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Simvastatin restored vascular reactivity, endothelial function
and reduced string vessel pathology in a mouse model of
cerebrovascular disease
Xin-Kang Tong and Edith Hamel

Cerebrovascular dysfunction seen in Alzheimer’s disease (AD) and vascular dementia (VaD) is multifaceted and not limited to the
amyloid-β (Aβ) pathology. It encompasses structural alterations in the vessel wall, degenerating capillaries (string vessels), vascular
fibrosis and calcification, features recapitulated in transgenic mice that overexpress transforming growth factor-β1 (TGF mice).
We recently found that simvastatin rescued Aβ-mediated cerebrovascular and cognitive deficits in a transgenic mouse model of AD.
However, whether simvastatin can counteract Aβ-independent deficits remains unknown. Here, we evaluated the effects of
simvastatin in aged TGF mice on cerebrovascular reactivity and structure, and on cognitive performance. Simvastatin restored
baseline levels of nitric oxide (NO), NO-, and KATP channel-mediated dilations and endothelin-1-induced contractions. Simvastatin
significantly reduced vasculopathy with arteriogenic remodeling and string vessel pathology in TGF mice. In contrast, simvastatin
did not lessen gliosis, and the cerebrovascular levels of pro-fibrotic proteins and calcification markers remained elevated after
treatment. The TGF mice displayed subtle cognitive decline that was not affected by simvastatin. Our results show potent benefits
of simvastatin on endothelial- and smooth muscle cell-mediated vasomotor responses, endothelial NO synthesis and in preserving
capillary integrity. We conclude that simvastatin could be indicated in the treatment of cerebrovascular dysfunction associated with
VaD and AD.
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INTRODUCTION
Alzheimer’s disease (AD) and vascular dementia (VaD), the two
most common forms of cognitive deterioration in the elderly, display
substantial pathologic similarities.1,2 Alzheimer’s disease neuro-
pathologic landmarks include senile plaques, neurofibrillary tangles,
neuronal loss, and several alterations in the cerebrovascular bed,
including the amyloid β (Aβ) pathology that leads to dysfunction
through Aβ-mediated oxidative stress,3,4 that compare well with
those of VaD.1,2 Indeed, structural changes, unrelated to the Aβ
pathology, such as vascular fibrosis and thickened vessel walls,
degenerating capillaries (string vessel pathology), and disruption
of the neurovascular unit leading to reduced brain perfusion are
common to both AD and VaD.5,6 In this respect, transforming
growth factor-β1 (TGF-β1), which is central to fibrotic responses in
the brain vasculature,7 is increased in the brain, cerebrospinal
fluid, or blood of AD and VaD patients.8,9 Moreover, genetic
variability or increased signaling in TGF-β1 may enhance the risk
for VaD10 and AD,11 or appears as the main causal event in a form
of small vessel disease known as cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephatopathy.12

Transgenic mice that overproduce a constitutively active form
of TGF-β1 (TGF mice)7 display thickened vascular walls due to
accumulation of extracellular matrix proteins, impaired dilatory

function,13 cerebral hypoperfusion,14 neurovascular uncoupling,13

and cerebral microhemorrhages,15 similar to what is seen in AD
and VaD.1,2 These cerebrovascular alterations are unrelated to the
Aβ pathology and may thus be highly relevant to the patho-
physiology of VaD.
We recently found that simvastatin rescued, in an age-

dependent manner, cerebrovascular and cognitive deficits in an
AD mouse model of the Aβ pathology (amyloid precursor protein,
APP mice).4 These findings suggested that simvastatin could
have a therapeutic window in AD. Yet, clinical trials, although
supporting an early use of simvastatin in AD, did not find clear
benefits,16 possibly because the Aβ pathology does not faithfully
recapitulate the multifaceted cerebrovascular alterations that may
contribute to cognitive failure in AD and VaD.1,2 Therefore, we
tested the potential benefits of simvastatin in aged TGF mice with
severe cerebrovascular deficits. We found that simvastatin
restored cerebrovascular reactivity mediated by endothelial and
smooth muscle cells (SMC), improved arteriogenesis and string
vessel pathology, benefits that occurred independently from any
significant countering effects on the fibrotic pathology. These
findings point to substantial recoveries in cerebrovascular function
and structural alterations associated with AD and VaD after
simvastatin even at an advanced stage of the pathology.
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MATERIALS AND METHODS
Animals and Simvastatin Treatment
About equal numbers of aged (~18 months old) male and female
heterozygous transgenic mice overexpressing a constitutively active form
of TGF-β1 under the glial fibrillary acidic protein (GFAP) promoter on a
C57BL/6J background (TGF mice, line T64)17 and their wild-type (WT)
littermate controls were used. Transgene expression was confirmed with
touchdown PCR using tail-extracted DNA.13 Simvastatin (Enzo Life Science,
Farmingdale, NY, USA) was activated by alkaline lysis, as per the manu-
facturer’s protocol and added to the drinking water at a concentration of
0.04%, such that mice received ~ 40mg/kg body weight per day.4 The TGF
mice were randomized for gender and litters between simvastatin or
control solution that was administered for a period of 8 weeks (~20 months
at end point). Simvastatin was administered at 20mg/kg per day for 3 days,
increased to 30mg/kg per day for 4 days and then kept at 40mg/kg
per day for the rest of the treatment. Controls received the same solution
without simvastatin. Since we previously documented no difference in
cognitive and cerebrovascular function in different cohorts of adult and
aged WT controls compared with WT mice treated with a similar dose of
simvastatin,4 simvastatin-treated WT mice were omitted from this study.
Total blood cholesterol levels were measured in a subset of mice with
Accutrend GC meter (Roche Diagnostic, Laval, QC, Canada), and were
similar in all groups (mmol/L): WT (n=3) 4.15±0.085, TGF (n=4) 4.16±0.16,
and TGF+simvastatin (n= 5) 4.09± 0.03, as in previous studies.4 Using
western blot analysis, we confirmed increased TGF-β1 protein levels in TGF
mouse brains compared with WT controls, and found that they were not
altered by simvastatin (Supplementary Figure 1). All experiments were
approved by the Animal Ethics Committee of the Montreal Neurological
Institute and complied with the Canadian Council on Animal Care and the
ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines.

Morris Water Maze
Spatial memory was tested in the Morris water maze, as described before.4

Mice first received a 3-day habituation period requiring them to swim
(1.4 m diameter pool, 17 ± 1°C opaque water) to a visible platform
(60 seconds). The wall cues and platform location were then switched,
the platform submerged (1 cm) and 5 days of hidden-platform trials
ensued (3 trials from different orientations per day, max 90 s/trial, 45
minutes intertrial interval) in which the mice had to find the hidden
platform using distal visuo-spatial cues. Two days later (day 10), mice were
given a probe trial (60 seconds) in which the percentage time spent and
distance traveled in the target quadrant (where the platform used to be
located) were recorded, along with the number of crossings above the
previous platform location and swim speed. These parameters including
the escape latency during the hidden platform training were recorded and
analyzed (2020 Plus tracking system and Water 2020 software, HVS Image,
Buckingham, UK).

Cerebrovascular Reactivity
Procedures were as described previously.13 Briefly, segments (~2mm long)
of the middle or posterior cerebral arteries were cannulated, pressurized
(60mmHg), and superfused with a Krebs’ solution in a chamber for online
videomicroscopy. Dilatory responses to acetylcholine (ACh, 10− 10 to
10−5mol/L) and calcitonin gene-related peptide (CGRP, 10−10 to 10−6mol/L)
were tested on vessels preconstricted submaximally with phenylephrine or
5-hydroxytryptamine (2×10−7mol/L). Contractile responses to endothelin-1
(ET-1, 10− 10 to 10− 6 mol/L) and the tonic production of the vasodilator
nitric oxide (NO) were measured in vessels at basal tone, the latter after
inhibition of NO synthase (NOS) with Nω-nitro-L-arginine (10− 5 mol/L,
40minutes). In some vessels (n=5/group), endothelin-1 type A (ETA)
receptors were blocked by preincubation (30minutes) with the ETA
receptor antagonist BQ-123 (10− 7 mol/L) before generating ET-1 dose–
response curves.18 KATP channel function was tested with the KATP channel
opener levcromakalim (LEV, 10− 9 to 10− 4 mol/L). In some pre-
constricted vessels from WT and TGF mice, a dose–response curve to
simvastatin was tested with or without preincubation with the KATP
channel inhibitor glibenclamide (10− 5 mol/L).

Western Blotting
Protein changes were investigated in pial vessels (endothelial NOS, eNOS)
and cortex (TGF-β1) by western blot.13 Brain tissues, major cerebral arteries
(except middle or posterior cerebral arteries when used for reactivity

experiments) and their branches in the pial membrane were collected from
each mouse, frozen on dry ice and kept in − 80°C until use. Vessels and
brain samples were then sonicated in lysis buffer (20mmol/L Tris-HCl, pH
7.4, 150 mmol/L NaCl, 0.1% Nonidet P-40, 1% glycerol, 0.2 mmol/L sodium
vanadate, and protease inhibitor mixture from Roche Diagnostic) and
cleared by centrifugation. Proteins (6 and 20 μg from vessel and brain
extracts, respectively) were loaded into 10% SDS-PAGE, and transferred
onto nitrocellulose membrane. The membrane was incubated overnight
(4°C) with mouse anti-eNOS (1:1,000, BD Transduction Lab, Mississauga,
ON, CA, USA), rabbit anti-TGF-β1 (1:1,000, Cell Science, Canton, MA, USA) or
anti-β-actin (1:10,000, Sigma, St-Louis, MO, USA) to normalize for loading.
Blots were incubated with horseradish peroxidase-conjugated secondary
antibodies (1:2,000, 1 hour), and proteins visualized with ECL using
phosphorImager (Scanner STORM 860; GE Healthcare, Mississauga, ON,
Canada), followed by densitometric quantification.

Immunohistochemistry and Immunofluorescence
Mice were perfused (n=4 to 6/group) with 4% paraformaldehyde, their
brains postfixed overnight (4% paraformaldehyde, 4°C): one hemibrain was
processed for paraffin sections (5-μm-thick coronal sections) and the other
half for sectioning on a freezing microtome (25 μm). Paraffin sections were
dewaxed, treated with antigen retrieval (0.05% citraconic anhydride solution,
pH=7.4, 20minutes, 97°C), and incubated (overnight, room temperature)
with goat anti-collagen I (SouthernBiotech, Birmingham, AL, USA, 1:300) or
collagen IV (Millipore, Billerica, MA, USA 1:300), or with rabbit anti-Iba-1
(ionized calcium binding adaptor molecule-1, Wako, Richmond, VA, USA,
1:300) antibody, followed by biotinylated IgG (Vector Lab, Burlingame, CA,
USA, 1 hour 30 minutes), and the avidin-biotin complex (ABC Kit, Vector Lab,
1 hour 15minutes). The reaction was visualized with a 0.05% 3, 3′-
diaminobenzidine-nickel solution. Free-floating 25-μm-thick sections were
incubated with rabbit anti-GFAP (Dako, Burlington, ON, Canada, a marker of
reactive astrocytes; 1:2,000), goat anti-RANKL (receptor activator of nuclear
factor-κB (RANK) ligand, Santa Cruz, Dallas, TX, USA, 1:300, a regulator of
vascular calcification seen in aging and pathologic conditions19 or goat anti-
collagen IV (1:300, Millipore, for detecting string vessels). For double-
immunohistochemical detection of endothelial cells (rat anti-CD31, 1:300, BD
Biosciences, Mississauga, ON, CA, USA) and vascular basement membrane
(collagen IV), CD31 was detected in the first position with the SG reagent
(gray blue precipitate, Vector Labs), followed by collagen IV in second
position using 3′-diaminobenzidine (brown precipitate). Double immuno-
flurorescence for endothelial cells (CD 31) and smooth muscle actin (rabbit
anti alpha-actin, 1:500, Millipore) was detected with anti-rat cyanin 3-
conjugated (red) and anti-rabbit cyanin 2-conjugated (green) secondary
antibodies (Jackson Labs, West Grove, PA, USA), respectively. Sections (a
minimum of 2 to 3 sections/mouse) were observed under light microscopy
or epifluorescence on a Leitz Aristoplan microscope (Leica, Montréal, QC,
Canada), digital pictures were taken and used for analysis. Staining
specificity was confirmed by omitting the primary antibodies.

Histochemical Staining
Thioflavin-S staining. Perfusion- or immersion-fixed arteries from the circle
of Willis (n=3 WT and 3 TGF mice) were mounted on gelatin-coated slices
and stained (8minutes) for possible cerebral amyloid angiopathy with a 1%
Thioflavin-S solution4 and visualized under epifluorescence (FITC filter).

NADPH-diaphorase staining of intraparenchymal vessels. Free-floating
25 μm thick sections were rinsed and incubated (37°C) in 0.1 mol/L PBS
(pH 7.4) containing 0.3% Triton X-100, 0.01% nitroblue tetrazolium chloride
and 0.1% β-NADPH-diaphorase (NADPH-D) (ICN Biomedicals, Irvine, CA,
USA) until the appearance of NADPH-D-positive vessels. Sections (a
minimum of 2 to 3 sections/mouse) were mounted on gelatin-coated
slices, dehydrated and defatted before observation under light micro-
scopy. Digital pictures were taken and used for quantitative analysis.

Smooth Muscle Cell Cultures
Primary cultures of rat SMC were generated from brain intracortical
microvessels, as described previously.18 After dissociation of the micro-
vessels with type IV collagenase (1 mg/mL, 6 minutes at 37°C), cells were
seeded onto 0.5% gelatin-coated culture plates containing 64% medium
M199, 30% fetal bovine serum, peptone (0.05%), D-glucose (1%), BME
amino acid (1 × ), BME Vitamin (1%), and antibiotics. After 2 to 3 weeks in
culture,485% of cells stained positively for smooth muscle α-actin (anti-α-
actin 1:400, Sigma), as described in detail before.18 For activation of the
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p38 MAPK signaling cascade, cells were pretreated with TGF-β1 (3 ng/mL,
72 hours) and simvastatin (5 μmol/L, 72 hours) in serum-free medium and
then in serum-free medium alone (2 hours) before stimulation with ET-1
(1 × 10− 7 mol/L for 10 or 15minutes).18

Data Analysis
Vascular responses (% change diameter from basal or preconstricted tone)
were plotted as a function of agonist concentration or duration of NOS
inhibition. Concentration-dependent and maximal (EAmax) responses
and the agonist concentration eliciting half the EAmax (EC50 value or
pD2=− log EC50) were used to compare agonist efficacy and potency,
respectively. Low and high magnification digital pictures were used to
measure the intensity of collagen I or collagen IV immunostaining in vessel
walls or pial membrane using the Image J software (NIH, Bethesda, MD,
USA). The number of abnormally large cortical NADPH-D-positive vessels,
and the density of secondary vessels branching from the main trunk of these
vessels were counted on high magnification digital pictures. Similarly, the
number of collagen IV-immunostained string vessels in the frontoparietal
cortex and hippocampus was counted blind by two independent observers
directly under the microscope using high magnification (×400). The percent
cortical or hippocampal area occupied by NADPH-D-positive vessels, GFAP,
or RANKL immunoreactivity was measured on digital pictures with the
MetaMorph 6.1r3 software (Universal Imaging, Downington, PA, USA). Data
are expressed as mean± s.e.m., and were analyzed by one-way ANOVA
followed by Newman–Keuls post hoc multiple comparison test or when
indicated, by Student’s t-test for two group comparisons (GraphPad Prism4,
San Diego, CA, USA). A Po0.05 was considered as significant.

RESULTS
Simvastatin Restored Cerebrovascular Reactivity in Transforming
Growth Factor-β1 Mice
Cerebral arteries from TGF mice displayed impaired concentration-
dependent and maximal dilations to ACh and CGRP compared
with WT controls (Figures 1A and 1B, Supplementary Table 1), as
previously documented.13 These deficits were not attributed to
receptor desensitization since ACh and CGRP pD2 values did not
differ between groups (Supplementary Table 1). The tonic
production of the vasodilator NO, evaluated by inhibiting NOS
activity with Nω-nitro-L-arginine, was also reduced compared with
WT (Figure 1C, Supplementary Table 1). Simvastatin improved
ACh-induced dilations, completely normalized those evoked by
CGRP, and the basal NO production was increased to levels slightly
but not significantly higher than those of WT control vessels
(Figure 1). Despite the advanced age of TGF mice no deposits
of Aβ peptide or other beta-pleated proteins visualized with
thioflavin-S staining20 could be seen in the walls of the arteries

used in reactivity experiments, as was the case in all main arteries
from the circle of Willis and their small branches (Figure 1D).
Calcitonin gene-related peptide mediates dilation in mouse

cerebral arteries largely through opening of KATP channels, and
simvastatin totally rescued Aβ-induced impairment of these
channels in APP mice.4 Similarly, we found that the KATP channel
opener levcromakalim induced dilations in WT vessels that were
dramatically impaired in TGF vessels, being even reversed to
contraction. After simvastatin treatment, KATP channel-induced
dilations were greatly improved in TGF mice and did not
significantly differ from WT controls (Figure 2A). Impaired KATP
channel-induced dilations were also evidenced by in vitro appli-
cation to isolated arterial segments of simvastatin, which can act as
a KATP channel opener.21 Whereas simvastatin potently dilated WT
vessels, it induced contractions in TGF vessels, a response that was
partly reproduced in WT arteries pretreated with the KATP channel
blocker glibenclamide (Figure 2B, Supplementary Table 1). Collec-
tively, these data pointed to cerebrovascular KATP channel dysfunc-
tion in TGF mice being significantly improved by simvastatin
therapy. In line with the recovered basal NO production (Figure 1C),
western blot experiments showed that the decreased levels of
eNOS protein in cerebral and pial vessel extracts from TGF mice
(−16%, Po0.05) were increased by simvastatin to intermediate
levels that did not differ from those in WT vessels (Figure 2C).
The contractile capacity of cerebral arteries is selectively com-

promised in aged TGF mice,18 as confirmed here by the reduced
response to the potent constrictor ET-1 (Figure 2D). Simvastatin
not only restored the ET-1 maximal contractile response (EAmax)
in treated TGF mice to WT levels, but the ET-1 dose–response
curve was shifted to the left, with a significantly higher affinity
(pD2 value) for ET-1 (Figure 2D, Supplementary Table 1). This shift
in affinity was completely blocked by preincubation of the vessels
with the ETA receptor antagonist BQ123 (Figure 2E), indicating
that simvastatin’s potentiating effect on the ET-1-mediated
contraction occurred through interaction with ETA receptors. To
better assess how simvastatin facilitated ETA receptor-induced
contractions, we tested its effects on cerebrovascular SMC
exposed to TGF-β1 and stimulated with ET-1 in culture. We first
confirmed that TGF-β1 impaired the ET-1-induced activation of the
ETA receptor-mediated p38 MAPK signaling cascade, in agree-
ment with our previous findings.18 Further, we found that
simvastatin slightly, albeit not significantly, potentiated the ETA
receptor signaling, whereas it significantly countered the inhibi-
tory effect of TGF-β1 (Figure 2F). This observation indicated that
simvastatin facilitated the ETA receptor downstream signaling
cascade involved in ET-1-induced contractions. Together, these
findings show that altered signaling is an important factor in the
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Figure 1. Simvastatin (SV) improved cerebrovascular reactivity in transforming growth factor-β1 (TGF) mice. The impaired dilatory responses
of isolated arteries to acetylcholine (ACh) (A) and calcitonin gene-related peptide (CGRP) (B) in TGF mice (▲, n= 5) relative to wild-type
controls (WT, ●, n= 3) were normalized in SV-treated TGF (△, n= 5) mice. Similarly, the basal nitric oxide (NO) synthesis, measured through NO
synthase (NOS) inhibition with Nω-nitro-L-arginine (L-NNA) (C, 10− 5 mol/L) was fully restored by SV treatment (△). TGF mice did not display
perivascular amyloid deposits as seen with Thioflavin-S staining, the brighter segments correspond to small pieces of the attached pial
membrane (D). MCA, middle cerebral artery; PCA, posterior cerebral artery. *Po0.05, **Po0.01, ***Po0.001 compared with WT; †Po0.05,
††Po0.01, †††Po0.001 compared with SV-treated TGF mice; ★Po0.05 compared with WT and SV-treated TGF mice.
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impaired cerebrovascular dilatory and contractile responses in
vessels from TGF mice.

Effect of Simvastatin on Vascular Fibrosis and Receptor Activator of
Nuclear Factor κB Ligand (RANKL) Expressing Vessels in Hippocampus
As expected from previous studies,13,17 the pial membrane and
cerebral vessels of TGF mice displayed a fibrotic phenotype
characterized by accumulation of extracellular matrix proteins
such as collagen I and collagen IV (Figure 3). In aged simvastatin-
treated TGF mice with restored cerebrovascular function, these
two proteins remained upregulated, as visualized by the large
increase (twofold to threefold, Po0.001) in immunostaining
intensity in the pia or intraparenchymal blood vessels (Figure 3).
Similarly, TGF mice displayed cortical and hippocampal increases,
though most prominent in the hippocampus (Figure 3), in vascular
RANKL immunostaining, a marker of vascular calcification seen
in aging, AD, and patients with diabetes and cardiovascular
diseases.19 Consistent with vascular calcification occurring in
normal aging, a few RANKL-immunopositive vessels were seen in
the brain of WT mice. In contrast, numerous densely immuno-
stained RANKL-positive vessels were found throughout the
hippocampus of TGF mice, and simvastatin had limited effect on
cerebrovascular RANKL upregulation (Figure 3).

Simvastatin Reduced Large Intracortical Arterioles and String
Vessel Pathology in Transforming Growth Factor-β1 Mice
In contrast to WT controls, TGF mice displayed numerous large
vessels across cortical layers (Figures 4A to 4C). Double immuno-
fluorescence for endothelial cell marker CD31 and smooth muscle
actin identified these vessels as arterioles (Figures 4A to 4C). Quan-
titative analysis of collagen IV-immunostained vessels showed
close to a threefold increase in TGF mice in the number of these
large arterioles that were typically surrounded by an area devoid
of capillaries or branching vessels (Figure 4E, arrows). Simvastatin
treatment slightly but significantly reduced the number of large
vessels (Figures 4D to 4G). Similarly, the string vessel pathology in
TGF mice, which corresponds to degenerating capillaries immu-
nodetected as thin collagen IV ribbons without endothelial cells
(Figures 4H and 4J) that line the lumen of normal capillaries
(Figure 4I), was significantly reduced in both cortex and
hippocampus in simvastatin-treated mice (Figures 4K to 4L). To
explore further the avascular area surrounding the large cortical
vessels in TGF mice (Figure 4E), we used NADPH-D histochemical
staining of NOS to visualize the microcirculation, and we
confirmed the paucity of small vessels (Figure 5). Remarkably,
simvastatin significantly increased the density of small vessels in
the vicinity of large arterioles (Figure 5). Yet, whereas the number
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of large vessels was reduced by simvastatin (Figure 4G), that of
branching vessels from their main trunk was unaltered (Figure 5).

Simvastatin Does Not Silence Reactive Glial Cells in Transforming
Growth Factor-β1 Mice
Astrocytes and microglial cells exhibited a reactive phenotype in
the brain of TGF mice, as evidenced by increased GFAP and
Iba-1 immunoreactivity (Figure 6). The GFAP-positive area in
somatosensory cortex of TGF mice was greatly increased com-
pared with WT mice. Astroglial cell bodies were enlarged and
displayed thickened and more darkly stained processes, many of
which contacted blood vessels (Figure 6, top panels and insets).
Similarly, TGF mice exhibited Iba-1 immunopositive reactive
microglial cells with enlarged cell bodies and more processes,
including on local microvessels, compared with WT mice (Figure 6).

Simvastatin had virtually no reducing effects on the activated
state of glial cells in TGF mice (Figure 6, right panels).

Cognitive Function in Aged Transforming Growth Factor-β1 Mice
The TGF mice had no difficulty in finding the visible platform
compared with WT controls, despite a significant longer escape
latency on day 2 for simvastatin-treated TGF mice (Figure 7).
During the hidden platform sessions, TGF mice spent slightly more
time to find the platform than WT mice, but these differences did
not reach significance (Figure 7). Similarly, despite comparable
swim speed among all groups in the probe trial, TGF mice showed
a trend toward spending less time in the target quadrant and
performing a smaller number of platform crossings (Figure 7), the
latter being indicative of a loss of precision during the search for
the virtual platform. Simvastatin did not provide benefit, the
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performance in treated TGF mice being still slightly, albeit not
significantly, poorer than WT littermate controls (Figure 7).

DISCUSSION
The results show that simvastatin was extremely effective in
improving cerebrovascular function and in counteracting TGF-β1-
mediated vasculopathy with vascular remodeling and string vessel
pathology, benefits associated with improved eNOS protein levels,
KATP channel function, and p38 MAP kinase signaling. Simvastatin,
however, was largely ineffective against vascular fibrosis and calci-
fication, and did not affect the subtle cognitive decline seen in aged

TGF mice. We conclude that simvastatin shows promise in curing
cerebrovascular alterations associated with VaD and AD.

Simvastatin Rescues Cerebrovascular Reactivity and Signaling in
Aged Transforming Growth Factor-β1 Mice
Simvastatin benefits can be attributable to its pleiotropic effects
since they were unrelated to changes in cholesterol levels that
were comparable between all groups. We found that normalized
dilatory function in TGF brain arteries occurred together with
improvement of eNOS protein levels and KATP channel function.
This is supported by simvastatin’s ability to increase eNOS
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activity22 and NO bioavailability,4,23 and to restore KATP channel
function in cerebral 4 or peripheral 21 blood vessels. Although not
tested in this study, simvastatin likely also acted on endothelial
TRPV4 channels recently found to be impaired in TGF mice and to
mediate part of ACh-induced dilations.24 Additionally, simvastatin
countered the deleterious effect of TGF-β1 on the ET-1 contrac-
tions mediated by smooth muscle ETA receptors, likely through
normalization of the ET-1/ETA receptor p38 MAPK/HSP27 signaling
cascade.18 Moreover, simvastatin induced a leftward shift, blocked
by the ETA receptor antagonist BQ123, in the dose–response
curve of ET-1 in TGF vessels, further pointing to a facilitating effect
of simvastatin on ETA receptor signaling. Whereas mixed effects of
statins on ETA receptors have been reported with reduced
expression or upregulation,25,26 our findings in brain vessels and
SMC indicate that simvastatin rescues ETA receptor-mediated ET-1
contraction and restored the downstream p38 MAP kinase
signaling cascade involved in this response.18 Statins have likewise
been shown to stimulate p38 MAP kinase in endothelial cells.27

However, a direct effect of simvastatin on ET-1 levels in brain or
brain vessels has not been investigated, and thus cannot be
excluded. These results further indicate that, in contrast to APP
mice,4 the antioxidant properties of simvastatin cannot be credited
for its positive effects as dysfunctions in TGF brain vessels are
unrelated to reactive oxygen species and free radicals.13,24 We thus
conclude that simvastatin’s benefits on NO synthesis, ion channel
function, and receptor signaling in the vessel wall likely underlie its
capacity to restore dilatory and contractile responses in TGF mice.
Whether such improvement would be matched by normalization of
brain perfusion at rest and under neuronal activity-driven function
hyperemia would deserve additional experiments.

Simvastatin Reduced Arteriogenic Remodeling and String Vessel
Pathology in Aged Transforming Growth Factor-β1 Mice
We described a remodeling response in the cortical microcirculation
of TGF mice exemplified by increased medium to large size
arterioles with few surrounding capillaries, and increased number of
string vessels likely representing degenerating capillaries. Simvasta-
tin partly but significantly lessened these abnormalities despite
persisting high levels of TGF-β1, showing that simvastatin can, to
some extent, counter TGF-β1 remodeling effects. Enhanced TGF-β1
signaling through TGF-β type III receptor endoglin promotes arterio-
genic remodeling induced by chronic cerebral hypoxia.28 Hence, the
reported ability of statins to reduce endoglin expression29 may
account for simvastatin-positive effects seen here in treated TGF
mice. Additionally, chronic hypoperfusion, as displayed by TGF
mice,14 reduces blood flow shear stress required for endothelial cell
and capillary function, presumably leading to endothelial cell death
and collapsing of capillaries; therefore, favoring string vessels forma-
tion.5 The increased eNOS protein levels and recovered baseline NO
synthesis in brain vessels from simvastatin-treated TGF mice show
improved endothelial cell function, which could oppose the string
vessel pathology. Alternatively, reduced string vessel pathology
could result from simvastatin capacity to rescue endothelial cells
from apoptosis caused by overexpression of TGF-β130 or, as seen in
diabetic retinopathy,31 protect the capillary bed by increasing
circulating endothelial progenitor cells and serum NO levels.

Simvastatin Did Not Counter Cerebrovascular Fibrosis or
Calcification
Arterial stiffness, a contributor to cognitive impairment in VaD and
AD, can result from calcium or collagen depositing in the vessel
wall, with calcium being the likely causal factor in increased
vascular fibrosis.32 Specifically, RANKL binding to RANK induces
vascular calcification.33 Whereas the low expression of RANKL
in hippocampal vessels of WT mice supports modest vascular
calcification in normal aging,19 prominent RANKL immunostained
vessels in the hippocampus of aged TGF mice–compatible with TGF-

β1 increasing RANKL in endothelial cells,34 indicated calcification of
the brain vasculature in TGF mice. This is supported by findings in an
inducible TGF mouse model of upregulation in genes involved in
both vascular calcification and vascular fibrosis.35

The TGF-β1-mediated vascular fibrosis involves Smad3 signal-
ing. However, despite the ability of simvastatin to abrogate Smad3
phosphorylation in dermal fibroblasts in culture,36 no decrease in
cerebrovascular fibrosis could be measured in the present study.
Similarly, although statins can enhance expression of RANKL
decoy receptor osteoprotegerin through p38 MAP kinase,37 a
pathway facilitated by simvastatin (Figure 1), a modest benefit of
simvastatin on cerebrovascular RANKL was found. Consistent with
the previous studies on statins,19 we conclude that simvastatin has
limited benefits on cerebrovascular fibrosis or calcification in TGF
mice. Interestingly, genes or proteins involved in vascular fibrosis
or calcification are thought to account for thioflavin-S-positive
material that does not correspond to Aβ peptide in brain micro-
vessels from TGF mice.15,20,35 Therefore, despite cerebrovascular
fibrosis and calcification, there is no amyloid pathology in TGF
mice, in agreement with the lack of increased levels of APP,20,35,38

Aβ peptide,38 and thioflavin-S staining in brain arteries (this study).

Simvastatin Did Not Reduce Glial Activation
Consistent with the previous reports,13,20,39 aged TGF mice featured
prominent gliosis, with activated GFAP-positive astrocytes and Iba-
1-positive microglial cells throughout the cerebral cortex and
hippocampus, several being located perivascularly. Whereas
gliosis is linked to a neuroinflammatory response, the use of a
GFAP promoter in transgenic TGF mice likely contributed to the
chronic upregulation of GFAP-labeled astrocytes.7 Consequently,
astrogliosis may have repercussion on microglial cells due to the
tight interactions between these two cells in various processes of
neuroinflammation or neurodegeneration.40 The failure of simvas-
tatin to counter astroglial and microglial activation could possibly
underlie the subtle albeit not significant lower cognitive perfor-
mance in aged TGF mice compared with WT controls.

Transforming Growth Factor-β1 Mice and Cognitive Performance,
Effect of Simvastatin
Whereas we confirmed previous findings of no obvious spatial
learning and memory deficits in elderly (418 months old) TGF
mice,13 the present cohort exhibited a slightly poorer performance
in remembering both the quadrant within which the hidden
platform was located and the precise location of the platform
within this quadrant. These trends, however, did not reach
statistical significance, and simvastatin exerted no benefit on
these slight impairments. Our findings, however, do not exclude
that simvastatin might exert benefits in tests other than the Morris
water maze. Indeed, despite subtle deficits in performance in the
Morris water maze at 12 months39 and 20 months of age (this
study), 16-month-old TGF mice displayed deficits in other memory
tests like the novel object recognition test and the Y maze.15 It
thus appears that cerebrovascular disease in TGF mice is
insufficient to initiate clear cognitive decline until late in life.

CONCLUSIONS
These findings show cerebrovascular dysfunction in aged TGF
mice associated with light cognitive deficits related to spatial
memory. Most importantly, our results show that cerebrovascular
function can be fully restored by simvastatin despite persisting
vascular fibrosis, calcification, and perivascular gliosis. These
remarkable benefits of simvastatin could be highly relevant for
counteracting similar cerebrovascular alterations that characterize
both VaD and AD patients.1,2 In this regards, the possibility that
a chronically compromised cerebral circulation as seen in TGF
mice might precipitate cognitive failure when combined with risk
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factors for VaD or AD, such as cardiovascular diseases and
diabetes,1,2 deserves further investigation. Together, our findings
support that targeting TGF-β1 signaling might have a therapeutic
value in small vessel diseases.12
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