tl in 0.9%
NaCl in volumes of 0.7 to 0.9 mL. Injections were made into
the femoral vein under isoflurane anesthesia 5 to 10 min-
utes after mixing 201-Tl with DDC.

99m-Technetium-HMPAO was used for imaging CBF
(Neirinckx et al, 1987). The tracer was prepared from
commercial kit preparations (Ceretec, GE Healthcare,
Buchler, Braunschweig, Germany). Injections were made
into the femoral vein under isoflurane anesthesia directly
after preparing the tracer. Therefore, no stabilizer for 99m-
Tc-HMPAO was used.

During an initial study, two rats were injected each with
100 MBq 201-Tl-DDC. In one animal, a dual isotope study
was performed. This rat was injected with both tracers:
201-Tl-DDC and 99m-Tc-HMPAO. In all, 50 MBq of each
tracer was injected.

Single Photon Emission Computed Tomography/Com-
puted Tomography (CT) Imaging was performed using a
four-head NanoSPECT/CT scanner. Animals were scanned
under gas anesthesia (1.0% to 1.5% isoflurane in 2:1
O2:N2O volume ratio). Animals were scanned with nine-
pinhole apertures with 2.5- or 1.5-mm pinhole diameters.
Overall, 24 projections were scanned during a scan time of
two hours. Axial field of view was 49 mm. Photopeaks were
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set to the default values of the NanoSPECT/CT. For 201-Tl,
peaks were set to 72 keV ±10% and 167 keV ±7.5%.
For the 99m-Tc/201-Tl, dual isotope study peaks were set
to 140 keV ±5% for 99m-Tc and 72 keV ±5% and 167 keV
±2.5% for 201-Tl.

Pinholes of 2.5 mm were used in the initial 201-Tl-DDC
study, 1.5-mm pinholes were used in the dual isotope
study. Images from measurements made with the 2.5-mm
pinhole aperture were reconstructed at fine reconstruction
settings with voxel output dimensions of 400 mm corre-
sponding to about six times the actual spatial resolution at
the given pinhole diameter. Images from measurements
made with the 1.5-mm pinhole aperture were recon-
structed with standard reconstruction settings at voxel
output dimensions of 500 mm corresponding to about three
times the spatial resolution at the given pinhole diameter.
Data were displayed using scales ranging from 0 to 32,000
with 32,000 representing the highest count rate for a voxel
within a data set.

Computed Tomography Scans (55 kV, 360 projections,
500 milliseconds per projection) with 200mm resolution
were performed from the same field of view as SPECT
scans and coregistered with SPECT scans. Both CT and
SPECT Images were reconstructed using the manufac-
turer’s software (InVivoScope, Bioscan Inc., Washington DC,
USA) and analyzed using the OsiriX-DICOM viewer for
Mac OS X (Apple, Cupertino, CA, USA). Single Photon
Emission Computed Tomography/CT Images were fused.
For the figures, SPECT/CT Images were displayed with
50% transparency of SPECT Images.

Results

During a time span of 4 weeks, one 42-week-old
SHRSP had a progressive loss of body weight from
356 to 318 g. This weight reduction was accompa-
nied by a decrease of spontaneous activity.

The remaining animals had an average body
weight of B250 g at an age of 12 weeks, and
B400 g at 36 weeks. From the 26th week, their
weight remained almost stable, with no relevant
increase during the remaining 16 weeks. None of
these animals had obvious neurologic symptoms.
One rat died during catheterization, and two died
spontaneously for reasons that remain unclear.

Accumulation of Erythrocytes

We examined the brain histology of animal groups by
HE staining starting from 12 and ending at 42 weeks.
In young SHRSP (12 weeks), we found no noticeable
peculiarities except that few vessels contained
apparently grouped or even clumped erythrocytes
(Figure 1), occurring in the basal ganglia, the hippo-
campus, cortical regions, and the corpus callosum.
We referred to these erythrocyte accumulations
parsimoniously as stases, which we occasionally also
detected in control animals, but with a significant
lower frequency compared with SHRSP (any of
the brain regions odds ratio (OR) = 17.6, P = 0.0001;

hippocampus OR = 24.2, P = 0.0002; basal ganglia
OR = 20.1, P = 0.0007; corpus callosum OR = 2.8,
P = 0.1823; cortex OR = 9.2, P = 0.0585). Thus, com-
pared with the SHRSP group, the percentage (3 of 12
animals, 25%) of control animals with erythrocyte
accumulations was relatively low and, even if present,
erythrocyte accumulations in a control brain could be
hardly detected because of their overall low number
per brain and their exclusive occurrence in capillaries.
Finally, the dimension of those accumulated erythro-
cytes in control animals was much more restricted
in comparison with the erythrocyte accumulation in
SHRSP. In contrast, the number of SHRSP that contain
accumulated erythrocytes in their brain vessels
significantly increased with age (Figure 2A). More-
over, the overall extent of vessels with accumulated
erythrocytes per brain in older SHRSP increased
dramatically, so that virtually all brain regions became
affected.

In older SHRSP (older than 28 weeks), erythrocyte
accumulations occurred in both capillaries and
arteriolar segments, whereas the few accumulated
erythrocytes occasionally found in control rats were
depicted only in capillaries. Figure 2C illustrates the
minimal and maximal diameter of small vessels
containing accumulated erythrocytes.

Interestingly, quantification revealed that in the
basal ganglia, the diameter of the affected small
vessels significantly increased with age of SHRSP
(Figure 2C). However, this does not apply to the other
brain regions, where the diameter of the vessels with
accumulated erythrocytes did not change signifi-
cantly with age. Moreover, as a general phenomenon,
we frequently found brain regions, where erythrocyte
accumulations are located in arteriolar segments, but
the surrounding capillaries are free of them (Figures
1E and 1F).

Some of the older SHRSP contained brain vessels,
where erythrocytes accumulated nearby or within
node-like constrictions (Figure 1E). Higher magnifi-
cations sometimes revealed single erythrocytes
migrating throughout the vessel wall; a process we
refer to as diapedesis (Figure 1C0, white arrow head).

Leakage of the Blood–Brain Barrier

We determined the occurrence of IgG deposits in the
wall of small vessels in the hippocampus, the basal
ganglia, the cortex, and the corpus callosum in SHRSP
as a marker for possible BBB leakage (Figure 3).
Spontaneously hypertensive stroke-prone rats at the
age of 18 weeks were the youngest animals we investi-
gated, which contained IgG deposits in the walls of
small vessels. Quantification revealed a significantly
increasing extent of BBB disturbances in older animals
(Figure 3C). That was the case for all brain regions.

Colabeling with laminin revealed that IgG seems to
be deposited between the endothelium and the basal
membrane (Figures 3E and 3F). In certain vessels,
higher magnification also showed leakage of IgG and
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therefore plasma into the parenchyma (Figure 3G).
Furthermore, Figure 3H illustrates a thrombus in
SHRSP with infarcted tissue. Both IgG and laminin
appear around the vessel in a disorganized pattern,
suggesting vessel wall rupture and therefore bleed-
ing, which had occurred before vessel occlusion.

Microbleeds

In addition to intraluminal accumulations of ery-
throcytes, we detected extraluminal fresh micro-
bleeds (Figure 4) when animals reached an age of
B32 weeks. These bleedings were characterized by
numerous grouped erythrocytes leaking from the
small vessels into the parenchyma of the basal
ganglia, cortical regions, the hippocampus, and the
corpus callosum. We did not detect any microbleeds
in control animals. Both the overall number of
microbleeds per animal and the percentage of
animals with microbleeds in their brain significantly
increased with age (Figure 2B).

Vessel Occlusion and Tissue Infarction

Only 5 of all investigated animals (9.8%) exhibited
cerebral infarctions (Figures 5C and 6C to 6E),
characterized by a salient spongy and cystic tissue

destruction. Typically, those infarct regions contain
vessels with arteriolar occlusions (Figures 4D
and 7D, asterisk). The age of these 5 animals with
cerebral infarctions ranged between 32 and 42 weeks
(2 animals 32 weeks, 1� 36, 1� 40, and 1� 42
weeks).

Imaging

At the age of 32 weeks, we detected T2 hyperinten-
sive lesions in 2 of the 15 investigated animals
(Figures 5A and 5D). The remaining 13 animals
displayed no T2 peculiarities. Macroangiopathy was
excluded by Time of Flight Angiography in all
investigated animals.

Shortly after MRI, these two animals with T2
hyperintensities were scanned using 201-TI-DDC
SPECT (Figures 5B and 5E). In those T2 positive
regions, the uptake of 201-TI was reduced. The
corresponding histology showed infarcted tissue
(Figure 5C); one of those two animals additionally
exhibited microthromboses, in the other animal, we
detected microbleeds (Figure 5F).

One 42-week-old SHRSP with a progressive loss in
body weight of 38 g within a time span of 4 weeks
simultaneously underwent 201-TI-DDC and 99m-Tc-
HMPAO SPECT. The uptake of both tracers was

Figure 1 Accumulations of erythrocytes in SHRSP with different ages. Accumulations of erythrocytes in small vessels of the basal
ganglia (B, B0), the cortex (C, D, E, E0), and its adjacent meningeal arterioles (F0), as well as the hippocampus (C0, F) occurred in all
age groups of the SHRSP (panels B and B0: 12 weeks old, panels C, D to F0: 28 weeks old, panel C0: 34 weeks old). Interestingly,
there were brain regions found with accumulating erythrocytes located in arteriolar segments, but the surrounding capillaries were
free of them (E, F). Moreover, single erythrocytes migrate throughout the vascular wall (panel C0, white arrow head). In arterioles,
erythrocytes often accumulate within segmental vascular node-like constrictions (panel E, white arrow head). In comparison,
there are no (A) or hardly detectable (A0) erythrocyte accumulations in the cortex of control animals (panel A: 18 weeks old, panel A0:
26 weeks old). HE staining. Panel D is a higher magnification of panel C. HE, Hematoxylin–Eosin; SHRSP, spontaneously
hypertensive stroke-prone rat.
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reduced in the same brain regions (Figures 6A and
6B). In the corresponding histology, we detected
tissue infarctions and microbleeds (Figures 6C to 6E).

Cerebral Amyloid Angiopathy

Cerebral Amyloid Angiopathy could not be detected
by polarized light after Congo Red staining in any of
the disease stages.

Discussion

In this study, we investigated the spontaneous
development of the vascular pathology in SHRSP.
Spontaneously hypertensive stroke-prone rats were
bred from spontaneously hypertensive (SH) rats
under the criteria of cerebral infarct development.
With increasing age, SHRSP develop a number
of risk factors including hypertension, insulin
resistance, hyperinsulinemia, hypertriglyceridemia,
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Figure 2 (A, B) Relative number of SHRSP with accumulations of erythrocytes and microbleeds in different brain regions and at different
ages. Relative number of exemplary SHRSP (n=42) with accumulated erythrocytes (panel A) and microbleeds (panel B). We detected
erythrocyte accumulations and microbleeds separately in the hippocampus (Hipp), the basal ganglia (Bg), the corpus callosum (CC), and
in the cortex at different stages of age. The number of animals with accumulated erythrocytes and microbleeds in any of the examined
brain regions is also given (All). The significant increase of the relative number of SHRSP showing erythrocyte accumulations (panel A,
all P=0.001, Hipp P=0.002, Bg P=0.05, CC P=0.01, cortex P=0.0001) and microbleeds (panel B, all P=0.00008, Hipp
P=0.012, cortex P=0.022, Bg P=0.055, CC P=0.65) with the increasing age of that group must be noted. **Pr0.05. n is the
particular total number of investigated animals. (C) Luminal diameter of small vessels with accumulated erythrocytes in different brain
regions of SHRSP at different ages. Box whiskers plot. We determined the luminal diameters of small vessels with accumulating
erythrocytes in different brain regions (Bg, Hipp, CC) at different ages of SHRSP. The median diameter (black bar), the 25th and the 75th
percentile (gray box) of the diameter, and the range between the minimal and the maximal diameter (whiskers) of the small vessels are
given in mm. In the basal ganglia, the diameter of the affected small vessels significantly increased with the age of SHRSP (P=0.003).
In the remaining brain regions, the diameter of the vessels with accumulated erythrocytes did not change significantly with the age of the
SHRSP group (cortex P=0.149, Hipp P=0.135, CC P=0.765). **Pr0.05. SHRSP, spontaneously hypertensive stroke-prone rat.
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hypercholesterolemia, and nephropathy. Thus,
SHRSP represent the same multimorbidity as it is
found in many stroke patients and in patients
with vascular dementia. Hence, these rats are
completely different from many used animals in
experimental models. Therefore, we believe that
important pathophysiological steps not equated but
common to human CSVD can be observed in the
animal model of SHRSP. This model especially
allows the histologic description of the initial
pathologic steps, which is rather impossible under
clinical conditions.

Our histologic investigations of SHRSP at different
stages of age revealed a progression of small vessel
changes in several steps. Accumulations of erythro-
cytes parsimoniously interpreted as stases were
thereby the first pathologic phenomenon we were
able to capture. These stases can be described as

aggregations of erythrocytes in small cerebral vessels
to a greater or lesser extent (Figure 1). Already at the
age of 12 weeks, we found accumulated erythrocytes
in B60% of all investigated SHRSP. However, both
the dimension of single erythrocyte accumulations
and the number of erythrocyte accumulations per
brain were rather small in those animals aged 12
weeks (Figures 1B and 2A).

However, reaching an age of 28 weeks, all
investigated SHRSP contained accumulated erythro-
cytes, whereby the number of erythrocyte accumula-
tions per brain had increased dramatically, so that in
fact every brain region was affected by those
accumulated erythrocytes. Moreover, the dimension
of single erythrocyte accumulations increased con-
siderably (Figures 1C to 1F). Interestingly, we
occasionally also found accumulated erythrocytes
in healthy control animals.

Figure 3 STL-, laminin-, and IgG-immunoreactive vessels and ratio of the densities of IgG- and STL-positive vessels in SHRSP with
different ages. STL (green)- and IgG (red)-positive vessels are shown in the hippocampus of 24-week-old (A) and 36-week-old (B, D,
and E) SHRSP. The small number of IgG-immunoreactive vessels in the younger animal (panel A, 24 weeks, white arrows) and its
increase with age (panel B, 36 weeks) must be noted. Panel D shows the histologic magnification in different z-planes of the white
rectangle in panel B. In panel C, the ratio of the densities of IgG- and STL-positive vessels in SHRSP is plotted over the different ages
of the 9 investigated animals. The result of every counting box is given by a marker in the plot. The resulting parabolic regression
function for all regions is depicted by the line. The significant increase of the ratio over the time in all of the investigated regions
(P = 0.008) showing an increasing blood–brain barrier disturbance in older SHRSP. In panels E to G, confocal analysis illustrates that
IgG (red) is deposited most likely between the endothelium (STL in green) and the basal membrane (Lam-laminin in pink). However,
in certain vessel IgG, i.e., plasma is also entering the parenchyma (panel G, white arrow). A thrombus is shown in panel H; both IgG
and laminin patterns illustrate the rupture of the vessel wall, suggesting that a bleeding had preceded vessel occlusion. SHRSP,
spontaneously hypertensive stroke-prone rat; STL, solanum tuberosum lectin.

Pathologic cascade of CSVD
S Schreiber et al

284

Journal of Cerebral Blood Flow & Metabolism (2012) 32, 278–290



For this purpose, we examined Wistar rats
aged between 12 and 65 weeks. In B25% of all these
rats, we depicted single erythrocyte accumulations
(Figure 1A0). However, the dimension of those
accumulated erythrocytes was much smaller than
in SHRSP. Therefore, we conclude that erythrocyte
accumulations represent a phenomenon, sporadi-
cally occurring in healthy rats, too. Whether this
symptom becomes more frequent in older control
animals might be only determined in a great
population of aged healthy rats.

Strikingly, the rare erythrocyte accumulations with
always small dimensions in control rats were only
found in capillaries. In contrast, SHRSP aged X28
weeks incorporate accumulated erythrocytes fre-
quently in cerebral arterioles, i.e., in small vessels
with a luminal diameter of at least 22mm. We
predominantly observed that progressive ‘affection’
of arterioles in the SHRSP’ basal ganglia (Figure 2C),
one of the early affected structures in human CSVD
(Grinberg and Thal, 2010). Moreover, in SHRSP, we

detected brain regions, in which arterioles were
affected by erythrocyte accumulations, whereas
neighboring capillaries were free of those accumulat-
ing erythrocytes (Figures 1E and 1F). As outlined in
the ‘Materials and methods’ section, we referred to
capillaries when the diameter was smaller than
22 mm. If the small vessel emerges directly from an
arteriole, it can be defined as a capillary. However, it
has to be mentioned that in all other cases, we are not
able to discriminate between capillaries and venules.
Interestingly, in many cases, it became obvious
that accumulating erythrocytes were located in the
direct proximity of node-like vessel constrictions.
We assume that these vessel constrictions are an
important milestone in the pathologic cascade of the
vascular pathology in SHRSP.

The dramatic increase in both the number and
the size of erythrocyte accumulations per animal in
28-week-old SHRSP and the location of accumulated
erythrocytes in arterioles with node-like constric-
tions make it highly supposable that erythrocyte

Figure 4 Microbleeds in SHRSP at different stages of age. From the 32nd week on, we detected numerous microbleeds in the brain
tissue of SHRSP (A to C 32 weeks of age ). Panels D to F illustrates the infarct region of a 42-week-old SHRSP. Infarcted tissue
contains spongy and cystic tissue destructions with fresh and older microbleeds and also occluded vessels (panel D, asterisk). Panel
F corresponds to Figure 6D rotated 901 counterclockwise HE staining. HE, Hematoxylin–Eosin; SHRSP, spontaneously hypertensive
stroke-prone rat.
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accumulations develop as an initial step owing to so
far undefined changes in small vessels rather to be
the result of an insufficient transcardial perfusion.
Indeed, the definitive (and very difficult to render)
evidence for the existence of detected erythrocyte
accumulations as stases in living animals can be
exclusively provided by in vivo imaging techniques.

Whether smooth muscle cell contractions of the
tunica media cause these constrictions and why they
occur, remains unclear. Several alterations have been
described in mesenteric arteries of SHRSP, e.g.,
reduced density in the media with concurrent
increased volume and reduced arterial lumen
(Arribas et al, 1997). Furthermore, the authors found
indications for a reduced number of endothelial
cells. It is likely that similar phenomena occur in
cerebral arteries.

Under conditions of experimental ischemia
Yemisci et al (2009) also observed accumulations

of erythrocytes. The authors argue that oxidative
stress after reperfusion damages pericytes and
induces abnormal contractions of those cells.
Contrary to our results, Yemisci et al (2009) describe
the accumulated erythrocytes to be present only in
capillaries. Moreover, Henning et al (2010) depicted
accumulating erythrocytes in small vessels of old
female SHRSP. These authors assume that the
accumulation of erythrocytes is the consequence of
a vessel compression caused by an adjacent tissue
edema after cerebral infarctions. Contrary to their
conclusions, our data show that those accumulated
erythrocytes are not caused by tissue infarctions, but
instead represent the early stage of the vascular
pathology in SHRSP.

Higher magnifications of erythrocyte accumulations
show that single erythrocytes escape from the lumen
of the vessel (Figure 1C0). It remains unclear whether
these diapedeses indicate subsequent microbleeds.

Figure 5 MRI, 201-TI-DDC SPECT and histology performed in the same animals. T2 sequences (A, D) and 201-TI-DDC SPECT
(B, E) with coronal slice orientation performed in the same animal: animal 4 (32 weeks, upper row) and animal 16 (32 weeks, lower
row). It must be noted that those regions being T2 hyperintensive in MRI (panels A and D, white arrows) show a reduction of 201-TI-
DDC uptake (panels B and E, white arrows). In the corresponding histology, infarcted tissue (C; HE staining) and microbleeds (F, HE
staining; panel F: figure in the left lower corner HE staining) were detected. Panels C and F correspond to the white rectangle in
panels A and D. The small subacute bleeding in the basal ganglia of animal 4 (panel A, yellow circle) must be noted. HE,
Hematoxylin–Eosin; MRI, Magnetic Resonance Imaging; SHRSP, spontaneously hypertensive stroke-prone rat; SPECT, Single Photon
Emission Computed Tomography; 201-TI-DDC, 201-Thallium-Diethyldithiocarbamate.
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Furthermore, we detected a leakage of IgG into the
wall of the small vessels. Those changes represent
BBB disturbances (Grinberg and Thal, 2010), occur-
ring some weeks after we depicted accumulated
erythrocytes and are highly concentrated in older
SHRSP. Endothelial disruption with subsequent BBB
breakdown has been described to be the primary
event preceding microthromboses and lacunar
infarcts, as well as microbleeds and white matter
cysts (Bailey et al, 2009). Our data indicate that the
initial BBB disturbances are restricted to a leakage of
IgG into the vessel wall and are not associated with a
vessel wall disruption. Our colabeling with laminin
suggests that IgG is deposited between the endo-
thelium and the basal membrane. However, it also

revealed that in certain blood vessels, IgG and
therefore plasma already entered the parenchyma at
a stage in which the vessel wall looks morphologi-
cally still intact (Figure 3). Interestingly, both initial
changes—the accumulation of erythrocytes and the
early plasma protein leakage into the vessel wall—
are not associated with arteriolar occlusions. Rather,
subsequent microbleeds, tissue infarctions with
occluded vessels, vasogenic edema, and white matter
cysts occur for the first time several weeks after the
initial BBB disturbances have been detected.

We first detected microbleeds in SHRSP at the age
of B32 weeks. These microbleeds were distributed
irregularly in all brain regions and obviously devel-
oped at different time points. Interestingly, brain

Figure 6 201-TI-DDC SPECT, 99m-Tc-HMPAO SPECT, and histology performed in the same animal. (A) 201-TI-DDC and (B) 99m-
Tc-HMPAO SPECT with coronal slice orientation performed in the same animal (animal 202, 42 weeks). It must be noted that those
green pseudo-colored regions in the cortex and the white matter of both hemispheres (panels A and B white arrows) depict a
reduction of 201-TI-DDC (panel A) and 99m-Tc (panel B) uptake. In the corresponding histology, we detected infarctions with
consequent spongy and cystic tissue destructions (C to E, white arrow heads) and microbleeds (panels C and D asterisks) in those
regions with reduced tracer uptakes. Panels C to E show the histologic magnification of the white rectangles in panels A and B. Panel
D corresponds to Figure 4F rotated 901 clockwise. HE staining. HE, Hematoxylin–Eosin; MRI, Magnetic Resonance Imaging;
99m-Tc-HMPAO, 99m-Technetium-HMPAO; SHRSP, spontaneously hypertensive stroke-prone rat; SPECT, Single Photon Emission
Computed Tomography; 201-TI-DDC, 201-Thallium-Diethyldithiocarbamate.
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regions containing microbleeds were almost free of
erythrocyte accumulations. Although not provable
by our data, it is conceivable that those vessels with
accumulated erythrocytes at earlier age are conspicu-
ously fragile and give rise to microbleeds by vessel
wall disruption at older age. This is supported by
node-like constrictions of vessels described above
and often found to be associated with accumulating
erythrocytes. The ultimate cause for this fragility
remains open, but arterial hypertension associated
endothelial proliferation with splitting of the lamina
elastica interna, plasma protein leakage, and fibri-
noid necrosis (Grinberg and Thal, 2010), as well as
additional age-associated changes of the vessel wall

might force this fragility until the rupture of small
vessels and consequent bleedings (Rizzoni and
Agabiti, 2006).

As expected, there were no signs of CAA in our
SHRSP; massive depositions of Ab do not occur in
vessel walls. Thus, CAA can be excluded as a reason
for bleedings because it is described in humans
(Grinberg and Thal, 2010).

Rats with number T5 and T16 are examples of
SHRSP containing a high number of microbleeds
(Figures 4A to 4C) without extended tissue necrosis/
infarctions. Tissue infarctions obviously represent
the final stage of the SHRSP’ vascular pathology and
might develop shortly after the occurrence of micro-
bleeds (e.g., rat number T202, Figure 6). Thus, fairly
big areas with infarctions contain fresh and older
microbleeds, as well as ruptured blood vessels with
subsequent occlusions (Figures 4D to 4F).

These tissue infarctions were detectable by T2
hyperintensities in MRI (Figures 5A and 5D). The
associated (vasogenic) tissue edema caused a further
compression of still intact vessels lying in the
periphery of the infarct area. This leads to hypoper-
fusion of extended brain regions by an additional
reduction of CBF (Henning et al, 2010), and
potassium uptake as revealed by 99m-Tc-HMPAO
and 201-Tl-DDC SPECT (Figures 5 and 6). Our
SPECT study is a pilot study aiming to investigate
whether or how pathologic alterations detectable by
MRI or histology correlate with changes in potassium
uptake and blood flow. The results of these studies
are promising and indicate that SPECT Imaging can
be a useful imaging modality in monitoring disease
progression or potential therapeutic effects in drug
testing in SHRSP.

Interestingly, our data indicate that microbleeds
seem to precede microthromboses rather than follow
them. Thus, our results might provide an explana-
tion why microbleeds have been described to be
independent predictors of recurrent ischemic stroke
in humans (Thijs et al, 2010).

Taking all data together, we described the patho-
genesis of the vascular pathology in SHRSP as
follows: By reasons, we do not know yet, aggrega-
tions of erythrocytes develop in arterioles and
capillaries (Figure 7A). Constrictions of the vessel
wall often found in direct vicinity of accumulating
erythrocytes let us presume that autoregulatory
changes of the vessel tonus might be involved here.
Depositions of plasma proteins (IgG) in the vessel
wall (Figures 3 and 7B) together with other factors
not investigated in this study (severe arterial hyper-
tension with systolic values of at least 200 mm Hg
since an age of B10 weeks (Yamori et al, 1976) and
diabetes) induce permanent injuries of the vessel
wall. The consequence is an increased permeability
of the BBB which possibly can be recognized by
diapedeses of single erythrocytes (Figures 1C0 and
7B). Finally, the integrity of blood vessels becomes
damaged in a degree that multitude microbleeds
occur at different time points after rupture of the

Figure 7 Stages of the vascular pathology in SHRSP. Accumula-
tions of erythrocytes in capillaries and arterioles display the quite
common initial step of the vascular pathology in SHRSP (A, step
one). Some weeks later, disturbances of the blood–brain barrier
(BBB) (step two) were detected. BBB disturbances are
illustrated by a leakage of IgG deposits into the vascular wall
(B, white arrow head in the rectangle in the left lower corner)
and by the migration of single erythrocytes throughout the small
vessel wall (panels A and B, white arrows). Several weeks after
the BBB leakage, microbleeds occurred (C, step three)
immediately followed by (reactive) microthromboses (D, aster-
isk, step four). Microbleeds and vessel occlusions cause cystic
and spongy tissue infarctions (shown in Figures 4 to 6). SHRSP,
spontaneously hypertensive stroke-prone rat.
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vessel walls (Figures 4A to 4C and 7C), resulting in
hemorrhagic microinfarctions (Figures 4D to 4F).

The cumulative appearance of microinfarcts in one
brain region can induce expanded tissue necrosis
(Figure 5A) otherwise typical for occlusions of bigger
brain vessels (macroangiopathy) or cerebral lesions
of SHRSP fed a salt loaded diet with 1% NaCl added
to their drinking water (Guerrini et al, 2002). The
development of (vasogenic) edema illustrated by T2
sequences in MRI (Figures 5A and 5D) further
decreases CBF (Figure 6B). Finally, occlusions of
vessels (Figures 4D and 7D) develop as a reaction to
microbleeds and can therefore be observed in infarct
regions together with fresh and old microbleeds.

We emphasize that in contrast to other authors, we
did not apply a diet with 1% salt in drinking water
(Lee et al, 2007; Gelosa et al, 2010). Therefore, in
animals fed a salt-loaded diet, tissue infarctions
occur in 80% of 30-week-old male SHRSP (Yamori
and Horie, 1977; Tagami et al, 1987). On the contrary,
the average onset for corresponding symptoms in
SHRSP fed a standard diet without supplemental salt
is 9 months (male rats) and 1.2 years (female rats)
(Henning et al, 2010). Obviously, the abnormal
uptake of salt causes an accelerated damage of vessel
walls (SHRSP develop cerebral lesions after 42±3
days after starting a salt enhanced diet (Guerrini
et al, 2002)) and a fast development of hypertension
(the systolic blood pressure increases about at least
40 mm Hg during those 42±3 days (Henning et al,
2010)). Nevertheless, because there is a lack of
longitudinal studies combining imaging and blood
pressure data, it is still a matter of debate whether
there is any definite association between an aggrava-
tion of arterial hypertension and the development of
cerebral lesions in SHRSP (Henning et al, 2010).
However, we believe that omitting a salt diet is one of
the major advantages of our study in such a way that
our animals might represent the real complexity of
the natural progression of CSVD. The price for that is
a more inhomogeneous temporal course of the
described pathology.

Irrespective from the exact time point of the onset
of cerebral lesions in a single animal, the appearance
of erythrocyte aggregations seems to be the initial
step of the vascular pathology in SHRSP.

Therefore, we believe the animal model of SHRSP
to provide important insights for the understanding
of human CSVD. Thus, we assume that a certain
cohort of patients with CSVD may have a cumulative
appearance of independent microbleeds occurring at
different time points. It has to be elucidated whether
accumulations of erythrocytes described here in the
model of SHRSP also stand at the beginning of the
pathologic cascade of certain patients with CSVD.
The diagnosis of these erythrocyte aggregations or
alternatively the definition of their diagnostic corre-
lates (e.g., serum parameters) would allow an
efficient prevention at a time point, when micro-
bleeds and vessel occlusions have not been devel-
oped yet. By this means, the progress of human

CSVD could be stopped at a stage before severe
neurologic symptoms and cognitive deficits occur.
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