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Blood brain barrier breakdown as the starting
point of cerebral small vessel disease? - New
insights from a rat model
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Abstract

Cerebral small vessel disease (CSVD, cerebral microangiopathy) leads to dementia and stroke-like symptoms.
Lacunes, white matter lesions (WML) and microbleeds are the main pathological correlates depicted in in-vivo
imaging diagnostics. Early studies described segmental arterial wall disorganizations of small penetrating cerebral
arteries as the most pronounced underlying histopathology of lacunes. Luminal narrowing caused by
arteriolosclerosis was supposed to result in hypoperfusion with WML and infarcts.
We have used the model of spontaneously hypertensive stroke-prone rats (SHRSP) for a longitudinal study to
elucidate early histological changes in small cerebral vessels. We suggest that endothelial injuries lead to multiple
sites with blood brain barrier (BBB) leakage which cause an ongoing damage of the vessel wall and finally resulting
in vessel ruptures and microbleeds. These microbleeds together with reactive small vessel occlusions induce overt
cystic infarcts of the surrounding parenchyma. Thus, multiple endothelial leakage sites seem to be the starting
point of cerebral microangiopathy. The vascular system reacts with an activated coagulatory state to these early
endothelial injuries and by this induces the formation of stases, accumulations of erythrocytes, which represent the
earliest detectable histological peculiarity of small vessel disease in SHRSP.
In this review we focus on the meaning of the BBB breakdown in CSVD and finally discuss possible consequences
for clinicians.
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Introduction
The clinical picture of cerebral small vessel disease
(CSVD) is complex since the disease develops insidiously
and its etiology is only partly understood. Limited corre-
lations between neurological symptoms, imaging diag-
nostic and pathological findings impede an early enough
diagnostic and therefore therapy. It’s obvious, however,
that an illness of rather small blood vessels leads to sub-
tle development of dementia and / or episodes of stroke-
like symptoms if neurological sensitive areas are affected
by so called strategic infarcts. Lacunes, diffuse white
matter lesions (WML, also called leukoaraiosis) and
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microbleeds are the pathognomonic pathological corre-
lates detectable with modern imaging diagnostic.
Lacunes, found in 6% to 11% of autopsied brains, are de-

fined as scars or remnants of small infarcts with a dia-
meter ranging from 3 to 20 mm predominantly found in
the basal ganglia, thalamus, pons, subcortical and cerebel-
lar white matter areas [1-3]. Their development and
pathological reasons are poorly understood. Leukoaraiosis,
i.e. diffuse WML, is still a category of hyperintensities in
magnetic resonance imaging (MRI) diagnostic with no
clearly defined histological correlate. Maybe demyelin-
ations could be a potential explanation.
More than 40 years ago Fisher described the “segmen-

tal arterial wall disorganization” of small penetrating
cerebral arteries defined by vessel enlargement due to
wall remodeling with “loss of meshwork”, “hemorraghic
extravasation” and deposits of fibrinoid material [1] as
one underlying trigger for lacunes. Due to our present
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knowledge, Fisher’s finding might indicate the small
vessel wall fragility with blood brain barrier (BBB) dis-
turbances, a passover of plasma resulting in small vessel
wall thickening defined as lipohyalinosis [3,4] and merging
into small perivascular bleeds with associated reactive
vessel occlusions causing acute infarcts [5].
From the current point of view the chronic small

vessel wall alterations found in CSVD comprise three
subtypes including lipohyalinosis, arteriolosclerosis and
cerebral amyloid angiopathy (CAA) [4]. Especially
arteriolosclerosis, characterized by endothelial prolife-
ration, plaque-like accumulations of plasma proteins,
lymphocytes and macrophages (microatheroma, [4]),
leads to a progressive vessel wall narrowing resulting
in a delayed blood supply with hypoperfusion of the
adjacent parenchyma possibly indicated by diffuse WML
[2,6]. CAA develops as a consequence of amyloid-β(Aβ)
protein depositions within basement membranes caused
by an age- and hypertension-related failure of Aβ elimi-
nation along perivascular lymphatic drainage pathways
and is also found in Alzheimer’s disease and mixed de-
mentia [4,6,7].
Moreover, common acute lesions found in CSVD are

cerebral microbleeds and primary intracerebral hemor-
rhages, discussed as consequence of small vessel wall
fragility converging with acute hemodynamic changes
possibly caused by fluctuations of the blood pressure
[2,8]. Microbleeds are well documented and supported
by pathological findings.
Occlusions of degenerative altered small vessels, typi-

cally found in cerebral macroangiopathy associated with
thrombotic or embolic stroke, might be a reasonable
explanation for lacunar infarcts, but those occlusions
are a rather rare event in brain autopsy of patients with
CSVD [3]. Thus, Wardlaw and colleagues supposed in a
remarkable review 10 years ago, that a breakdown of
the BBB might be, however, a much more frequent rea-
son for cerebral microangiopathy since all its histo-
pathological features seem to be caused, result in or at
least being associated with an increased vessel wall fra-
gility [3].
We have recently collected data in the model of spon-

taneously hypertensive stroke-prone rats (SHRSP) that
strikingly support the importance of an early BBB dys-
function for the development of CSVD, which will be
discussed in this review.
SHRSP as animal model for CSVD
Only few animal models have been recognized to be sui-
table for describing CSVD [9,10]. Although it is unlikely
that one animal model reveals all of the histopathological
features of CSVD, SHRSP have been identified to be
the most suitable one mimicking the degenerative small
vessel changes and associated lesions found in human
CSVD [9,10].
SHRSP were obtained by selective breeding from

spontaneously hypertensive rats (SHR) for the develop-
ment of spontaneous infarcts [11-13] and exhibit an
overactivity of the renin-angiotensin-system [14], a
detectability of renin within the vascular walls [15],
an altered endothelin system [16] and an increased
sympathetic nerve activity [17] potentiated by elevated
levels of prostaglandins [18] in their sum leading to
an early development of chronic severe arterial hyper-
tension [12].

Cerebral lesions in SHRSP
SHRSP develop small lacunar-like lesions with a volume
ranging from 2 to 57 mm3, larger non-territorial infarcts
anyhow commonly distributed in specific territories
of the large cerebral arteries, rarely covering multiple
vascular territories or seen in the border zones of the
large cerebral arteries as well as territorial infarcts in
some cases affecting the whole hemisphere [5,12,19,20].
This indicates a concurrent vasculopathy of large cerebral
arteries and is supported indirectly by degenerative vessel
wall changes of large leptomeningeal arteries in SHRSP
[21]. However, regarding our own studies of SHRSP,
we excluded pathologies of the large cerebral arteries
by magnetic resonance angiography (MRA) in those
single animals who exhibited an extended territorial
infarct [5]. Thus, possibly, at least some of the large
infarcts rather develop as a consequence of multiple
confluent small infarcts emerged at different time points.
This idea is supported by a complex histopathology -
including spongy edematous grey matter with micro- and
larger cysts (comparable to the “trabeculated cavities” in
human lacunes, [1]), pale “cytolytic” neurons, neuronal
loss and tissue rarefaction, accumulated astrocytes (com-
parable to astrogliosis associated with human lacunes, [1]),
fibrinoid-eosinophilic depositions and degenerative small
vessel wall changes including enlarged perivascular spaces,
wall thickening and dilatations - marking the ischemic
cerebral lesions in SHRSP and being completely different
from those histological changes seen in infarcts resulting
from large cerebral artery pathology [19-22].
Ischemic lesions are predominately found in cortical

areas (basal ganglia and thalamus are affected secondly
commonly; [12,20]) and are associated with local cere-
bral blood flow reduction shown by MRI and single
photon emission compute tomography (SPECT) [5,20].
But also already before overt infarcts are detectable
SHRSP exhibit a decline in cortical cerebral blood flow
and protein synthesis [23]. In this regard it is important
to underline, that Fredriksson et al. nearly 20 years
ago already by Evans blue injections demonstrated a
long lasting BBB leakage characterized by abundant
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proteinaceous exudates rich in fibrinogen and occur-
ring near to petechial hemorraghes [21].
In contrast, the exact localization and extent of WML

have been rarely investigated in SHRSP and therefore
the respective existing data is quite incomplete. Myelin
stainings show a rarefication of white matter substance
accompanied by a general volume expansion in SHRSP
with BBB leakage [21]. For the understanding of the
CSVD it would be a worthwhile experimental assign-
ment to address the question whether this histology
correlates with the extent of WML in MRI.

Pathological cascade of CSVD in SHRSP
By genetic factors SHRSP develop a vascular risk profile,
which comprises arterial hypertension, insulin resistance
and hyperinsulinemia, mixed hyperlipidemia and ele-
vated levels of free fatty acids [24]. This genetic burden
is sufficient that SHRSP develop spontaneous ischemic
lesions at an age between 8 (male) and 13 to 14 months
(female) [5,20]. But what is the beginning of this path-
ology? What changes in the cerebral small vasculature
are detectable first?
Starting a longitudinal study with around 130 SHRSP

(animal procedures were conducted after obtaining the
approval of the Animal Care Commitee of Sachsen
Anhalt; reference numbers of licences for animal test-
ing 42502-2-943, 42502-2-1148, 07/2009 & 08/2012,
Magdeburg, Sachsen-Anhalt) we were able to define
some kind of pathological cascade which is described
in the following: The small vasculature of rather juvenile
SHRSP is not distinguishable from age matched Wistar
controls. However starting from an age of 12 weeks, in
SHRSP we occasionally found in capillaries of the basal
ganglia, the hippocampus and cortical areas intraluminal
accumulations of erythrocytes (Figure 1A).
We refer to this phenomenon as stases indicating an

early microvascular dysfunction. With increasing age
the number and extent of stases increased significantly;
around an age of 28 weeks de facto all SHRSP contained
stases in their brain. Now, besides capillaries also arterioles
in the basal ganglia, hippocampal and cortical areas, but
also, however very rarely, white matter areas including
the corpus callosum were affected (Figure 1B-D; [5]).
Degenerative small vessel wall changes including arterio-
losclerosis, lipohyalinosis and an increase of the extra-
cellular matrix were first detectable at an age of about
18 weeks (Figure 2A-E). None of the SHRSP developed
CAA. Around an age of 24 weeks we observed the first
animals with mini- and microbleeds ranging in their
diameter from 50 to 300 μm and occurred in different
brain regions, whereas the basal ganglia and cortical
areas were predominantly afflicted (Figure 2F & G; [5]).
As an age-dependent phenomenon the number of
mini- and microbleeds per animal and the number of
affected animals increased up to an age of 44 weeks.
Smaller and pronounced infarcts finally occurred at
an age of around 30 weeks [5]. Infarcts consist of out-
standing spongy areas of necrosis. Noticeable, there
was a frequently found concentric arrangement of small
hemorrhages caused by leaking erythrocytes around
occluded small vessels (Figure 2H & I) leading to a
composition of infarcted tissue and bleeds (Figure 2I;
[5,19-21]). Occasionally, the site of vessel wall rupture
was still identifiable. Therefore we conclude that mini-
and microbleeds initiate the phase of infarcts by indu-
cing reactive small vessel occlusions, and, both together
cause areas with necrotic damage, representing the
final stage of CSVD in SHRSP [5].

Stases, BBB disturbances and initial microvascular
dysfunction in SHRSP
Stases of erythrocytes are the first histological peculiarity
of CSVD in SHRSP. The considerable increase of both
number and size of the affected small vessels over time
is a clear indication, that stases are causally correlated
with the pathology of capillaries and arterioles in CSVD.
Nevertheless, instantly the question arises: What are the
underlying causes of the detected stases?
We could demonstrate, that small vessels affected by

intravasal erythrocyte accumulations exhibit deposits of
plasmaproteins including immunoglobulin G (IgG) within
their walls and within the adjacent perivascular paren-
chyma indicating associated BBB damage at already young
ages (Figure 1E & F; [5,25]).
Another important point is the fact that stases are

interwoven with aggregated thrombocytes and multimers
of the von-Willebrand factor (vWF) (Figure 1G & H; [25]).
This suggests that a local, most likely restricted coagula-
tion is one main reason for their occurrence. A vessel
wall adherent activated coagulatory state as a reaction
to endothelial injuries (Figure 1I) would therefore com-
prise a mesh, where erythrocytes aggregate. This would
also explain why stases are resistant against transcardial
perfusion performed before brain removal and histology.
Finally, passive diapedesis of single intravasal erythrocytes
from the stases into the perivascular parenchyma provide
a further support that endothelial leakages are the main
reason for stases (Figure 1B & C; [5]).
Disturbances of autoregulation of small vessel tonus

represent another possible reason that at least promotes
the formation of stases. This is reflected in constrictions
and dilatations of the vessel wall we occasionally found
in arteriolar segments with stases (Figure 1D; [5]).
All together stases seem to be an indicator for endo-

thelial injuries inducing a local restricted thrombus for-
mation. Emerging thrombi usually do not lead to a
vessel occlusion but remain restricted to the vessel wall
site showing a compromised endothelium. Despite the



Figure 1 Stases, BBB disturbances and microvascular dysfunction in SHRSP. Erythrocyte accumulations (stases) in a capillary (A, hippocampus)
and arterioles (B - D, basal ganglia) associated with endothelial injury indicated by beginning diapedesis of erythrocytes (B & C, white arrows)
and IgG-deposits within the wall of affected vessels (E & F; E, erythrocyte autofluorescence in magenta). Stases might be the consequence of
erythrocyte accumulations (G & H, white arrows) within a mesh of thrombocytes (G) and threads of the von-Willebrand-factor (vWF; H) both
activated by blood brain barrier breakdown as illustrated by wall adherence of the vWF in small vessels with IgG deposits (I). Note the disturbed
vascular tone in small vessels with stases indicated by sausage-like wall dilatations, here shown in a striatal trifurcation of arterioles (D). E is
taken from [25]. A – D Hematoxylin Eosin (HE) staining. STL - solanum tuberosum lectin used as endothelial marker, Laminin used as basement
membrane marker.
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sealing of the leakage by the coagulation system, it can
be assumed that certain amounts of plasma still enter
the vessel wall [3]. This toxic effect over time makes the
vessel wall brashly e.g. simply by cell death of smooth
muscle cells or by accumulating plasma proteins between
the basal membranes – both described as fibrinoid
necrosis and detected as (lipo-)hyalinosis by patholo-
gists [4]. In this regard one has to consider that capil-
laries are composed only by one endothelial cell layer
framed by a basal membrane. Thus leakage of the small
vasculature may increase to an amount that locally
restricted mini- and microbleeds may occur at a stage
when blood vessels still look rather intact. This is
actually what we most frequently found in SHRSP.
We did not find such a lot of vessels representing the
classical lipohyalinosis (Figure 2C). Further our data
suggest that mini- and microbleeds are accumulating
all over the brain with increasing age (the same as for
plasma protein depositions before) and more and more
small bleeds develop. This induces reactive small vessel
occlusions and necrosis of the surrounding parenchyma.
It is of course unlikely that pathological changes only

affect capillaries and arterioles. As already mentioned
leptomeningeal arteries also show segmental wall thick-
ening associated with vessel occlusions [21]. Neverthe-
less, we are convinced that BBB disturbances of small
vessels are the main pathologic initiator for the symp-
toms typical for CSVD. But if so, one could expect that



Figure 2 Degenerative small vessel wall changes, small bleeds and infarcts in SHRSP. Degenerative small vessel wall changes include
arteriolosclerosis (A & B, hippocampus), lipohyalinosis (C, basal ganglia) and thickening of the extracellular matrix (D, hippocampus & E, basal
ganglia) with associated enlarged perivascular spaces (A – C). Erythrocytes, leaking through injured small vessel walls, form perivascular bleeds
(F & G, cortex). Reactive small vessel occlusions (white asterisks) surrounded by perivascular mini- and microbleeds (H & I, cortex) with
consecutive infarcts consisting of spongy, cystic and hemorrhagic tissue (I) are the consequence and represent the final stage of cerebral small
vessel disease in SHRSP. A & B – Congo red staining, C, F - I - HE staining, D & E – Movat staining.
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the described vascular pathology is also detectable
outside of the brain. Indeed, in SHRSP we were able
to demonstrate that accumulations of erythrocytes in
peritubular capillaries and glomerular arterioles are
also counted among the first histological changes in
the kidney. Tubular damage, various stages of glomerulo-
sclerosis and degenerative arteriolar wall changes some-
times combined with occlusions indicate an advanced
pathology of hypertensive nephropathy. These findings
defined not only the severity of structural renal damage
but also were strongly correlated with the CSVD stages in
the same rat [26]. We therefore conclude that CSVD is
part of a systemic condition, which emerges in the kidney
even earlier than in the brain.
Do SHR exhibit the pathological cascade of CSVD?
Contrary to SHRSP, (stroke-resistant) SHR (SHRSR),
an animal model with polygenetic and multifactorial
inheritance of chronic arterial hypertension, including
renal factors, prostaglandin-adrenergic interactions and
abnormalities of the pituitary gland [18], develop a less
pronounced blood pressure elevation and exhibit a
significant lower incidence of spontaneous tissue “soft-
ening” and hemorrhages (about 10% during a life-span
of 14 months; [13]). However, after an additional tran-
sient occlusion of the middle cerebral artery (MCA)
SHR develop stases (“plugging of cerebral microvessels
with red blood cells”, [27]), BBB damage, single erythro-
cyte diapedesis, micro- and macrohemorrhages in the
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infarcted regions [27-30]. Of course, those MCA infarcts
exhibit a territorial pattern, which does not match the
common one seen in SHRSP. Stases here might indicate
the “no-reflow-phenomenon” of the microvasculature
[27,31]. The resulting depletion of oxygen to the endothe-
lium leads to an early BBB leakage, which is exacerbated
by an at least partial reperfusion of the capillary bed. A
forced diapedesis of blood with consecutive small and
larger hemorrhages is the consequence [27,29]. Thus,
whereas the pathophysiological link between stases,
BBB breakdown and bleeds seems to be comparable
between SHRSP and SHR with transient MCA occlu-
sion, the initiation of those histopathological pheno-
mena is completely different from each other. Since the
described histopathology is rather and predominantly
induced by the large artery occlusion, the described
changes are not specific for the model of SHR. Indeed,
to our best knowledge, there are so far no investigations
of the spontaneous course and the temporal develop-
ment of microvascular changes in SHR. The sole excep-
tion from that is the ken that SHR develop spontaneous
disturbances of their BBB indicated by histology, changes
in the substantial uptake to and clearance of the cerebro-
spinal fluid and its protein composition as well as an in-
creased expression of BBB channel proteins [32-37].
Concluding, SHRSP exhibit a complex cascade of CSVD

and until now it is unclear, whether SHR develop a com-
parable natural course of microvascular dysfunction ac-
companied by histopathological phenomena exceeding
their described BBB leakage.

Conclusions
Thus, coming back to the headline of this review we
can state that the SHRSP develops overt infarcts that
mainly originate from breakdown of the BBB and not
from occluded vessels. Thrombotic occlusions of small
penetrating vessels occur only at the end of a patho-
logical cascade originated by endothelial damage. This
may have important clinical consequences. Patients
with stroke-like symptoms caused by thrombotic or
embolic occlusions of large vessels generally benefit
from an anti-thrombotic treatment. But the effect of
such a treatment could be even detrimental if stroke
patients suffer from multiple small vessel lesions ori-
ginally caused by BBB leakage.
Moreover, one has to ask what is the main difference

between SHRSP and controls? Do control rats develop
the pathology of CSVD cascade only later on or in other
words: Are the vascular risk factors in SHRSP some kind
of accelerator for a pathology caused in controls simply
by aging? We also found an increasing number of stases
in older control rats correlating with vascular changes
in the kidney comparable to the findings in SHRSP.
Control rats exhibit limited mini- and microbleeds and
so far no one exemplar developed overt ischemic le-
sions. Thus, it is obvious that the vascular system also
in control rats undergoes an age-dependent impairment.
But probably only a very little fraction of them will de-
velop the typical pathological cascade of CSVD we have
found in SHRSP.
The genetically most related population to SHRSP

is the SHRSR. The risk profile also includes chronic
arterial hypertension with disturbances of renal factors
[18]. However, for the development of spontaneous
strokes there are additional factors necessary making
the difference to SHRSP which are in the end inbred
SHR carrying the full risk profile for the pathological
cascade leading to stroke.
Thus, besides aging and vascular risk factors we sup-

pose that CSVD pathology needs a certain combination
of genetic risk factors and is in its development posi-
tively or negatively influenced by lifestyle. In this regard
it is very important to mention that the incidence and
development of overt infarcts in SHRSP can be heavily
promoted by a high salt diet. Moreover, an application
of a salt-loaded diet induces an abrupt malign increase
of the arterial blood pressure, associated with forced
vessel wall ruptures leading to an extended breakdown
of the BBB with associated cerebral edema and large
primary intracerebral hemorrhages [5,19,20,38]. Thus,
high salt uptake not only accelerates the pathological
cascade but also dramatically modulates the course of
CSVD in SHRSP.
Concluding, the conglomerate of vascular and genetic

risk factors in SHRSP obviously favors an initially small
and insidious age-dependent developing of endothelial
injuries leading to an increasing BBB leakage. The vascu-
lar system seems to react with a restricted coagulation
which causes stases of erythrocytes as a rather byproduct.
It is a challenge for modern imaging diagnostics to

detect these early vascular changes to selectively recognize
patients with an elevated vascular risk profile. One
approach could be the development of new, especially
renal biomarkers in blood and urine. Therefore, in
SHRSP we have just started to investigate urine con-
centrations of the kidney-injury-molecule-1 (KIM-1),
marking a renal tubular damage [39]. We are inter-
ested whether this marker also indicates the stages of
renal and cerebral vascular changes. Modern imaging
is surely the second approach for directly visualizing
early vascular changes. Contrast-enhanced magnetic
resonance microangiography (CE-μMRA; [40]) opens
the avenue for new MRI sequences having the cap-
acity to detect tiny vascular events like stases, vessel-
wall-adherent coagulation or plasma leakage. A better
diagnostic will give the basis for a specifically adapted
treatment of patients developing dementia and stroke-
like symptoms from CSVD.
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Meanwhile our probably best weapon against small
cerebral vascular diseases is the promotion of healthy
campaigns persuading people to prevent the age driven
progress of CSVD under the slogan:
More physical activity, less salt, no smoking!

Abbreviations
Aβ: Amyloid-β; BBB, Blood brain barrier; CAA: Cerebral amyloid angiopathy;
CE-μMRA: Contrast-enhanced magnetic resonance microangiography;
CSVD: Cerebral small vessel disease; HE: Hematoxylin Eosin;
IgG: Immunoglobulin G; KIM-1: Kidney-injury-molecule-1; MCA: Middle
cerebral artery; MRI: Magnetic resonance imaging; MRA: Magnetic resonance
angiography; SHR: Spontaneously hypertensive rats; SHRSP: Spontaneously
hypertensive stroke-prone rats; SHRSR: Spontaneously hypertensive stroke-
resistant rats; SPECT: Single photon emission compute tomography;
STL: Solanum tuberosum lectin; vWF: Von-Willebrand factor; WML: White
matter lesions.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SS, CB, CC and HB wrote the manuscript. All authors read and approved the
final manuscript.

Received: 17 February 2013 Accepted: 5 March 2013
Published: 14 March 2013

References
1. Fisher CM: The arterial lesions underlying lacunes. Acta Neuropathol 1968,

12:1–15.
2. Lammie GA: Pathology of small vessel stroke. Br Med Bull 2000, 56:296–306.
3. Wardlaw JM, Sandercock PA, Dennis MS, Starr J: Is breakdown of the

blood–brain barrier responsible for lacunar stroke, leukoaraiosis, and
dementia? Stroke 2003, 34:806–812.

4. Grinberg LT, Thal DR: Vascular pathology in the aged human brain. Acta
Neuropathol 2010, 119:277–290.

5. Schreiber S, Bueche CZ, Garz C, Kropf S, Angenstein F, Goldschmidt J,
Neumann J, Heinze HJ, Goertler M, Reymann KG, et al: The pathologic
cascade of cerebrovascular lesions in SHRSP: is erythrocyte accumulation
an early phase? J Cereb Blood Flow Metab 2012, 32:278–290.

6. Weller RO, Boche D, Nicoll JAR: Microvasculature changes and cerebral
amyloid angiopathy in Alzheimer’s disease and their potential impact on
therapy. Acta Neuropathol 2009, 118:87–102.

7. Weller RO, Preston SD, Subash M, Carare RO: Cerebral amyloid angiopathy
in the aetiology and immunotherapy of Alzheimer disease. Alzheimer’s
Res Ther 2009, 1(2):6.

8. Lammie GA, Brannan F, Slattery J, Warlow C: Nonhypertensive cerebral
small-vessel disease. An autopsy study. Stroke 1997, 28:2222–2229.

9. Bailey EL, McCulloch J, Sudlow C, Wardlaw JM: Potential animal models of
lacunar stroke: a systematic review. Stroke 2009, 40:e451–e458.

10. Hainsworth AH, Markus HS: Do in vivo experimental models reflect
human cerebral small vessel disease? A systematic review. J Cereb Blood
Flow Metab 2008, 28:1877–1891.

11. Okamoto K, Yamori Y, Nagaoka A: Establishment of the stroke-prone
spontaneously hypertensive rat (SHR). Circ Res 1974, 34 and
35(Suppl. 1):143–153.

12. Yamori Y, Horie R, Handa H, Sato M, Fukase M: Pathogenetic similarity of
strokes in stroke-prone spontaneously hypertensive rats and humans.
Stroke 1976, 7:46–53.

13. Yamori Y, Horie R: Developmental course of hypertension and regional
cerebral blood flow in stroke-prone spontaneously hypertensive rats.
Stroke 1977, 8:456–461.

14. Obata J, Nakamura T, Takano H, Naito A, Kimura H, Yoshida Y, Shimizu F,
Guo DF, Inagami T: Increased gene expression of components of the
renin-angiotensin system in glomeruli of genetically hypertensive rats.
J Hypertens 2000, 18:1247–1255.

15. Inagami T, Murakami T, Higuchi K, Nakajo S: Role of vascular wall renin:
intracellular and extracellular mechanism. Blood Vessels 1991, 28:217–223.
16. Savage P, Jeng AY: Upregulation of endothelin-1 binding in tissues of
salt-loaded stroke-prone spontaneously hypertensive rats. Can J Physiol
Pharmacol 2002, 80:470–474.

17. Judy WV, Watanabe AM, Henry DP, Besch HR Jr, Murphy WR, Hockel GM:
Sympathetic nerve activity: role in regulation of blood pressure in the
spontaenously hypertensive rat. Circ Res 1976, 38:21–29.

18. McGiff JC, Quilley CP: The rat with spontaneous genetic hypertension is
not a suitable model of human essential hypertension. Circ Res 1981,
48:455–464.

19. Guerrini U, Sironi L, Tremoli E, Cimino M, Pollo B, Calvio AM, Paoletti R,
Asdente M: New insights into brain damage in stroke-prone rats: a
nuclear magnetic imaging study. Stroke 2002, 33:825–830.

20. Henning EC, Warach S, Spatz M: Hypertension-induced vascular
remodeling contributes to reduced cerebral perfusion and the
development of spontaneous stroke in aged SHRSP rats. J Cereb Blood
Flow Metab 2010, 30:827–836.

21. Fredriksson K, Auer RN, Kalimo H, Nordborg C, Olsson Y, Johansson BB:
Cerebrovascular lesions in stroke-prone spontaneously hypertensive rats.
Acta Neuropathol 1985, 68:284–294.

22. Fredriksson K, Kalimo H, Nordborg C, Johansson BB, Olsson Y: Nerve cell
injury in the brain of stroke-prone spontaneously hypertensive rats. Acta
Neuropathol 1988, 76:227–237.

23. Mies G, Hermann D, Ganten U, Hossmann KA: Hemodynamics and
metabolism in stroke-prone spontaneously hypertensive rats before
manifestation of brain infarcts. J Cereb Blood Flow Metab 1999, 19:1238–1246.

24. Swislocki A, Tsuzuki A: Insulin resistance and hypertension: glucose
intolerance, hyperinsulinemia, and elevated free fatty acids in the lean
spontaneously hypertensive rat. Am J Med Sci 1993, 306:282–286.

25. Braun H, Bueche CZ, Garz C, Oldag A, Heinze HJ, Goertler M, Reymann KG,
Schreiber S: Stases are associated with blood–brain barrier damage and a
restricted activation of coagulation in SHRSP. J Neurol Sci 2012, 322:71–76.

26. Schreiber S, Bueche CZ, Garz C, Kropf S, Kuester D, Amann K, Heinze HJ,
Goertler M, Reymann KG, Braun H: Kidney pathology precedes and
predicts the pathological cascade of cerebrovascular lesions in stroke
prone rats. PloS One 2011, 6:e26287.

27. Hoffmann A, Bredno J, Wendland MF, Derugin N, Hom J, Schuster T, Su H,
Ohara PT, Young WL, Wintermark M: Validation of in vivo magnetic
resonance imaging blood–brain barrier permeability measurements by
comparison with gold standard histology. Stroke 2011, 42:2054–2060.

28. Aoki T, Sumii T, Mori T, Wang X, Lo EH: Blood–brain barrier disruption and
matrix metalloproteinase-9 expression during reperfusion injury:
mechanical versus embolic focal ischemia in spontaneously
hypertensive rats. Stroke 2002, 33:2711–2717.

29. Henning EC, Latour LL, Hallenbeck JM, Warach S: Reperfusion-associated
hemorrhagic transformation in SHR rats: evidence of symptomatic
parenchymal hematoma. Stroke 2008, 39:3405–3410.

30. Neumann-Haefelin C, Brinker G, Uhlenkuken U, Pillekamp F, Hossmann KA,
Hoehn M: Prediction of hemorrhagic transformation after thrombolytic
therapy of clot embolism: an MRI investigation in rat brain. Stroke 2002,
33:1392–1398.

31. Yemisci M, Gursoy-Ozdemir Y, Vural A, Can A, Topalkara K, Dalkara T:
Pericyte contraction induced by oxidative-nitrative stress impairs
capillary reflow despite successful opening of an occluded cerebral
artery. Nat Med 2009, 15:1031–1037.

32. Al Sarraf H, Philip L: Effect of hypertension on the integrity of blood brain
and blood CSF barriers, cerebral blood flow and CSF secretion in the rat.
Brain Res 2003, 975:179–188.

33. Al Sarraf H, Philip L: Increased brain uptake and CSF clearance of 14C-
glutamate in spontaneously hypertensive rats. Brain Res 2003, 994:181–187.

34. Gonzalez-Marrero I, Castaneyra-Ruiz L, Gonzalez-Toledo JM, Castaneyra-Ruiz
A, Paz-Carmona H, Castro R, Hernandez-Fernaud JR, Castaneyra-Perdomo A,
Carmona-Calero EM: High blood pressure effects on the blood to
cerebrospinal fluid barrier and cerebrospinal fluid protein composition:
a two-dimensional electrophoresis study in spontaneously hypertensive
rats. Int J Hypertens 2013, 2013:164653.

35. Tomassoni D, Bramanti V, Amenta F: Expression of aquaporins 1 and 4 in the
brain of spontaneously hypertensive rats. Brain Res 2010, 1325:155–163.

36. Ueno M, Sakamoto H, Tomimoto H, Akiguchi I, Onodera M, Huang CL,
Kanenishi K: Blood–brain barrier is impaired in the hippocampus of
young adult spontaneously hypertensive rats. Acta Neuropathol 2004,
107:532–538.



Schreiber et al. Experimental & Translational Stroke Medicine 2013, 5:4 Page 8 of 8
http://www.etsmjournal.com/content/5/1/4
37. Ueno M, Sakamoto H, Liao YJ, Onodera M, Huang CL, Miyanaka H,
Nakagawa T: Blood–brain barrier disruption in the hypothalamus of
young adult spontaneously hypertensive rats. Histochem Cell Biol 2004,
122:131–137.

38. Lee JM, Zhai G, Liu Q, Gonzales ER, Yin K, Yan P, Hsu CY, Vo KD, Lin W: Vascular
permeability precedes spontaneous intracerebral hemorrhage in stroke-
prone spontaneously hypertensive rats. Stroke 2007, 38:3289–3291.

39. van Timmeren MM, van den Heuvel MC, Bailly V, Bakker SJ, van Goor H,
Stegeman CA: Tubular kidney injury molecule-1 (KIM-1) in human renal
disease. J Pathol 2007, 212:209–217.

40. Klohs J, Baltes C, Princz-Kranz F, Ratering D, Nitsch RM, Knuesel I, Rudin M:
Contrast-Enhanced Magnetic Resonance Microangiography Reveals
Remodeling of the Cerebral Microvasculature in Transgenic ArcAbeta
Mice. J Neurosci 2012, 32:1705–1713.

doi:10.1186/2040-7378-5-4
Cite this article as: Schreiber et al.: Blood brain barrier breakdown as the
starting point of cerebral small vessel disease? - New insights from a rat
model. Experimental & Translational Stroke Medicine 2013 5:4.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	SHRSP as animal model for CSVD
	Cerebral lesions in SHRSP
	Pathological cascade of CSVD in SHRSP
	Stases, BBB disturbances and initial microvascular dysfunction in SHRSP
	Do SHR exhibit the pathological cascade of CSVD?

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


