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Altered Cerebral Vasomotion with Decreased CGRP Level in Pial
Arteries of Spontaneously Hypertensive Rats
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The study aims to identify the mechanism (s) underlying the altered vasodilatory responses of the pial

artery of spontaneously hypertensive rats (SHR) under a hypothesis that calcitonin gene-related peptide
(CGRP) exerts a modulator role in the autoregulation of cerebral blood flow (CBF). The animals were
divided into four groups: 1) Sprague-Dawley rats (SDR), 2) Wistar rats (WR), 3) SHR with high blood
pressure (BP>150 mmHg), and 4) SHR with normotensive BP (<150 mmHg). The lower limit of CBF
autoregulation in SHR shifted to a higher BP (82.8+9.3 mmHg, P<0.05) than that in SDR (58.9+5.7
mmHg). In SHR, whether the BP levels were high or normotensive, the vasodilator responses to a stepwise
hypotension were significantly attenuated unlike with SDR and WR. When artificial cerebrospinal fluid
(CSF) containing capsaicin (3 X 10”7 M) was suffused over the cortical surface, a transient increase in pial
arterial diameter was observed in the SHR with high or normotensive BP. In contrast, SDR and WR
showed a large increase in diameter, and the increase was sustained for over 10 minutes. In line with
these results, the basal releases of CGRP-like immunoreactivity (CGRP-LI) in the isolated pial arteries
from SHR with high and normotensive BP were 12.5+1.4 and 9.8+2.8 fmole/mm2/60 min (P <0.05),
while those from SDR and WR were 25.5+3.1 and 24.6+3.1 fmole/mm’/60 min, respectively. The
isolated basilar arteries showed similar results to those of the pial arteries in SHR. Thus, it is summarized
that, in the SHR, the reduced autoregulatory vasodilator responses to stepwise hypotension and capsaicin
may be, in part, ascribed to the decreased release of CGRP from the perivascular sensory nerve fibers

of the pial arteries, and that altered vasomotor activity in SHR may not be related with the hypertensive
tone.
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INTRODUCTION

Autoregulation of cerebral blood flow denotes the
intrinsic ability of cerebral vascular bed to maintain
a constant perfusion pressure in the face of blood
pressure changes (Fog, 1938). A number of morpho-
logical and pharmacological studies have shown that
the vasomotor tone of cerebral arteries is controlled
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by sympathetic vasoconstrictor and non-sympathetic
vasodilator nerves (Lee et al, 1978). Saito & Lee
(1985) have further demonstrated a decrease in the
number of non-sympathetic nerves fibers containing
agranular vesicles in the cerebral microvessels of the
hypertensive animals. On the other hand, the lower
limit of the autoregulatory CBF shifts to a higher
level of arterial blood pressure (BP) in the renal
hypertensive rats and SHR, and these hypertensive
animals are more susceptible to ischemic brain dam-
age than the normotensive rats following acute hypo-
tension (Barry et al, 1982).

It is reported that the autoregulatory capacity of the
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cerebral circulation reduces in chronic hypertension
(Baumbach & Heistad, 1988; Paulson et al, 1989),
and that CGRP content in the dorsal homn of spinal
cord and some brain regions of the SHR are lower
than that of the age-matched control rats (Lewis et
al, 1990; Westlund et al, 1991). Supowit et al. (1993)
have demonstrated in SHR, unlike in the case of
control rats, that reduced neuronal CGRP levels are
associated with significantly decreased CGRP mRNA
in the dorsal root ganglion of SHR in comparison
with control rats.

CGRP is involved in the vasodilator response to a
stepwise hypotension of the pial arteries (Hong et al,
1994). Recently, we demonstrated the transient vaso-
dilation in response to capsaicin and the enhanced
vasodilation to CGRP in association with decreased
CGRP release from the pial artery of SHR (Hong et
al, 1997). In the present study, gain more informa-
tion about the role of CGRP in the autoregulatory
cerebral vasodilation, more efforts were made to
gather quantitative information about the role of
CGRP. For this purpose, by using Sprague-Dawley
rats, Wistar rats, and SHR w:th high and normo-
tensive BP, we determined: 1) changes in pial arterial
diameter in response to hypotension and local ap-
plication of capsaicin in association with change in
the lower limit of CBF, and 2) capsaicin-induced
CGRP- LI release from the pial and basilar arteries.

METHODS
Preparation of animals

The animals used in this study were Sprague-
Dawley rats (241.1+5.9 g, 20~30 weeks old),
Wistar rats (327.5+17.3 g, 20~24 weeks old) and
SHR. The SHR group was divided into two sub-
groups: one is SHR (235.8+11.8 g, 16~24 weeks
old) with higher BP (=150 mmHg), and the other
is SHR (2273109 g, 16~24 weeks old) with
normotensive BP (<150 mmHg).

The animals were anesthetized with urethane (1.0
g/kg, i.p.) and placed on a heating pad to maintain
a constant body temperature. After tracheostomy,
each rat was ventilated by using a respirator (Model
683, Harvard, South Natick, MA). The left femoral
artery was cannulated with PE-50 polyethylene tube
for measurement of blood pressure (Statham P23D
pressure transducer, Gould). Arterial blood sample

was collected through the left carotid artery after
installation of cranial window for blood gas and pH
determination (NOVA Biochemicals, STAT Profile
3). The mean arterial blood gas and pH determined
during experiments were as follows: pH, 7.36 +0.04;
Pacoz, 208+22 mmHg; PaOZ, 102.3+34 mmHg
Rectal temperature was monitored continuously and
was kept constant (37+0.5°C) with a heating pad.

Laser-Doppler flowmetry

The animal’s head was fixed in a stereotaxic in-
strument and the animals spontansously breathed
room air. One small burr hole was made on the
parietal skull. CBF of the pial artery in the right
parietal cortex was continuously monitored by a
laser-Doppler flowmeter (BLF 21, Transonic Systems
Inc.) with 12 KHz of doppler signal band width, 780
nm wave length and 3.0 sec time constant. The
measuring probes (1.0 mm in diameter and 0.25 mm
in width of fiber) were placed extradurally over the
parietal artery in the cranial window, and advanced
into the CSF approximately 0.2~0.3 mm above the
surface of cortex. The position was carefully chosen
to avoid the large dural or pial veins. The change in
cortical CBF was recorded on polygraph (Grass
Instrument, Quincy MA). The laser- Doppler flow-
metry outputs were regarded as arbitrary units and the
changes in CBF were expressed in percentage of the
baseline CBF.

Measurement of vessel diameter

Pial microvessels were visualized through an im-
planted cranial window as described by Hong et al
(1994). Briefly, the head was fixed in prone position
with a stereotaxic apparatus (Stoelting, Wood Dale,
IL), and a square shape craniotomy (5 X5 mm) was
made over the right parietal cortex. Pial microvessels,
ranging in diameter between 30 and 50 um, were
visualized through the implanted cranial window. Ce-

rebral microvessels were allowed to equilibrate for 60
min after installation of cranial window. The window
field was suffused with prewarmed artificial CSF
(37°C) at a rate of 0.3 ml/min. The image of pial
vessels was captured with a CCD video camera
(VDC 3900, Sanyo, Japan) through a stereoscope
(SMZ-2T, Nikon, Japan) and fed to a television
monitor for direct observation, and the caliber was
measured using a Width Analyzer (C3161, Hama-
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matsu, Japan). The composition (mM) of the ar-
tificial cerebrospinal fluid was as follows: 125 NaCl,
3.5 KCl, 1.3 CaCl,, 1.1 MgCl,, and 25 NaHCOs;. The
intracranial pressure was maintained at 5~6 mmHg
throughout the experiment by adjusting the height of
the free end of plastic tubing, which was connected
to the outlet of the window. Only one artery was
observed under the window in each rat.

The lowering of the arterial blood pressure was
induced by bleeding of the blood into the reservoir
and its reverse by infusion of the blood under suffu-
sion with artificial CSF over the cortical surface.
Each concentration of drug was suffused over the cor-
tical surface for 5 min. To see the responses of the
pial arteries to capsaicin, the cranial surface was suf-
fused with artificial CSF containing 3 X 10'M ca-
psaicin.

Measurement of CGRP-like immunoreactivity

The pial and basilar arteries isolated from the three
strains of rats were equilibrated in the aerated Krebs
buffer solution containing (in mM) 130 NaCl, 4.7 KCI,
1.6 CaCl,, 1.18 NaH,PO4, 14.9 NaHCO;, and 5.5
glucose (37°C) for 1 hour. Thereafter, the strips were
preincubated in the Ca’'-free Krebs solution con-
taining 0.1 mM EGTA for 30 min and next they were
incubated in the Krebs buffer solution (50 ul) for 60
min. The reaction was stopped by adding the assay
buffer containing (in mM) 0.05 M NaCl, 0.1% bovine
serum albumin, 0.01% NaNs, and 0.1% Triton X -100
in 0.1 M sodium phosphate buffer (pH 7.4), and then
the strips were removed for measurement of the sur-
face area of the pial artery. The magnified surface
areas of the microvessels were measured with plani-
meter (type KP-21, Kozumi, Japan). The CGRP-LI
content was determined by radioimmunoassay method
as described by Fujimori et al. (1989). After the sam-
ple was preincubated with rabbit anti-human CGRP
serum for 16 ~24 hours at 4°C, the reaction mixture
was incubated with (2-[*Diodohistidyl'®) CGRP (hu-
man) for additional 24 ~36 hours at 4°C. The incuba-
tion buffer for the radicimmunoassay was a 50 mM
sodium phosphate buffer (pH 7.4) containing 0.1%
NaCl, 25 mM Na,EDTA, 0.05% NaNj3, and Trasylol
500 kallikrein-inhibiting units/ml.

The antibody-bound antigen was separated from
free antigens by incubation for 2 houts with goat anti-
rabbit IgG serum and normal rabbit serum at room
temperature. After addition of the assay buffer, the

samples were centrifuged and the radioactivity in the
pellets was counted in a gamma counter (Wallac, Wiz-
ard 1470. Finland).

The contents of CGRP-LI in the pial arteries were
determined after capsaicin in vivo and in vitro treat-
ment. For in vivo treatment, at 24 hours before ex-
periment, 50 nmole of capsaicin was intracisternally
injected, and for in vitro treatment, the isolated pial
arteries were incubated in the aerated artificial CSF
containing 3 X 107 M capsaicin for 30 min.

Drugs

Calcitonin gene-related peptide (CGRP, Peninsula
Laboratories, Inc. Belmont, CA) was dissolved in 0.1%
bovine serum albumin to make a stock solution of 0.1
mM. Capsaicin (Sigma Chemical Co.) was dissolved
in the mixture of Tween 80 : ethanol : normal saline
(1:1:8 v/v). @[ Diodohistidyl'®) CGRP was pur-
chased from Amersham Life Science (Buckingham-
shire, UK).

Statistics

Data are expressed as mean®SEM. The percent
change in diameter for each arteriole was calculated
from the baseline diameter. Statistical evaluation of
the data was performed either by Student’s -test
between the results of each group, or analysis of
variance with repeated measures followed by Tukey’s
multiple comparison test for differences in arteriolar
diameter among the experimental groups. A value of
P<0.05 was accepted as statistically significant.

RESULTS

In the SDR and WR, mean arterial BP levels were
122.5+3.5 mmHg (n=22) and 118.33.0 mmHg
(n=6), respectively. The resting diameters of the pial
arteries were 45.8+22 um and 41.2+32 um, re-
spectively, which remained almost constant through-
out the experiment unless there was a procedure of
bleeding or suffusion of drug solution.

Mean arterial BP of SHR with high BP was 169.5
+4.3 mmHg (n=18; P<0.01) and that with normo-
tensive BP was 132.4+4.7 mmHg (n=14). The base-
line diameters of the pial arteries of SHR exerted
little difference between the two groups (45.2+3.8 um
and 52.8+4.2 um, respectively)(Table 1).
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Table 1. Physiological baseline variables: age, body weight, mean arterial blood pressure (BP) and pial arterial diameter

before experimental procedures

0 Age Body weight BP Diameter
(weeks) ® (mmHg) (um)
SDR 22 20~30 241.1+59 122.5+3.5 458122
WR 6 20~24 327.5+173 118.8+3.0 412+32
SHR, high BP 18 16~24 235.8+t11.38 169.5+4.3" 452+3.8
SHR, normal BP 14 16~24 22731109 132.4+4.7 52.8t4.2

n, Numbers of experiments. SDR, Sprague-Dawley rats; WR, Wistar rats; SHR, spontaneously hypertensive rats. The
systemic arterial blood pressure indicates the blood pressure measured under urethane anesthesia. *, P<0.01 vs. SDR.
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Fig. 1. Relation of mean arterial blood pressure to cere-
bral blood flow (CBF) in the cortical pial arteries during
stepwise hypotension in the Sprague-Dawley rats (SDR)
and spontaneously hypertensive rats (SHR) with high blood
pressure. Arrows indicate lower limits of autoregulation
defined as the mean arterial blood pressure at which CBF
decreased by 10% of the baseline value. *, P <0.05 signi-
ficantly different between SDR (n=12) and SHR (n=5).

Lower limit of cerebral blood flow autoregulation

In SDR, the CBF was well remained until the ar-
terial BP was reduced to 80 mmHg. When BP further
decreased, CBF fell steeply depending on the fall in
BP thereafter. In contrast, CBF in SHR readily de-
creased when BP decreased to around 100 mmHg.

The lower limit of autoregulation was defined as
the BP where CBF decreased by 10% of the baseline.
The lower limit estimated in SHR with high BP was
82.8+9.3 mmHg (n=5), which represented a signifi-
cant shift to a higher BP (P<0.05) in comparison
with that of SDR (58.9+5.7 mmHg, n=12)(Fig. 1).
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Fig. 2. Tracings showing changes in heart rate (HR) and
pial arterial diameter in association with changes in sys-
temic arterial blood pressure (BP) in Sprague-Dawley rats
(SDR), Wistar rats, and spontaneously hypertensive rats
(SHR) with high and normotensive BP. The results are
expressed as mean+t SEM from n numbers of experiment.
There was no significant difference in the vasodilator re-
sponses to hypotension between SDR and Wistar rats.
However, changes in diameter during hypotension in SHR
with high or normotensive BP were significantly attenu-
ated (P<0.05) in comparison with those in SDR and
Wistar rats.
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Fig. 3. Graphs showing alterations in cerebral autoregula-
tory responses in spontaneously hypertensive rats (SHR)
with high and normotensive blood pressure (BP) in com-
parison with those in SDR (Sprague-Dawley rats) and
Wistar rats. Changes in pial arterial diameter were plotted
as a function of changes in BP observed during hypoten-
sion and reverse of BP. The slopes for vasodilation phase
of the SHR were significantly decreased or turned to the
opposite direction irrespective of their BP levels being
high or normotensive. Each point represents mean+ SEM
from n numbers of experiment.

Alteration in cerebral autoregulation

On lowering systemic arterial BP by bleeding, the
diameters of pial arteries of SDR and WR increased,
and on reversing BP, the diameters decreased to the
baseline or even over the baseline level as shown in
Fig. 2. However, in SHR with high or normotensive
BP, change in diameter during the vasodilating phase in
response to stepwise hypotension was significantly
low (P<0.05) in comparison with those of SDR or
WR. In some cases, a slight vasoconstrictor response
was observed in 66.7% (12 among 18 cases) during
hypotensive phase. The altered features were simi-
larly identified in the SHR with normotensive BP.

Changes in pial arterial diameter were plotted as
a function of changes in mean arterial BP and an-
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Fig. 4. Effect of capsaicin on the changes in rat pial ar-
terial diameter upon suffusion with artificial cerebrospinal
fluid containing capsaicin (3 10”7 M) over the cortical
surface. The changes in diameter in response to capsaicin
of spontaneously hypertensive rats(SHR) (both groups)
were significantly reduced in comparison with those of
Sparague-Dawley rats (SDR) (P<0.05) and Wistar rats
(WR) (P<0.05), respectively. Each point indicates mean
+SEM from the numbers of rats in parentheses.

alyzed with slopes of regression lines (Fig. 3). The
mean slopes of the regression lines for vasodilation
phase were —0.83 (r=0.92) for SDR and —0.52 (r=0.98)
for WR. The slopes for vasodilation phase of the
SHR showed the opposite direction whether their BP
levels were high (0.24, r=0.88) or normotensive
(0.23: =0.92). The slopes for vasoconstriction phase
correspondingly turned to be less steep as shown in
Fig. 3.

Alterations in response to capsaicin

Fig. 4 compared the acute local effect of capsaicin
on the change in pial arterial diameters of SDR and
WR with those of SHR with high and normotensive
BP. When cortical surface was suffused with artificial
CSF containing capsaicin (3 X 107 M), the diameters
of pial arteries of SDR and WR markedly increased
and the increased diameters were sustained for more
than 10 min. The significant difference was not evi-
dent between SDR and WR. In contrast, the SHR
showed only a transient increase in diameter (less
than 2 min) of the pial arteries whether the BP was
high or normotensive. The changes in diameter in
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Table 2. Release of CGRP-like immunoreactivity (CGRP-LI) in the pial and basilar arteries of the three strains of

rats

CGRP-LI, fmole/mm*/60 min

Groups
Pial artery Basilar artery
Sprague-Dawley rats
Vehicle 25.5+3.1 (19) 21.8%+32 (9)
Capsaicin, in vivo* 102+1.1 (5)° -
Capsaicin, in vitro** 100+1.0 4)* -
Wistar rats 24.6+3.1 (13) 18.9+2.1 (6)
" SHR, high BP 125+14 (11" 121117 (O™

SHR, normal BP

9.8+2.8 (4)' -

Each value is mean+SEM from the numbers of experiments in parentheses. SHR, spontaneously hypertensive rats.
? P<0.05 vs. vehicle group; b, P<0.05 vs. vehicle group of Sprague-Dawley rats; ¢, P<0.05 vs. Wistar rats. *,
Twenty-four hours before experiment, 50 nmole capsaicin was injected intracisternally. **, The isolated cerebral arteties
were incubated in the aerated Krebs buffer solution (37°C) containing 3 X 107 M capsaicin for 30 min and thereafter

rinsed in the cold buffer solution.

response to capsaicin of the pial arteries of SHR (both
groups) significantly reduced in comparison with those
of SDR (P<0.05) and WR (P<0.05).

Release of CGRP-like immunoreactivity

Capsaicin-induced release of CGRP-LI from the
isolated pial and basilar arteries from SDR was 25.5
£3.1 (n=19) and 21.8+3.2 (n=9) fmole/mm’/60 min,
respectively (Table 2). Upon treatment with capsaicin
in vivo or in vitro experiment in SDR groups, the
CGRP-LI levels were significantly reduced to ap-
proximately 40% of the vehicle group (P<0.05). No
significant difference in CGRP-LI release was ob-
served between SDR and WR.

On the other hand, the CGRP-LI levels were 12.5
+1.4 fmole/mm’/60 min (n=11, P<0.05) in the pial
arteries of SHR with high BP and 9.8+2.8 fmole/
mm’/60 min (n=4, P<0.05) in the SHR with normo-
tensive BP. These levels in SHR were significantly
lower than those in the SDR and WR. The mean
surface areas of the pial and basilar arteries used for
this study were in the ranges of 1.9~2.5 mm’ and
2.2~2.8 mm’, respectively.

DISCUSSION

The major findings of this study were that 1) the
lower limit of autoregulation in SHR shifted towards

higher arterial BP around 82.8 9.3 mmHg, whereas
that in SDR was 58.9+5.7 mmHg, 2) the autore-
gulatory vasodilator adjustment in response to step-
wise hypotension, which was normally observed in
the SDR and WR, was markedly attenuated in the
pial arteries of SHR whether their BP levels were
high or normotensive, 3) local suffusion of capsaicin
over the cortical surface exerts a transient vasodi-
latory response in the pial arteries of SHR while a
sustained vasodilation was observed in SDR and WR,
and 4) the capsaicin-induced release of CGRP-LI
level was significantly reduced in the pial arteries of
SHR unlike in SDR and WR.

Immunochemical studies (Saito et al, 1989; Edvin-
sson et al, 1987) have revealed that CGRP is abund-
antly found in the periadventitial nerve of the cerebral
arteries of rats as well as other species. The CGRP-LI
nerve fibers innervating in the large arteries and cor-
tical arterioles are mainly originated from trigeminal
sensory ganglia (Edvinsson 1985; McCulloch et al,
1986). In our study, the pial arteries of the SHR
showed reduced autoregulatory vasodilator response
to arterial hypotension, and a transient vasodilation
was manifested in response to capsaicin in SHR
unlike in SDR and WR. Thus, it is suggested that
these findings may be closely related to the shift of
the lower limit of CBF autoregulation towards a
higher systemic arterial BP in SHR.

It has been reported that the active neurogenic
(non-sympathetic) vasodilation is impaired in the ce-
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rebral arteries of renal hypertensive rats (Saito & Lee,
1985) and SHR (Barry et al, 1982). There are some
disputes regerding the plasma concentration of CGRP
in the hypertensive patients. Xu et al (1989) reported
that the plasma levels of CGRP decreased in patients
with essential hypertension as well as in SHR, and
that the decrease in CGRP content were consistently
correlated with decreases in density of CGRP-con-
taining nerve fiber in SHR (Kawasaki et al, 1990).
On the contrary, Zaidi & Bevis (1991) reported high
concentration of the circulating CGRP derived from
perivascular nerve endings in SHR. Masuda et al
(1992) also reported increased plasma CGRP levels
in hypertensive patients. These controversial reports are
yet to be clarified. One possible explanation is that
increased levels of plasma CGRP is due to compen-
satory reactions in response to elevated blood pres-
sure.

In the present study, the finding that releasable
CGRP-LI levels in the pial arteries of SHR were
significantly lower than those of SDR and WR was
consistent with the results reported by Lewis et al
(1990) and Westlund et al (1991). They said that the
CGRP levels in the spinal cord and brain of the SHR
were lower than those of the age-matched control
rats. Supowit et al (1993) have added more evidences
that, in the dorsal root ganglion of the SHR, a
reduced CGRP level is associated with decreased
CGRP mRNA expression. Based on these reports and
our results, it appears likely that the alteration in
autoregulatory vasodilator response of the pial ar-
teries in SHR is closely related with reduced CGRP-
LI level in SHR, whether the levels of BP are high
or normotensive. This speculation was further sup-
ported by the result that the vasodilator response to
capsaicin, a depletor of CGRP (Franco-Cereceda et
al, 1988; Jansen et al, 1990; Lundberg et al, 1985),
was significantly reduced in SHR. Therefore, it is
considered that the decreased amount of releasable
CGRP in SHR in response to capsaicin is not related
to hypertension but to a genetically oriented factor,
and this speculation provides a circumstantial evid-
ence of malfunction of the sensory vasodilator system
in the cerebral cortical arterioles of SHR.

Taken together, it is suggested that the content of
CGRP in the perivascular sensory nerves may be ge-
netically reduced in SHR and, thereby, the auto-
regulatory vasodilator adjustment is altered in response
to stepwise acute hypotension and to capsaicin, lead-
ing to a shift of the lower limit of autoregulation of

CBF towards a higher BP in SHR.
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