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Abstract Although calcium channel blockers, angiotensin II
receptor blockers, and combination therapy are effective for
hypertensive patients, the significant differences among them
against stroke onset are undetermined. In this study, we inves-
tigated the significant beneficial effects of the combination
therapy using amlodipine and irbesartan against stroke onset
in hypertensive rats. The animals were fed an 8 % sodium diet
and assigned to (1) vehicle, (2) amlodipine (2 mg/kg/day), (3)
irbesartan (20 mg/kg/day), and (4) amlodipine + irbesartan
groups. The drugs were given orally until 35 days, and inci-
dences of stroke-related signs and mortality and blood pres-
sure (BP) were monitored. Cerebral blood flow (CBF), brain
water content, weight of the brain and left ventricle, and
histological evaluations were conducted for the treated groups
at 42 days after the start of the high-salt diet. Amlodipine and
the combination therapy significantly reduced BP compared
with the vehicle. Although the rates of stroke-related signs and
mortality were high in the vehicle group, the rats in the
treatment groups were mostly healthy until 35 days. After all
drugs were discontinued, stroke onset was frequently seen in
the monotherapy groups until 42 days, but no signs were
observed in the combination therapy group. Although there
were no significant differences in CBF or brain edema, the
combination therapy reduced blood-brain barrier disruption,
white matter injury, and reactive astrocytes compared with
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irbesartan, and the combination also inhibited left ventricular
hypertrophy and preserved brain-derived neurotrophic factor
(BDNF) expression on cerebral vessels compared to the
monotherapies. These data suggest that the combination ther-
apy had a persistent preventive effect on stroke onset in
hypertensive rats, and the effects might be associated with
BDNF preservation on cerebral vessels.
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Introduction

Hypertension is known as an independent risk factor for stroke
onset including cerebral infarction, intracerebral hematoma,
subarachnoid hemorrhage, and hypertensive encephalopathy,
all of which lead to high mortality and morbidity [1]. In
addition, people who have a background of severe hyperten-
sion and excessive salt intake have increased blood pressure
and have higher rates of stroke onset [2, 3]. Thus, it is very
important to control blood pressure with suitable antihyper-
tensive drugs for the prevention of stroke.

Calcium channel blockers (CCB) and angiotensin II recep-
tor blockers (ARB) are recommended to be selected first for
managing hypertension, and a combination therapy is recom-
mended if a monotherapy is not sufficient for controlling
blood pressure. Although clinical studies have shown that
antihypertensive treatment using those drugs could inhibit
stroke onset [4, 5], the significant differences between the
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monotherapies and the combination therapy for preventing
stroke onset are still undetermined.

Brain-derived neurotrophic factor (BDNF) is known as a
neurotropic factor and has an important role in adaptative
brain plasticity after stroke [6]. BDNF is usually expressed
in neurons, but brain microvascular endothelial cells also
synthesize and secrete BDNF [7, 8]. Previously, it has been
reported that BDNF was downregulated after a bilateral com-
mon carotid artery occlusion in hypertensive rats, and
telmisartan, which is an ARB, improved hypertension-
induced cognitive impairment via BDNF upregulation [9,
10]. Therefore, BDNF might have pivotal roles for prevention
of hypertension-induced stroke onset.

In the current study, we hypothesized that the combination
therapy including a CCB and an ARB would reduce the stroke
onset more than each monotherapy. To address this hypothe-
sis, we evaluated the effects of amlodipine and irbesartan in
salt-loaded and spontaneously hypertensive stroke-prone
(SHRSP) rats, which frequently show stroke onset after an
8 % sodium diet [11, 12]. Moreover, we sought the significant
effects of the therapy combining amlodipine and irbesartan on
blood-brain barrier disruption, white matter injury, and ex-
pressions of reactive astrocyte and BDNF, all of which can be
modulated by hypertension-induced stroke.

Materials and Methods

Experimental Animals and Study Protocol

All experiments were approved by the institutional Animal
Care and Use Committee of Kumamoto University. Forty

A) Study design

male SHRSPs (Japan SLC, Shizuoka, Japan) were fed an
8 % sodium diet from 11 weeks of age and given either (1)
vehicle [0.5 % carboxymethyl cellulose (CMC), n=10], (2)
amlodipine (2 mg/kg in 0.5 % CMC per day, n=10), (3)
irbesartan (20 mg/kg in 0.5 % CMC per day, n=10), or (4)
the combination of (2) and (3) (»=10) every day by gastric
gavage[11, 13]. At28 days after the beginning of the high-salt
diet, monitoring of the vehicle group was discontinued be-
cause the beneficial significance of the antihypertensive drugs
was obvious. Thereafter, the animals in all groups were treated
until 35 days, when all drugs were discontinued. Finally, it
was decided that the endpoint of this study would be at 42 days
after the rats were salt-loaded. Timeline of this study was
summarized in Fig. 1a.

Drugs

Amlodipine was purchased from LKT Laboratories, Inc. (To-
kyo, Japan), and irbesartan was kindly supplied from Shionogi
& CO., LTD. (Osaka, Japan).

Measurement of Blood Pressure and Body Weight

Blood pressure was measured in the conscious SHRSP rats via
the tail cuff method (BP-98A; Softron Co, Tokyo, Japan) at 7
and 28 days, and the rats were weighed every week until
42 days after the start of the high-salt diet.

Monitoring of Stroke Onset and Death

The onset of stroke-related neurological deficits such as a
paralytic gate, reduced motor activity, and sudden death were
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monitored every day for 42 days as previously described [14].
Stroke onset was defined as any of these signs. In addition, a
6-point scoring system (namely symptom scoring) with a
modification of the method described by Nakayama et al.,
[15] was assessed to all the rats in each week as follows;
normal, 6; slight decrease in motor activity, 5; decrease in
motor activity, 4; paralysis of hindlimbs, 3; slight movement,
2; cannot stand, 1; and death, 0.

Neurological Findings

Two neurological scoring tests were carried out at 28, 35, and
42 days after the start of the high-salt diet to emphasize the
latent differences among the treatment groups. First, sensori-
motor performance was scored from 0 to 4 using a beam
walking apparatus described by Goldstein et al. [16], with a
modification to measure for all animals (beam walking test).
The rats’ performance was scored as follows: 0 or 1 points for
rats that hung/stood off the beam, 2 points for animals that
walked but fell down from the beam, and 3 or 4 for animals
that could walk less than or at least 20 cm on the beam for
1 min [17]. Next, the rotarod test was performed to assess
sensorimotor coordination and balance in each animal (MK-
630B, Muromachi Kikai Co., LTD, Tokyo, Japan). Animals
were placed on the rotating spindle at a constant race of 4
rotations per minute (RPM) for 1 min. Then, the rats were
subjected to the trial on the accelerating spindle (440 RPM)
for 5 min, and the time it took them to fall off the cylinder was
recorded. The mean scores and times for three trials of beam
walking and rotarod tests were used for each animal.

Measurement of Cerebral Blood Flow and Weight of Brain
and Left Ventricle

At 42 days after the start of the salt-loaded diet, the animals’
cerebral blood flow (CBF) on the somatosensory cortex was
recorded by a laser speckle blood flow imager (Omega Zone;
Omegawave, Tokyo, Japan) under 2 % isoflurane [14]. Then,
the animals were killed under deep anesthesia, and their brains
were quickly removed and the whole brain was weighed (cut
at the point of foramen magna). Next, the brains were divided
at the point of bregma, and the rostral side of each brain was
used to evaluate brain water content (BWC) as previously
described [18]. Briefly, the brain weights were measured as
soon as possible (wet weight), dried at 105 °C for 72 h, and
weighed again to determine the dry weight of the brain. The
following formula was calculated to measure the BWC: [(wet
weight—dry weight)/wet weight] x 100 %. In addition, the left
ventricle of each rat was weighted and divided by each rat’s
body weight to evaluate the left ventricle weight index, which
indicates left ventricular hypertrophy. On the other hand, the
caudal side of each brain was immediately frozen in tissue-
Tek OCT embedding medium (Sakura Finetek, Tokyo, Japan)

and an 8-um slice was made 1.5-2 mm caudally from the
bregma for the following histological evaluations.

Assessment of Blood—Brain Barrier Disruption

Localizations of the immunoglobulin G (IgG) staining-
positive region in each brain section were evaluated as previ-
ously described [14]. Briefly, two brain sections in each brain
were randomly chosen and the sections were incubated with
anti-IgG antibody (1: 500; Invitrogen Carlsbad, CA, USA) for
1 h, and then, the reaction product was visualized with diami-
nobenzidine (DAB). IgG stain lesions of those two slides were
similar and were scored with one of the two sections as
follows: IgG accumulation within the vessels (grade 0), IgG
leakage around the vessel (grade 1), and extravasated IgG
widespread to the interstitial space of one hemisphere (grade
2) or both hemispheres (grade 3).

Measurement of White Matter Injury

White matter lesions were evaluated using Kliiver-Barrera
staining in the corpus callosum as previously described [14].
Briefly, the brains were incubated overnight in Luxol fast blue
solution at 60 °C and immersed in 100 % ethanol to remove
excess stain. After adequate immersion with 0.05 % lithium
carbonate and 70 % ethanol, the sections were immersed in
0.1 % cresyl violet solution for 5 min. The severity of the
white matter lesions was graded on a 4-point scale: normal
(grade 0), disarrangement of the nerve fibers (grade 1), for-
mation of marked vacuoles (grade 2), and disappearance of
myelinated fibers (grade 3) [19]. They were scored in four
fields per rat at x200 magnification and expressed as a mean
score for each animal.

Immunohistochemistry

We immunostained the brain sections in each rat with anti-
glial fibrillary acidic protein (GFAP; 1:300; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and anti-BDNF (1:200;
Santa Cruz Biotechnology) antibodies. Those samples were
incubated overnight at 4 °C with the primary antibodies. After
the slices were incubated with a secondary antibody (Santa
Cruz Biotechnology), they were detected with DAB. Reactive
astrocytes, which are highly immunoreactive to GFAP with
large cell bodies and long and thick processes [20], were
graded as follows: none or trace amounts (grade 0), a few
(grade 1), moderate (grade 2), and marked or apparent glial
scarring (grade 3). They were scored in the four fields of the
somatosensory cortex on both sides for each rat at x200
magnification and expressed as a mean score for each animal.
On the other hand, BDNF-positive cerebral vessels, including
cerebral arterioles and capillaries, were counted in four fields
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per rat at X200 magnification and expressed as a mean number
for each animal.

Statistical Analysis

The stroke onset and mortality of the animals were analyzed
by a standard Kaplan-Meier analysis with a log rank test and
X? analysis using GraphPad Prism version 5 for Windows
(GraphPad Software). Parametric evaluations (blood pressure
at 7 days, body weight at 42 days, cerebral blood flow) were
analyzed by a one-way ANOVA with a Tukey-Kramer post
hoc analysis. Other evaluations which did not show a normal
distribution or an equal variance in each group were analyzed
by a nonparametric test with a Kruskal-Wallis test followed by
Dunn’s multiple comparison test. P<0.05 was considered
significant.

Results
Blood Pressure and Body Weight

Although amlodipine significantly reduced blood pressure at
7 days after administration of the salt-loaded diet to the
SHRSP rats, irbesartan did not show a statistically significant
effect. On the other hand, amlodipine enhanced the blood
pressure lowering effect of irbesartan at 7 and 28 days after
the high-salt load (Fig. 1b). Body weight in the combination
therapy group was significantly preserved compared with the
weight in the vehicle group at 28 days and the weight in the

Fig. 2 The rates of stroke onset A) Stroke onset
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Table 1  Neurological findings including beam walking and rotarod tests at 28, 35, and 42 days (d) after consumption of a high-salt diet with
amlodipine (AM), irbesartan (IR), and AM + IR. All data expressed as the mean+standard deviation

AM IR AM + IR

28 days 35 days 42 days 28 days 35 days 42 days 28 days 35 days 42 days
Beam walking test (score)  3.9+0.3 4 29+£20 4 4 29+18 4 4 4
Rotarod test (s) 48.4+16.5 46.8+13.0 60.8+£352 433+17.4 483+18.6 532+369 51.8419.3 59.1£28.9 65.5+18.2

therapy reduced stroke onset as mentioned above, there were
no significant changes in CBF or brain edema among the
surviving rats at 42 days after administration of the salt-
loaded diet (Fig. 3a—c). On the other hand, the combination
therapy decreased the left ventricle weight index compared
with the monotherapies (Fig. 3d).

Blood—Brain Barrier Disruption and White Matter Injury

As the extent of the IgG staining-positive area was markedly
different in each rat, we defined the severity of the blood—
brain barrier (BBB) disruption as the score of the IgG staining.
According to the evaluation, the combination therapy signif-
icantly stabilized the BBB compared with irbesartan (Fig. 4a).
Additionally, the white matter injury detected by Kliiver-
Barrera staining was significantly decreased in the

Fig. 3 Cerebral blood flow (a),
brain weight (b), brain water
content (c¢), and left ventricle
weight index (d) at 42 days after
consumption of a high-salt diet
with amlodipine (4M), irbesartan 25+ °
(IR), and AM + IR. ¥*P<0.05 vs.
AM + IR
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combination group compared with that in the irbesartan group
(Fig. 4b).

Reactive Astrocyte and Brain-Derived Neurotrophic Factor
Expressions on Cerebral Vessels in Somatosensory Cortex

There were infarct cortex detected by hematoxylin and eosin
staining in one of the rats in the amlodipine group, two in the
irbesartan group, and none in the combination groups (data
not shown). Although upregulated reactive astrocytes were
seen in almost all of the animals in all of the treatment groups,
there were significantly fewer cells in the combination group
than in the irbesartan group (Fig. 4c). Moreover, the number
of BDNF expressions on cerebral vessels including the cere-
bral arterioles and capillaries was higher in the combination
group than in the monotherapy groups (Fig. 5). Although
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Fig. 4 Evaluation of blood-brain barrier disruption (a), white matter
injury (b), and reactive astrocyte (c) at 42 days after consumption of a
high-salt diet with amlodipine (4M), irbesartan (/R), and AM + IR. The

BDNF was expressed in the neurons on the cortex, there were
no changes among the groups.
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Fig. 5 Expression of brain-derived neurotrophic factor (BDNF) on cere-
bral vessels including arterioles and capillaries at 42 days after consump-
tion of a high-salt diet with amlodipine (4M), irbesartan (/R), and AM +
IR. The upper panels are representative pictures among the groups, and
the arrows indicate BDNF-positive vessels. *P<0.05 vs. AM + IR. Scale
bar, 50 um
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Discussion

In the current study, we showed that monotherapies using
either of the antihypertensive drugs amlodipine or irbesartan
and the combination therapy with both drugs inhibited stroke
onset in SHRSP rats at 28 days after administration of a salt-
loaded diet. We also demonstrated that stroke onset was
frequently seen in rats in the monotherapy groups after the
drug was discontinued at 35 days, whereas the prevention of
stroke onset persisted in the animal group treated with the
combination therapy. Although there were no significant dif-
ferences in hypertension-induced brain edema among the
groups, the combination therapy reduced BBB disruption,
white matter injury, and reactive astrocyte expressions, lead-
ing us to speculate that the persistence of the protective effects
might come from BDNF preservation on cerebral vessels in
the cortex.

The Pivotal Role of the Combination Therapy
with Amlodipine and Irbesartan on Stroke Onset

Our main finding of this study was that the combination
therapy with amlodipine and irbesartan persisted preventative
effects on stroke onset. Increasing evidence from both clinical
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and basic research support the finding that the combination
therapy with CCB and ARB is effective for improving hyper-
tension and cardiovascular events [21, 22], and recent clinical
guidelines in Japan also recommend the combination therapy
for managing hypertension [23]. Based on stroke onset, we
previously demonstrated that a combination therapy with
amlodipine and valsartan prevented stroke onset compared
with each monotherapy, and the effects came from the im-
provement in cerebral arteriolar remodeling and vascular en-
dothelial dysfunction and reduction of oxidative stress, which
independently lowered blood pressure [11]. In this study, there
were no significant differences in sensorimotor function, CBF,
or brain edema in the surviving hypertensive rats among the
groups. Considering low frequency of cerebral infarction in
surviving rats, we thought that this was because it is difficult
to find significant differences in stroke outcome with mixed
data including stroke-positive and stroke-negative brains.
However, the combination therapy with amlodipine and
irbesartan not only reduced “clinical and subclinical” stroke-
related findings including BBB disruption, white matter inju-
ry, and reactive astrocyte expression compared with irbesartan
but also inhibited stroke-related symptoms including death
compared with amlodipine. The vulnerability of cerebral mi-
crovasculature and the microcirculatory disturbance induced
by hypertension are associated with BBB disruption and white
matter injury [24, 25], and they activate reactive astrocytes,
which indicate brain injury such as brain edema and cerebral
ischemia [26]. Thus, antihypertensive drugs have the pos-
sibility of inhibiting those brain injuries that are related to
stroke onset. In this study, the combination therapy de-
creased blood pressure compared with irbesartan at 28 days
after rats were salt-loaded, and the hypertension-induced
left ventricular hypertrophy detected by the left ventricle
weight index was significantly decreased in the combina-
tion group compared with the monotherapy groups. Al-
though we did not measure blood pressure directly in the
animals at 42 days after they were salt-loaded in order to
avoid introducing extra stress to the weak rats, we specu-
late that the combination therapy should lower blood pres-
sure significantly compared with the monotherapies.
Therefore, we concluded that the combination therapy
better controlled blood pressure through the study even
after the drugs were discontinued and resulted in reduc-
tions of BBB instability and microcirculatory disturbance,
which can induce white matter injury and reactive
astrocytes.

The Implication of BDNF by the Combination Therapy
on Cerebral Vessels Against Stroke Onset

Next, our novelty of this study was that BDNF expressions on
cerebral vessels were higher in the combination therapy than
in the monotherapies. BDNF is one of the neurotrophic

factors, and its upregulation seems to have a neuroprotective
effect against stroke [18, 27, 28]. In addition, BDNF has
recently been found in the endothelial cells of cerebral arteri-
oles after cerebral ischemia [29]. In hypertensive animals,
BDNF was downregulated in the vulnerable hippocampal
CAL neurons after cerebral ischemia [9], and chronic hyper-
tension lowered cerebral vascular reserves due to the thicken-
ing of the media of cerebral vessels [30]. We showed that
BDNF expression on cerebral vessels, including cerebral ar-
terioles and capillaries, was significantly higher in the combi-
nation therapy group, although CBF was similar among the
treatment groups. We thought that the long-lasting hyperten-
sion throughout the study impaired cerebral autoregulation
and induced cerebral ischemia detected by reactive astrocyte
expression, resulting in the reduction of BDNF on cerebral
vessels. Therefore, we concluded that the persistence of the
beneficial effects in the combination therapy is associated with
BDNF preservation on cerebral vessels, which might come
from the reduction of hypertension-induced endothelial
dysfunction.

Study Limitations

Although we showed significant roles of the combination
therapy against stroke onset, there are still some limita-
tions in this study. First, we did not assess the molecular
pathways that were associated with the beneficial effect
of the combination therapy. Previous reports have sug-
gested that stroke onset induced by salt-loaded hyperten-
sion involved oxidative stress, and the combination ther-
apy with CCB and ARB showed antioxidative stress
[11]. Thus, we thought those mechanisms might be
promising effects in this study. Second, although the
combination therapy inhibited stroke onset and reduced
BBB disruption, the therapy did not reveal significant
beneficial effects in sensorimotor function as assessed by
the beam walking and rotarod tests in CBF or in brain
edema, which are deteriorated in stroke patients, suggest-
ing that a longer endpoint might be more suitable for this
study. In addition, further study is needed to clarify the
severity of BBB disruption and changes of BDNF ex-
pressions in the sham group at 42 days after the begin-
ning of the high-salt diet. Finally, we did not measure
blood pressure at 42 days after rats were salt-loaded, and
we substituted left ventricle weight index for the long-
lasting strength of hyper blood pressure because measur-
ing the blood pressure under waking conditions was
stressful and could be a confound for the stroke-related
outcome in weak rats. In view of the limitations in this
study, we will clarify the molecular pathways and assess
the sensorimotor function and blood pressure-lowering
effect of those drugs over a longer period for the trans-
lation of these discoveries to clinical setting.
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Conclusion

We showed that the combination therapy with amlodipine and
irbesartan inhibited stroke onset even after those drugs were
discontinued. In addition, we also demonstrated that the pos-
sible mechanism might be associated with BDNF expression
on cerebral vessels. Because CCB and ARB are already used
and are effective for lowering blood pressure in hypertensive
patients, further study will provide the clinical significance of
the combination treatment against stroke onset.
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