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Abstract
Hypertension is a main risk factor for the development of
cerebral small vessel disease (cSVD) – a major contributor to
stroke and the most common cause of vascular dementia.
Despite the increasing socioeconomic importance arising from
cSVD, currently only a few specific treatment strategies with
proven efficacy are known. Fundamental to the lack of specific
treatments is poor understanding of the disease pathogenesis
and a lack of appropriate animal models resembling all
symptoms of the human disease. However, chronic hyperten-
sive rat models have been shown to bear similarities to most
key features of cSVD. Despite a significantly larger toolbox
available for genotypic and phenotypic modifications com-
pared to rats, mouse models of hypertension are unusual
when modeling cSVD and associated cognitive impairment
experimentally. In the present study, we therefore character-
ized hypertension-mediated cerebrovascular alterations and

accompanying structural and functional consequences by
simultaneously treating adult wild-type mice (C57BL/6N) with
Angiotensin II (AngII) and the nitric oxide synthases inhibitor L-
NAME for 4 weeks. Hypertension associated to cerebral
alterations reminiscent of early-onset cSVD and vascular
cognitive impairment when combined with additional AngII
bolus injections. Most importantly, preventing the elevation of
blood pressure (BP) protected from the development of cSVD
symptoms and associated cognitive decline. Our data strongly
support the suitability of this particular mouse model of AngII-
induced hypertension as an appropriate animal model for
early-onset cSVD and hence, vascular cognitive impairment,
pathologies commonly preceding vascular dementia.
Keywords: cerebral small vessel disease, endothelial
dysfunction, hypertension, microvasculature, mouse model,
vascular dementia.

Vascular dementia (VaD) is recognized as the second most
prevalent type of dementia after Alzheimer’s disease,
accounting for 20% of all dementia cases worldwide (Chui
2001). It is described as the complex loss of cognitive
function resulting from cardiovascular or circulatory distur-
bances that injure brain regions associated with memory,
cognition, and behavior. Hemorrhagic or ischemic events,
white matter or gray matter lesions, and systemic cardiovas-
cular events leading to central hypoperfusion or cerebrovas-
cular disturbances are representative of the diversity of
conditions that can cause VaD, and ultimately complicating
the study of its underlying mechanisms (Chui 2001; Brown
et al. 2007; de la Torre 2012). Cerebral small vessel disease
(cSVD), a group of pathological processes affecting the small
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arteries, arterioles, venules, and capillaries of the brain, is not
only a major contributor to stroke in humans but also the most
prevalent pathological state leading to vascular cognitive
impairment and VaD (Huijts et al. 2013, 2014; Yamashiro
et al. 2014; Meissner 2016). Clinical studies estimate the
proportion of VaD caused by cSVD in a range between 36%
and 67% (Chui 2001). However, despite the burning medical
and socioeconomic importance arising from cSVD and
associated cognitive problems, specific treatments are cur-
rently missing because of poor understanding of disease
pathogenesis and the lack of appropriate animal models.
Since VaD and its preceding forms commonly result from

several pathophysiological conditions and risk factors that
either alone or in combination promote structural and
functional alterations in the brain, the perfect animal model
that accounts for etiology, symptomatology, treatment, and
physiological basis does not exist. Instead, we find a large
variety of animal models that try to mimic disease conditions
and outcomes as close as possible to human findings.
Specifically for cSVD, the most common cause of VaD
(Huijts et al. 2013, 2014; Yamashiro et al. 2014) animal
models are generated by either (i) the induction of local and
global hypoperfusion, (ii) genetic modifications, or (iii)
chronic hypertension (AngII) (Venkat et al. 2015; Gooch
and Wilcock 2016; Helman and Murphy 2016). Hypoperfu-
sion models generally lack satisfactory reproducibility of
human cSVD as they often result in infarcts and vascular
remodeling only distributed to distinct vascular regions.
Genetic modifications are very controversially discussed as
risk factors for VaD (Rohn 2014; Rohn et al. 2014) or
limited in terms of generalization as they only represent a
rare subtype of the disease (Ayata 2010). Hypertension as a
major modifiable risk factor for cSVD, and thus for the
development of cognitive impairment (Mitnitski et al. 2006;
Chang-Quan et al. 2011; Imamine et al. 2011; de la Torre
2012; Chan et al. 2013; Iadecola 2014; Meissner 2016), has
been mostly studied in spontaneously hypertensive rats
(SHR) (Kaiser et al. 2014) and spontaneously hypertensive
stroke prone rats (SHRSP) (Henning et al. 2010; Jalal et al.
2012; Lopez-Gil et al. 2014) which to date, represent the
most popular models to study brain damage resulting from
chronic changes in blood pressure (BP).
Relative to Alzheimer’s disease, VaD and preceding forms

of cognitive impairment, particularly those emanating from
cerebrovascular disease, have been fairly understudied with
respect to animal models, pathophysiology, and identification
of distinct therapeutic targets. Especially, mechanisms link-
ing cardiovascular risk factors like hypertension to cSVD
have yet to be fully elucidated. Establishing a mouse model
that reproduces important aspects of the blood vessel
pathology would aid both in understanding these disorders
and in developing effective treatment strategies, and which
appears as a suitable model to study mechanistic links
between hypertension and cognitive dysfunction. With the

present study, we intended to characterize the consequences
of chronically elevated BP on brain structure and function
using a murine model of Angiotensin II (AngII)-induced
hypertension, and aimed to establish a mouse model that
mimics principal features of hypertension-associated early-
onset cSVD.

Material and methods

An expanded Methods section is available in the online Data
Supplement.

Materials

All chemical reagents and solutions were purchased from Sigma-
Aldrich (Madrid, Spain) unlike otherwise stated. Commercially
available primary antibodies against alpha-smooth muscle actin,
vascular endothelial cadherin, CD3, vWF, ionized calcium-binding
adapter molecule 1, NeuN, and brain-derived neurotrophic factor
(BDNF) (Abcam, Cambridge, UK), glial fibrillary acidic protein
(Dako, Hamburg, Germany), occludin (Life Technologies; Madrid,
Spain), and beta-tubulin (Merck Millipore, Darmstadt, Germany)
were used for western blotting or immunofluorescence. Secondary
antibodies Alexa Fluor donkey anti-mouse or anti-rabbit were
purchased from Life Technologies, and horseradish peroxidase-
conjugated anti-mouse or anti-rabbit IgG were obtained from GE
Healthcare (Madrid, Spain). Primers for qPCR were purchased from
Life Technology (Madrid, Spain).

Animals

This investigation conforms to the Guide for Care and Use of
Laboratory Animals published by the European Union (Directive
2010/63/EU) and with the ARRIVE guidelines. All animal care and
experimental protocols were approved by the institutional animal
ethics committees at the University of Barcelona (CEEA) and
conducted in accordance with European animal protection laws.
Commercially available wild-type mice (C57BL/6N) were pur-
chased from Janvier Laboratories (Madrid, Spain). All mice were
housed in a conventional housing facility under a standard 12 : 12 h
light–dark cycle, and had access to food (standard rodent diet) and
water ad libitum. Mice with a body weight (BW) ≥ 25 g were
housed in groups of five in conventional transparent polycarbonate
cages with inner fitting wire lids and filter tops (1500U EURO-
STANDARD TYPE IV S).

Hypertension model

Hypertension was induced using AngII-releasing osmotic mini-
pumps as described previously (Wakisaka et al. 2010). In brief,
wild-type male and female mice (16 weeks old, gender equally
distributed to all experimental groups, no sex-based differences in
BP responses were present) were anesthetized with isoflurane (1.5%
at 1.5 L/min oxygen) for subcutaneous implantation of osmotic
mini-pumps (Alzet-1004; Charles River, L’Arbresle, France) con-
taining AngII (1000 ng/kg per min at an infusion rate of 11 lL/h)
(n = 40), or an equivalent volume of vehicle (saline) (n = 15).
Concomitantly, NG-nitro-L-arginine methyl ester (L-NAME)
(100 mg/kg BW) was administered to hypertensive groups via
drinking water (Wakisaka et al. 2010; Toth et al. 2015). On day 16
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post pump implantation, two hypertensive groups (n = 25) received
an additional daily bolus of AngII (0.5 lg/kg BW s.c.). One of these
two groups (n = 10) received an additional anti-hypertensive
therapy starting directly after pump implantation: hydralazine
(100 mg/kg BW) was administered via drinking water. Systolic
BP was measured frequently in conscious mice using tail-cuff
plethysmography (LE 5002; Panlab, Cornella, Spain) starting 4 days
before pump implantation after an initial training period of 7 days.
For training and trial measurements, mice were placed under a
heating lamp 20 min prior to the experiments that were carried out
in a dark, quiet environment. During training, mice were accus-
tomed to a mouse strainer by allowing them to enter twice daily for
3 days. On the following training days, mice were slowly accus-
tomed to the BP cuff by inflating the pressure cuff that was placed
around their tails, and test measurements were performed. For test
trials, BP was measured during early morning hours every other day.

Twenty-two and twenty-five days following pump implantation
mice were subjected to magnetic resonance imaging (MRI) scans
and cognitive testing, respectively. Animals were sacrificed on day
28, and tissue was distributed to the different experimental
approaches. Table S1 provides an overview of experimental groups
and experimental timeline.

Animals were randomly assigned to the respective experimental
groups using the computer software Research Randomizer
[Research Randomizer (Version 3.0) retrieved from http://www.ra
ndomizer.org/]. To ensure blinding, behavioral assessment was
performed after the animals had received codes that did not reveal
the identity of the treatment.

Study design, including sample size calculations and power analysis

In order to obey the rules for animal welfare, we designed
experimental groups in a way that minimizes stress for the animals
and guarantees maximal information using the lowest group size
possible. For a priori sample size calculations, we utilized the
software G Power (Faul, Erdfelder, Lang, and Buchner, 2007) and
compared the level of a continuous variable in two independent
groups in a two-tailed unpaired t-test with a type I error rate of
a = 0.05 (5%) and Power of 1-b > 0.8 (80%) based on preliminary
experiments: for a! 35% reduction of recognition index with a 24-h
delay interval (0.67 " 0.19 to 0.40 " 0.21; mean " SD) after
4 weeks of AngII-induced hypertension, we calculated a sample size
of n = 10 with an effect size of d = 1.35. For hypertension-mediated
anatomical brain changes visualized using MRI techniques between
normotensive and hypertensive mice (T2* analysis: 1.3 " 0.4 for
control and 2.1 " 0.4 for hypertension), a sample size of n = 6
(d = 2) was calculated; when using histological methods for
ventricle volume assessment (3.8 " 0.6 for control and 4.8 " 0.6
for hypertension), a sample size of n = 7 (d = 1.67) was calculated.
For the detection of hypertension-induced changes in cerebral TNFa
mRNA expression (1 " 0.4 for control and 1.75 " 0.4 for hyper-
tension), a sample size of n = 5 (d = 2.14) was calculated. In order
to conduct all planned experiments, a total sample size of n = 15 per
group was computed after adjusting for a 15% attrition (corrected
sample size = sample size/(1 # [% attrition/100]).

Novel object recognition

A novel object recognition (NOR) task was employed to assess non-
spatial memory components. Mice were habituated to the testing

arena for 10 min over a period of 3 days. Habituation and object
memory testing was conducted as described previously (Meissner
et al. 2015). On test day, each mouse was exposed to two objects for
10 min. Five minutes or 24 h later, mice were re-exposed to one
object from the original test pair and to a novel object. The
placement of the new object was counterbalanced between mice for
either the left or right side of the cage to address any confounding
influences of handedness. In between testing states, the objects and
the cage were wiped with Virox5. The movements of the animal
were video tracked with the computer software EthoVision XT!

(Noldus Information Technology, Wageningen, the Netherlands). A
delay interval of (i) 5 min was chosen to test short-term retention of
object familiarity, which is dependent on rhinal cortical function
(Francis et al. 2012; Meissner et al. 2015). With delay intervals (ii)
longer than 15 min, retention becomes dependent on reactivation of
memory traces in the hippocampus (Baker and Kim 2002). A
recognition index as the main index of retention was calculated by
the time spent investigating the novel object relative to the total
object investigation [recognition index = TNovel/(TNovel + TFamiliar)].

MRI-based measurement

MRI experiments were conducted on a 7T BioSpec 70/30 horizontal
animal scanner (Bruker BioSpin, Ettlingen, Germany), equipped
with a 12-cm inner diameter actively shielded gradient system
(400 mT/m) using a surface coil for mouse brain as receiver coil.
Animals were placed in a supine position in a Plexiglas holder with
a nose cone for administering anesthetic gases (2% isoflurane in a
mixture of oxygen and N2O at a ratio of 30 : 70) and fixed by a
tooth bar, ear bars, and adhesive tape. Tripilot scans were carried out
for accurate positioning of the animal’s head in the isocenter of the
magnet.

Diffusion tensor imaging (DTI) experiments were performed
using an echo planar imaging sequence with TR = 14 500 ms,
TE = 30.85 ms, four segments, b = 1000, 30 diffusion directions,
five B0 images, FOV = 20 9 20 9 14 mm3, matrix
size = 96 9 96 9 28 pixels3, resulting in an isometric spatial
resolution of 0.208 9 0.208 9 0.5 mm3, and an acquisition time of
31 min.

Scalar maps, fractional anisotropy, MD, AD, and RD were
calculated with Paravision 5.0 software (Bruker Biospin) and
converted to NIfTI format with custom-made programs written in
Matlab (The MathWorks, Inc., Natick, MA, USA). Regions of
interest were manually drawn in different brain regions to obtain the
corresponding DTI scalar map values.

In addition, a FLASH-T2* sequence, showing susceptibility
effects where iron is accumulated, was acquired in order to reveal
possible microbleedings. The field of view was centered over the
anterior hippocampal region and the acquisition parameters were
TR = 508 ms, TE = 18 ms, FOV = 20 9 20 9 4 mm3, matrix
size = 256 9 256 9 19 pixels3, resulting in an isometric spatial
resolution of 0.208 9 0.208 9 0.5 mm3, and acquisition time of
48 min. To evaluate both the eventual microbleedings and the
altered microvessels, the following post-processing was performed
in software AMIRA® v5.2 (Mercury Co, Boston, USA). After skull
stripping, a median image filter of noise reduction with kernel 5 was
applied and subtracted from the initial image. An intensity threshold,
with values comprised between the intensity maximum and its fifth
part, was applied to the resulting image and the volume occupied by
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the selected pixels was compared between groups. This procedure
allowed for automatic segmentation of the microbleedings and
hypointensities induced by microvessels.

Microglia quantification

Images were taken from ionized calcium-binding adapter molecule
1-labeled coronal brain sections in the anterior, middle, and
posterior cortex using a fluorescent microscope (Nikon Eclipse
80i; Nikon GmbH, D€usseldorf, Germany) at a magnification of 209.
The Stereo Investigator Software (MicroBrightField, Inc., Williston,
VT, USA) was used for digitizing. Microglia morphology was
analyzed using ImageJ (1.48v, http://imagej.nih.gov/ij) in three
images per area and mouse. For quantifying cell size, cell body, and
ramifications, the intensity thresholds and size filter were applied by
using the adjust threshold and analyze particles functions. To
measure the total cell size, the threshold was maintained at the level
that is automatically provided by the program, and no size filter was
applied. To measure the total cell body size, the threshold was
lowered 40 points and a size filter of 150 pixels was applied.
Additionally, the number of cell bodies was counted to give the
number of microglia in the area of interest. The total size of the
dendritic processes (ramifications) was determined by subtracting
the cell body size from the cell size. The total cell size, total cell
body size, and total size of dendritic processes were corrected for the
number of microglia in the sample area to gain the average size, cell
body size, and size of ramifications for each microglial cell in the
sample. Finally, the cell body to cell size ratio (%) was determined
and utilized as a measurement for microglial activation.

BBB integrity

FITC–dextran (70 kDa; Life Technologies, Madrid, Spain) was
intravenously injected (via tail vein) into normotensive and hyper-
tensive wild-type mice, allowed to circulate for 30 min before mice
were perfused with saline and 4% paraformaldehyde. In coronal
brain section (10 lm thickness), the fraction that extravasated into
the parenchyma and the fraction that remained bound to the vessel
wall were analyzed using fluorescence microscopy. The detected
fluorescence (at 488 nm) was considered a marker of vascular
leakage. Additionally, brain sections were incubated with an
antibody against albumin (Abcam, Cambridge, UK) and albumin-
positive staining in cortex and hippocampus was analyzed using
fluorescence microscopy and quantified using ImageJ (1.48v; http://
imagej.nih.gov/ij) in three images per area and mouse. To determine
the total count of albumin-stained particles in the different brain
sections, the adjust threshold and analyze particles functions were
used. The threshold was maintained at the level that is automatically
provided by the program, and no size filter was applied.

Western blotting, qPCR, and histological experiments

Standard biochemical procedures were utilized for experiments
involving reverse transcription polymerase chain reaction, quanti-
tative PCR, western blotting, and histological experiments. Method-
ological details are provided in the online only Data Supplement.

Statistical analysis

All data are expressed as mean " SEM, where n is the number of
animals. For comparison of multiple independent groups, one-way
ANOVA was used, followed by Bonferroni with exact p value

computation as post hoc tests. For comparison of two groups, a two-
tailed unpaired t-test was used. Differences were considered
significant at error probabilities of ≤ 0.05.

Results

In order to induce hypertension, wild-type mice were
subjected to chronic AngII perfusion and concomitant L-
NAME treatment for 28 days. Additionally, mice received a
daily AngII bolus starting on day 16 post pump implantation.
Throughout the manuscript this group will be referred to as
AngII (n = 15). A second group received the smooth muscle
relaxant hydralazine via drinking water starting directly after
pump implantation and will be referred to as AngII + hy-
dralazine (n = 10). In order to control for the effects of
additional AngII bolus injections starting in week three of
hypertension, one group of mice was excluded from the
additional bolus treatment and will be referred to as AngII-no
bolus (n = 15; for an overview of experimental groups see
Table S1). In all hypertensive groups, chronic AngII and
concomitant L-NAME treatment resulted in a profound
increase of systolic BP, which was abolished by simultane-
ous administration of the vasodilator hydralazine (Table 1).
All readouts were compared to results obtained from saline
control mice (n = 15).

Chronic hypertension induces behavioral alterations
AngII was accompanied by a neuropsychological profile
commonly described for vascular cognitive impairment,
including slowing of motor performance and information
processing, impairments in attention, executive function, and
memory (Hachinski 2006; Moorhouse and Rockwood 2008).
First, we assessed the activity level of all experimental
groups using an open-field setup. AngII mice revealed
significantly lower activity levels as evident by a shorter total
distance travelled (Fig. 1a), a lower proportion of time spent
moving (Fig. 1b), and subsequently, a higher rest time
compared to control mice and mice treated with hydralazine.
This decreased mobility was confirmed in a forced swim test,
a test widely accepted for assessing signs of depression or
depression-like behavior (Figure S1a and b). However,
hypertension was not associated to an impairment of
locomotor responses or visual perception (Figure S1c and
d), or to increased anxiety (Table S2).
In order to evaluate memory recognition, we assessed

the natural preference for novel objects in a NOR task,
which evaluates the rodents’ ability to recognize a novel
object in a neutral environment. We first performed a
hippocampus-independent episodic memory task using a
delay interval of 5 min. As evidenced by a significantly
lower recognition index, AngII mice showed no clear
preference for novel or original objects compared to
control mice that spent significantly more time exploring
the novel object (Fig. 1c). With delay intervals longer than
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15 min, retention becomes dependent on reactivation of
memory traces in the hippocampus (Baker and Kim 2002;
Hammond et al. 2004; Francis et al. 2012). We therefore
performed a second NOR task with a delay interval of
24 h. Again, control animals showed an increase in
exploratory behavior when presented with a novel object,
while AngII animals failed to differentiate between novel
and familiar object (Fig. 1d).

Mice receiving no additional AngII bolus (AngII-no bolus)
revealed a lower memory index compared to control mice only
when presented to a novel object with a 5 min, but not after a
24-h delay interval (Table 2). Yet, statistical analysis disclosed
significant differences to mice that received the additional
bolus (AngII) in both test scenarios (n = 10 per group,
p = 0.0494 for 5 min delay and p = 0.0141 for 24 h delay).
Hydralazine treatment prevented the hypertension-associated

Table 1 Hemodynamic parameter of the different experimental groups

BP sys
p value compared
to control HR

p value compared
to control

Control 101.6 " 6.1 498.3 " 16.1
AngII (2 weeks) 120.4 " 4.5a 0.0128 576.4 " 27.2 0.2824
AngII 151.6 " 6.7 0.0001 566.4 " 17.5 0.0107
AngII # no bolus 150.1 " 5.8 0.0001 578.1 " 19.4 0.0073
AngII + hydralazine 103.2 " 11.7a 0.2872 547.1 " 31.4 0.1136

Systolic blood pressure (BP sys) and heart rate (HR) values obtained from conscious mice using tail-cuff plethysmography. n = 15 per group,
ap ≤ 0.05 compared to Angiotensin II (AngII). Values are expressed as mean " SEM.

Fig. 1 Hypertension attenuates short- and long-term memory. Loco-
motor activity was assessed in an open-field task (n = 10 per group).
Hypertensive mice (a) covered less distance and showed (b) a
reduced mobility compared to normotensive and hydralazine-treated
mice. (c) Short-term memory function of normotensive, hypertensive
mice, and mice receiving hydralazine treatment was determined by a
novel object recognition (NOR) task with 5-min delay intervals (n = 10
per group). The calculated recognition index (RI) revealed a clear

preference for the familiar rather than the novel object in hypertensive
mice. (d) Long-term memory function of normotensive, hypertensive
mice, and mice receiving hydralazine treatment was determined by a
NOR task with 24-h delay intervals (n = 10 per group). The calculated
RI revealed a clear preference for the familiar rather than the novel
object in hypertensive mice. In (a–d) *p ≤ 0.05 relative to control and
&p ≤ 0.05 relative to AngII for multiple, unpaired comparisons.
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inability to discriminate between familiar and novel objects in
both memory tasks, suggesting that the observed effects are
primarily mediated by chronically elevated BP. Similarly,
mice with developing hypertension (2 weeks post pump
implantation, BPsys ~ 120 mmHg; see Table 1: AngII
2 weeks) revealed similar recognition indices as we observed
in control mice (Table 2: p = 0.4027 for 5 min delay and
p = 0.9706 for 24 h delay).

Hypertension induces structural alterations in the brain
We utilized MRI and standard histological approaches to
determine structural changes in the brain resulting from
chronically elevated BP. As shown in Figure 2, AngII mice
exhibited a larger total ventricle volume (Fig. 2a) and
marked hippocampal atrophy (Fig. 2b) compared to saline
controls. BP lowering therapy with hydralazine protected
from both enlargement of ventricles and hippocampal
atrophy. Although our mouse model lacked overt histological
white matter lesions typically seen in human cSVD, DTI
revealed significant white matter alterations in AngII mice.
Deterioration of the white matter structures leads to loss of
fiber orientation causing differences in water diffusivity,
which can be evaluated by analyzing fractional anisotropy.
Here, we analyzed fractional anisotropy in three major white
matter regions (corpus callosum, internal capsula, and
fimbria) and found it markedly lower in AngII mice
compared to normotensive controls (Fig. 2c). Gray matter
regions (cortex, thalamus, and hippocampus) showed no
significant difference between normotensive and hyperten-
sive mice (Figure S2). Furthermore, luxol blue staining of
coronal brain sections indicated compromised integrity of
myelin in the corpus callosum of hypertensive mice
compared to normotensive controls (Figure S3).
BDNF, an important regulator of white matter integrity

(Kiprianova et al. 1999; Bekinschtein et al. 2008; Blurton-
Jones et al. 2009), was also negatively affected by chronic
BP elevation: hypertension associated to lower BNDF
expression in the corpus callosum compared to normotensive
controls and mice preventatively treated with hydralazine
(Fig. 2di–iii). Quantification revealed a markedly lower
BDNF expression when normalized to NeuN+ cell count in

hypertensive mice compared to normotensive controls and
hydralazine-treated mice, respectively (see Table S3:
4.47 " 0.13 vs. 5.74 " 0.23, p = 0.0012 and 4.47 " 0.13
vs. 5.33 " 0.25, p = 0.0168).

Hypertension distresses blood–brain barrier integrity and
promotes neuroinflammation
Brain MRI analyses comprising a T2*-weighted sequence
that visualizes vascular alterations, including microbleedings
and hemorrhages, revealed differences between normoten-
sive and hypertensive mice in week four of hypertension.
Besides sporadic microbleedings identified histologically by
hematoxylin and eosin stain (illustrated in Fig. 3b: represen-
tative images of coronal brain sections of hypertensive mice
showing red blood cells in a distinguishable red-orange stain
under hematoxylin and eosin), a significant larger area with
overall hypointense pixels was revealed with the MRI
approach, suggesting alterations in the cerebral vasculature
during hypertension (Fig. 3a). In agreement with a previous
study (Wakisaka et al. 2010), only hypertensive mice that
received additional AngII bolus injections developed this
phenotype (Figure S4).
In order to verify hypertension-mediated microanatomic

alteration in the cerebral microvasculature, we characterized
blood–brain barrier (BBB) integrity using an exogenous
tracer (FITC–dextran 70 kDa). Although overt extravasation
of FITC–dextran into the brain parenchyma was not detected,
hypertensive mice showed a marked accumulation of FITC–
dextran in the vessel walls of cerebral arteries compared to
normotensive mice and mice treated with hydralazine
(Fig. 3c). Interestingly, AngII mice revealed increased
vascular accumulation of FITC-labeled dextran compared
to mice from the AngII-no bolus group (Figure S5) support-
ing the MRI-based findings. Similarly, immune staining of
albumin in coronal brain sections exposed BBB leakage only
in AngII mice (Figure S6).
On the molecular level, chronically elevated BP affected

crucial determinant of vascular integrity. Cerebral arteries
isolated from AngII mice revealed significantly lower protein
expression of vascular endothelial cadherin compared to
vessels isolated from normotensive control or hydralazine-

Table 2 Short- and long-term memory function in normotensive and hypertensive mice

Recognition index
5 min delay

p value compared
to control

Recognition index
24 h delay

p value compared
to control

Control 0.7691 " 0.0369 0.5651 " 0.0535
AngII (2 weeks) 0.7461 " 0.0548 0.4027 0.5840 " 0.0485 0.9706
AngII 0.3183 " 0.0684 0.0001 0.3084 " 0.0444 0.0024
AngII # no bolus 0.5402 " 0.0491a 0.0029 0.4538 " 0.0613a 0.0850
AngII + hydralazine 0.6698 " 0.0702a 0.3272 0.6440 " 0.0715a 0.3896

Recognition indices of mice calculated from times spent exploring novel and original object in a novel object recognition memory task with 5 min or
24 h delay intervals. n = 10 per group; ap ≤ 0.05 compared to Angiotensin II (AngII). Values are expressed as mean " SEM.
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treated mice (Fig. 3d). Furthermore, the critical tight junction
protein occludin was negatively affected by hypertension as
evident by a markedly lower protein expression in cerebral
arteries obtained from AngII mice compared to vessels
obtained from normotensive control or hydralazine-treated
mice (Fig. 3e).
Elevated cerebral artery smooth muscle actin expression

evident of hypertrophic artery remodeling (Fig. 4ai–iv and c)
and apparent reactive gliosis of glial fibrillary acidic protein-
positive astrocytes surrounding cerebral vessels (Fig. 4ai,ii
and b) indicate a critical impairment of cerebrovascular
structure and neurovascular unit integrity in AngII mice. A
significantly lower beta-type platelet-derived growth factor
receptor expression in the brain of hypertensive mice
compared to their normotensive controls indicates pericyte
loss in arterioles and capillaries (Figure S8b and c). Together,
these alterations might contribute to alterations in regional
cerebral blood flow we observed in AngII mice
(107.5 " 11.1 mL/min/100 g vs. 147.1 " 12.6 mL/min/
100 g in striatum; p = 0.036; n = 8 and 144.7 " 10.1 mL/
min/100 g vs. 115.5 " 3.8 mL/min/100 g in somatosensory

and motor cortex; p = 0.045; n = 8). Furthermore, hyper-
tension associated to an up-regulation of the endothelial
activation marker von Willebrand factor (vWF) (Fig. 4av,vi)
and elevated mRNA expression levels of the cerebral artery
adhesion molecules, vascular cell adhesion molecule-1, P-
selectin, and E-selectin (Table S4) in our mouse model.
These effects were accompanied by a marked accumulation
of lymphocytes at the cerebral artery wall (Fig. 4av,vi),
which might contribute to the increased wall thickness we
observed in cerebral arteries of hypertensive mice
(Fig. 4avii,viii and d).
Furthermore, hypertension induced microglial activation

characterized by a reduction of ramifications (Fig. 5a) and an
enlarged cell body (Fig. 5b). At the same time, cerebral
mRNA expression of the pro-inflammatory cytokine TNFa,
typically released by activated microglia, was up-regulated
during hypertension (Fig. 5c).
Albeit having been conferred substantial pro-inflammatory

effects, chronic AngII treatment failed to up-regulate mRNA
expression of endothelial activation marker (vascular cell
adhesion molecule-1, P-selectin and E-selectin) in the

(a)

(b) (d)
(i.i)

(i) (ii) (iii)

(ii.i) (iii.i)

(c)

Fig. 2 Hypertension induces structural changes in the brain. (a) Total
ventricle volume is enlarged in mice with chronic hypertension
compared to normotensive controls and hydralazine-treated mice
(n = 10 per group). (b) Chronic hypertension associates to hippocam-
pal atrophy as evident by a reduced hippocampal volume compared to
normotensive control mice and hydralazine-treated mice (n = 10 per
group). (c) White matter integrity of prominent white matter regions
(CCa, CCp – corpus callosum, IC – internal capsula, and fimbria) is
compromised in hypertensive mice compared to normotensive controls

as evident by a reduced fractional anisotropy calculated from a
diffusion tensor imaging approach (n = 7 per group). (d) Cerebral
tissue sections showing immune staining for BDNF and NeuN in the
corpus callosum of (i) normotensive controls, (ii) hypertensive mice,
and (iii) hydralazine-treated mice (n = 5 per group). In (a and b)
*p ≤ 0.05 relative to control and &p ≤ 0.05 relative to AngII for multiple,
unpaired comparisons; and in (c) *p ≤ 0.05 relative to control for
single, unpaired comparisons.
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presence of hydralazine (Table S4). Concomitant hydralazine
treatment furthermore protected from hypertension-induced
alterations of cerebrovascular structure (Figure S9). At the
same time, preventative hydralazine treatment abolished
microglia activation (Fig. 5a and b) and the augmentation of
cerebral TNFa mRNA expression (Fig. 5c).

Discussion

In the present study, we characterize the consequences of
chronically elevated BP on brain structure and function using
a murine model of AngII-induced hypertension. Our data
demonstrate that simultaneous treatment with AngII and the
nitric oxide synthases inhibitor L-NAME induces profound
hypertension that associates to cerebral alterations

reminiscent of early-onset cSVD and vascular cognitive
impairment when combined with additional AngII bolus
injections. Preventative application of a BP-lowering sub-
stance suggests that the above-described complications are
rather attributable to chronically elevated BP than to direct
effects of AngII itself. Our data support the suitability of this
particular model as an animal model for early-onset cSVD
and hence, vascular cognitive impairment, pathologies
commonly preceding VaD.
The herein described model was established by modifying

a hypertension protocol used for the induction of sponta-
neous intracerebral hemorrhages in mice (Wakisaka et al.
2010). Our findings confirm the development of microbleed-
ings when mice are subjected to additional AngII bolus
injections. However, by reducing duration and frequency of

(a) (d)

(e)

(b)

(c)
a b c

Fig. 3 Hypertension impairs blood–brain barrier integrity. (a) Algorith-
mic analysis of T2*-weighted magnetic resonance imaging revealed a
significant increase in overall hypointense pixels in hypertensive mice
(n = 10 per group). (b) Representative images showing (i) striatum, (ii)
cortex, and (iii) hippocampus regions from hypertensive mice with
sporadic microbleedings stained with hematoxylin and eosin. Red
blood cells stain a distinguishable red-orange. (c) Representative
images showing a cortical brain area from (i) normotensive, (ii)
hypertensive mice, and (iii) hydralazine-treated mice. Green

fluorescence results from FITC–dextran (70 kDa) accumulation in the
cerebral vasculature. (d) Vascular endothelial (VE) cadherin protein
expression in cerebral arteries isolated from normotensive, hyperten-
sive, and hydralazine-treated mice (n = 5 per group). (e) Total occludin
protein expression in cerebral arteries isolated from normotensive,
hypertensive, and hydralazine-treated mice (n = 5 per group). In (a)
*p ≤ 0.05 relative to control for single, unpaired comparisons; and in (d
and e) *p ≤ 0.05 relative to control, and &p ≤ 0.05 relative to AngII for
multiple, unpaired comparisons.
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AngII bolus injections and, most importantly, by using
markedly younger animals, we develop a murine model of
AngII-induced hypertension that resembles signs of a

subacute form of cSVD. Unlike Wakisaka et al. (2010)
who describe the occurrence of spontaneous intracerebral
hemorrhage and stroke signs as a result of additional AngII

(a)
(i) (ii)

(iii) (iv)

(v) (vi)

(vii) (viii)

(b)

(c)

(d)

Fig. 4 Hypertension negatively affects
structure of cerebral arteries. (a)
Representative images of coronal brain
sections showing cerebral vessels stained
with alpha-smooth muscle actin (a-SMA) in
green and glial fibrillary acidic protein
(GFAP) in red of (i) normotensive and (ii)
hypertensive mice. Coronal sections of
isolated cerebral arteries showing a-SMA
expression in green in (iii) normotensive and
(iv) hypertensive mice, the expression of
vWF (green) and the accumulation of
CD3 + T cells (red) at the cerebral artery
wall in (v) normotensive and (vi)
hypertensive mice. Coronal artery sections
showing hematoxylin and eosin (H&E)-
stained cerebral arteries from (vii)
normotensive and (viii) hypertensive mice.
(b) Cerebral GFAP protein expression
(n = 6 per group). (c) Cerebral artery
a-SMA mRNA expression (n = 5 per
group). (d) Cerebral artery wall thickness
obtained from H&E stained cerebral vessels
(n = 5 per group). In (b–d) *p ≤ 0.05 relative
to control for single, unpaired comparisons.

(a)

(b) (c)

(i) (ii) (iii)

Fig. 5 Hypertension is accompanied by
increased cerebral TNFa levels and
activated microglia. (a) Brain tissue
sections show evidence of microglial
activation with microglia exhibiting visibly
enlarged cytoplasm and reduced, thickened
processes in (ii) hypertensive mice
compared to (i) normotensive controls and
(iii) hydralazine-treated mice. The number of
dendrites per cell (n = 5 per group) and (b)
the cell body-to-cell size ratios were
calculated using a standardized macro in
Image J in three different brain regions
(cortex, hippocampus and striatum; n = 5
per group). (c) TNFa mRNA expression
levels in brain tissue of normotensive,
hypertensive and hydralazine-treated mice
(n = 5 per group). In (a–c) *p ≤ 0.05 relative
to control, and &p ≤ 0.05 relative to AngII
for multiple, unpaired comparisons.
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bolus injections, we present a model characterized by
cerebrovascular alterations associated with a mild form of
cognitive impairment seemingly relevant for studying pro-
cesses involved in the pathogenesis of cSVD and associated
cognitive impairment.
Similar to SHR (Hainsworth and Markus 2008; Kaiser

et al. 2014; Lopez-Gil et al. 2014), our mouse model of
hypertension resembles morphological key features of
human cSVD including hypertrophy of the cerebral vessel
wall, structural impairment of the neurovascular unit, ven-
tricular enlargement, and hippocampus atrophy. Addition-
ally, we observe sporadic microscopic infarcts and
microbleedings that have only been described in hyperten-
sive mice and SHRSP with advanced age (Wakisaka et al.
2010; Schreiber et al. 2013; Toth et al. 2015), but that
generally are associated with cognitive dysfunction accom-
panying vascular pathologies, such as leukoaraiosis, lacunar
infarcts, large infarcts, as well as Alzheimer’s disease
(Greenberg et al. 2009; Smith 2012; Braun and Schreiber
2013; Yamashiro et al. 2014). Unlike aged SHR and
SHRSP, our model lacks the obvious white matter lesions
that are thought to evolve from a combination of demyeli-
nation, lacunar infarcts, and axonal loss (Hajjar et al. 2011;
de Groot et al. 2013; van Uden et al. 2014). This obvious
caveat certainly limits its use as a model of manifested cSVD
when comparing it to the human phenotype. However, our
model accords with cerebral alterations reminiscent of early-
onset cSVD and vascular cognitive impairment and there-
fore, appears to be a suitable model to study the development
of cSVD and contributing mechanisms. The lack of apparent
white matter lesions might be resultant from the duration of
AngII treatment in our experimental protocol. Compared to
most studies performed in hypertensive mice or rats (Wak-
isaka et al. 2010; Kaiser et al. 2014; Toth et al. 2015), we
induce hypertension in young mice for only 4 weeks, which
might be too short to produce white matter lesions visible on
MRI. However, a significant reduction in white matter
density was detected using a DTI approach, which confirms
results obtained in a SHR model (Lopez-Gil et al. 2014).
Additionally, we find BDNF expression that has been
conferred critical function in white matter maintenance in
mice and men (Kennedy et al. 2009) to be less pronounced
in important white matter structures of hypertensive mice
compared to their respective normotensive controls.
BDNF expression has been furthermore described to play a

critical role in hippocampal long-term potentiation and
consequently, learning and memory, and has furthermore
been attributed a protective effect for synaptic transmission
and cognitive functions (Kiprianova et al. 1999; Bekin-
schtein et al. 2008; Blurton-Jones et al. 2009). It is therefore
not surprising that in our mouse model, reduced hippocampal
BDNF expression is accompanied by impaired cognitive
functioning. Most importantly, albeit revealing a significantly
lower mobility compared to normotensive controls that does

not seem to be resultant from locomotor deficits or impair-
ment of visual perception, hypertensive mice do not show
signs of increased anxiety, a common criticism in respect to
cognitive deficits seen in the SHRSP model (Jiwa et al.
2010). Besides compromised hippocampal-dependent mem-
ory, hypertensive mice also reveal deficits in rhino-cortical
memory traces, which may be attributable to cortical
structural changes like for instance, alterations in number
and morphology of dendritic spines, white matter alterations,
or cerebral hypoperfusion because of an impaired blood flow
regulation in small vessels as described for models of
cardiovascular disease that comprise symptoms of cognitive
decline (Markus et al. 2000, 2005; Vogels et al. 2007;
Meissner et al. 2015).
Particularly, the cerebral microcirculation can be nega-

tively affected by hypertension promoting the development
of white matter lesions (Nation et al. 2015), since predom-
inantly the terminal white matter arterioles (> 100 lm in
diameter) are susceptible targets for pressure-induced struc-
tural alterations (Thore et al. 2007). Although we only used
posterior cerebral arteries (120–150 lm in diameter) to
investigate structural alterations in the cerebral vasculature,
we confirm that chronically increased BP induces hyper-
trophic artery remodeling. However, the lower beta-type
platelet-derived growth factor receptor expression in the
brain of hypertensive mice suggests possible negative effects
on arterioles and capillaries. Here, hypertension-induced
pericyte loss could contribute to vessel rarefaction (Suzuki
et al. 2003; Paiardi et al. 2009) that ultimately affects
regional cerebral blood flow with deleterious consequences
for, e.g., white matter integrity (Jiwa et al. 2010; Joutel et al.
2010). Besides the observed structural alterations of cerebral
arteries, an L-NAME-mediated inhibition of endothelial
nitric oxide synthases activity may as well impair vascular
function and hence, the regulation of vascular tone and
adequate tissue perfusion (Luscher 1990; Schiffrin et al.
2000). Moreover, our herein presented data align with studies
showing the elevation of adhesion molecules, leukocyte
rolling along cerebral vessels, T-cell infiltration, and accu-
mulation in perivascular spaces during hypertension and
suggest a causative link between vascular inflammation and
structural alterations (Hainsworth and Markus 2008; van
Hooren et al. 2014; Kaiser et al. 2014; Uiterwijk et al.
2015). Probably the major criticism of AngII hypertension
model is due to the existence of non-pressor effects mediated
by AngII. By showing that preventing AngII-induced BP
elevation protects from cerebral artery inflammation and
associated structural alterations, our data suggest that the
observed brain effects are mainly due to the hypertensive
action of AngII rather than to non-pressor effects of this drug.
Nonetheless, further studies using other anti-hypertensive
therapies are required to validate the herein reported effects.
Cerebrovascular leakage emanating from pro-inflamma-

tory processes occur during neurodegenerative diseases
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(Schreiber et al. 2013), but were also associated with cSVD,
lacunar infarcts, and with hypertension (Henning et al. 2010;
Giwa et al. 2012; Jalal et al. 2012; Hainsworth et al. 2015;
Uiterwijk et al. 2015; Wiseman et al. 2015). However, it
remains elusive whether BBB dysfunction is the primary
cause to changes in the cerebral microvasculature since to
date, studies only reported an increased BBB permeability at
times of clinically evident cSVD (Farrall and Wardlaw 2009;
Wardlaw et al. 2009). Nevertheless, increasing numbers of
activated circulating immune cell, endothelial activation, and
the presence of activated microglia in the central nervous
system of hypertensive individuals suggest a link between
cardiovascular risk factors and BBB impairment (Marvar
et al. 2011; Kaiser et al. 2014; Meissner et al. 2015). In the
herein presented mouse model of hypertension, we observe a
marked activation of microglia associated to an increase in
cerebral levels of the pro-inflammatory cytokine TNFa along
with signs of BBB leakage, endothelial activation, and
enhanced immune cell accumulation at the cerebral vessel
wall that would allow for studies concerning the primary
cause to changes in the cerebral microcirculation during
hypertension. Moreover, this model provides potential to
study hypertension-mediated neuroinflammation and partic-
ularly, cerebral TNFa augmentation, which not only occurs
after acute brain injury or ischemia, but also during
neurodegenerative diseases and after systemic inflammatory
challenge with devastating consequences for neuronal struc-
tures and hence, cognitive function (Smith et al. 2012; Yang
et al. 2012; Zhou et al. 2013; Meissner et al. 2015).

Conclusions and perspective

Although hypertension is widely accepted as a major
modifiable risk factor for the development of VaD and
preceding vascular cognitive impairment, experimental
approaches tackling the mechanisms underlying VaD mostly
utilize animal models of altered blood flow, cerebral amyloid
angiopathy, multiple infarction, or genetic models. Purely
risk factor-based models only include a small number of
diabetes or aging-related mouse models and the SHR/SHRSP
model. With the herein presented model of hypertension-
mediated cognitive impairment, we provide a murine model
that resembles key features of early-onset cSVD including
arteriopathy, BBB impairment, incipient signs of white
matter alterations, neuroinflammation, and with a neuropsy-
chological profile typical for cSVD. Given the diversity of
pathologies underlying VaD, there is no optimal model to
study the molecular mechanisms leading to cognitive decline.
However, a mouse model with metabolic similarity to
humans, such as hypertension, seems appropriate to advance
the proper understanding of disease pathogenesis, the search
for effective treatment strategies, and the identification of
potential biomarkers for VaD, so that the incidence of this

disorder might eventually be reduced. The complexity of
processes underlying the pathogenic effects of hypertension
on the microvasculature in the brain however, certainly
requires a more specific evaluation of mechanisms contribut-
ing to cerebrovascular alterations underlying cognitive
decline. Specifically, the relative importance of oxidative
stress and the type of BBB impairment causal to neuroin-
flammatory processes represent vital questions future studies
need to urgently address.
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