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1 Evidence that nitric oxide (NO) bioactivity is altered in chronic hypertension is con¯icting, possibly
as a result of heterogeneity in both the nature of the dysfunction and in the disease process itself. The
brain is particularly vulnerable to the vascular complications of chronic hypertension, and the aim of this
study was to assess whether di�erences in the cerebrovascular responsiveness to the NO synthase (NOS)
inhibitors, NG-nitro-L-arginine methyl ester (L-NAME) and 7-nitroindazole (7-NI), and to the NO donor
3-morpholinosydnonimine (SIN-1) might indicate one possible source of these complications.

2 Conscious spontaneously hypertensive (SHR) and WKY rats, were treated with L-NAME
(30 mg kg71, i.v.), 7-NI (25 mg kg71, i.p.), SIN-1 (0.54 or 1.8 mg kg71 h71, continuous i.v. infusion)
or saline (i.v.), 20 min before the measurement of local cerebral blood ¯ow (LCBF) by the fully
quantitative [14C]-iodoantipyrine autoradiographic technique.

3 With the exception of mean arterial blood pressure (MABP), there were no signi®cant di�erences in
physiological parameters between SHR and WKY rats within any of the treatment groups, or between
treatment groups. L-NAME treatment increased MABP by 27% in WKY and 18% in SHR groups,
whilst 7-NI had no signi®cant e�ect in either group. Following the lower dose of SIN-1 infusion, MABP
was decreased to a similar extent in both groups (around 720%). There was no signi®cant di�erence in
MABP between groups following the higher dose of SIN-1, but this represented a decrease of 741% in
SHR and 721% in WKY rats.

4 With the exception of one brain region (nucleus accumbens), there were no signi®cant di�erences in
basal LCBF between WKY and SHR. L-NAME produced similar decreases in LCBF in both groups,
ranging between 710 and 740%. The e�ect of 7-NI upon LCBF was more pronounced in the SHR
(ranging from 734 to 757%) compared with the WKY (ranging from 714 to 743%), and in seven
out of the thirteen brain areas examined there were signi®cant di�erences in LCBF.

5 Following the lower dose of SIN-1, in the WKY 8 out of the 13 brain areas examined showed
signi®cant increases in blood ¯ow compared to the saline treated animals. In contrast, only 2 brain areas
showed signi®cant increases in ¯ow in the SHR. In the rest of the brain areas examined the e�ects of
SIN-1 upon LCBF were less marked than in the WKY.

6 Infusion of the higher dose of SIN-1 resulted in further signi®cant increases in LCBF in the WKY
group (ranging between +30% and +74% compared to saline-treated animals), but no signi®cant
e�ects upon LCBF were found in the SHR. As a result, there were signi®cant di�erences in LCBF
between SIN-1-treated WKY and SHR in six brain areas. In most brain areas examined, cerebral blood
¯ow in SHR following the higher dose of SIN-1 was less than that measured with the lower dose of
SIN-1.

7 Despite comparable reductions in MABP (*20%) in both groups, calculated cerebrovascular
resistance (CVR) con®rmed that the vasodilator e�ects of the lower dose of SIN-1 were signi®cantly
more pronounced throughout the brain in the WKY (ranging between 73% and 750%;
median=738%) when compared to the SHR (ranging between 710% and 736%; median=726%).
In the animals treated with the higher dose of SIN-1, CVR changes were broadly similar in both groups
(median=745% in WKY and 742% in SHR), but with the reduction in MABP in SHR being twice
that found in WKY, this is in keeping with an attenuated blood ¯ow response to SIN-1 in the SHR.

8 The results of this study indicate that NO-dependent vasodilator capacity is reduced in the
cerebrovasculature of SHR. In addition, the equal responsiveness to a non-speci®c NOS inhibitor but an
enhanced e�ectiveness of a speci®c neuronal NO inhibitor upon LCBF in the SHR could be consistent
with an upregulation of the neuronal NO system.
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Introduction

Although it has been proposed that an impaired release of
endothelial vascular relaxing factors might underlie the pa-
thogenesis of hypertension (LuÈ scher & Vanhoutte, 1986), the
involvement of nitric oxide in the aetiology of the disease
process remains controversial. Studies in hypertensive human

subjects have shown that there is abnormal nitric oxide (NO)
activity associated with hypertension (Calver et al., 1992), but
divergent results have also emerged (Cockroft et al., 1994). In
experimental animal models of chronic hypertension, there is
increasing evidence that endothelium-dependent relaxation is
heterogeneously a�ected (LuÈ scher, 1992), with normal func-
tion maintained in the renal and coronary arteries (Tschudi et
al., 1991), but impaired function in aorta, mesenteric, carotid
and cerebral circulation (LuÈ scher & Vanhoutte, 1986; Dohi et1Author for correspondence.
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al., 1990; Cuevas et al., 1996). These observations could ex-
plain not only contradictory experimental observations, but
also the selective vulnerability of certain tissues, such as the
brain, to hypertensive complications.

The brain is particularly vulnerable to complications as-
sociated with hypertension and both the incidence (Whisnant,
1996) and severity of cerebrovascular ischaemia (Coyle, 1984)
are increased in hypertension. Studied performed in vitro
have raised the possibility that cerebrovascular NO systems
are altered in hypertensive rats (Miyata et al., 1990; Malinski
et al., 1993), and perturbations in endothelium-dependent
relaxation have been identi®ed in pial arteries examined in
situ (Yang et al., 1991a; Mayhan, 1992). In contrast, cere-
brovascular responsiveness to NO inhibition is preserved in
vivo (Izuta et al., 1995), and basal local cerebral blood ¯ow
(LCBF) appears to be una�ected by hypertension (Wei et al.,
1992).

Whilst it might appear from these observations that there
may be no functional basis to the increased susceptibility to
ischaemia in chronic hypertensives, this cannot be discounted
in favour of structural dysfunction without ®rst examining the
integrity of NO-dependent cerebrovascular dilator reserve and
the role of perivascular neuronal NO systems in cere-
brovascular control (Kelly et al,. 1995). The fact that NO
donors reduce infarct size in spontaneously hypertensive rats
(SHR) subjected to middle cerebral artery (MCA) occlusion
(Zhang et al., 1994), is consistent with a reduced NO-depen-
dent dilator capacity of the hypertensive brain. In the present
studies, we have measured local cerebral blood ¯ow (LCBF) in
SHR and normotensive WKY controls following treatment
with an exogenous NO donor 3-morpholinosydnonimine
(SIN-1) and 7-nitro indazole, which shows in vivo selectivity
for neuronal nitric oxide synthase (NOS) inhibition (Moore et
al., 1993a,b). We have also re-examined the e�ects of the non-
selective NOS inhibition NG-nitro-L-arginine methyl ester (L-
NAME) to allow comparisons with 7-NI.

Methods

These studies were performed with a total of 25 SHR and 27
WKY adult male rats between 14 and 16 weeks of age (Charles
River, U.K.). Animals were held under normal animal house
conditions with free access to food and water.

Measurement of local cerebral blood ¯ow

On the day of the experiment the animals were anaesthetized
with halothane (1.5% in a gas mixture of 70% nitrous oxide
and 30% oxygen) and prepared for the measurement of
LCBF as described previously (Kelly et al., 1994). Following
surgery, general anaesthesia was withdrawn and 2 h allowed
to elapse before any further experimental manipulation. Ap-
proximately equal numbers of SHR and WKY rats were
treated with either L-NAME (30 mg kg71 in saline, i.v. over
60 s; n=4 from each group), 7-NI (25 mg kg71 in sesame oil,
i.p. over 5 s; n=4 from each group), SIN-1 (0.54 or
1.8 mg kg71 h71 in saline, continuous i.v. infusion; n=4
from each group). In previous studies from this laboratory
we have found no di�erence in LCBF between control ani-
mals injected with oil (i.p.) or saline (i.v.), or between saline
infusion or bolus injection. In this study, control animals
were injected with saline. (1.0 ml i.v.; n=5 SHR and n=6
WKY). The doses of L-NAME and 7-NI were chosen on the
basis of previously published work from this and other la-
boratories (Macrae et al., 1993; Moore et al., 1993a,b; Kelly
et al., 1994; 1995). Doses of 7-NI higher than that used in
this study, have been shown to produce further reductions in
cerebral blood ¯ow in normal rats (Kelly et al., 1995; Wang
et al., 1995) but they may also produce anomalous focal
hyperaemia (Kelly et al., 1995).

In a series of preliminary studies, two doses of SIN-1
were identi®ed which produced either similar magnitude of

reduction in MABP in WKY and SHR (lower dose,
0.54 mg kg71 h71), or which reduced MABP to comparable
absolute values in both groups (higher dose,
1.8 mg kg71 h71). In these studies, we also found that an
i.v. infusion of SIN-1 at 1.8 mg kg71 h71 for 20 to 30 min
completely blocked the expected cardiovascular and cere-
brovascular e�ects of subsequent i.v. injection of L-NAME
(30 mg kg71).

The measurement of LCBF was initiated 20 min after the
start of L-NAME, 7-NI, SIN-1 or saline treatments by use of
the fully quantitative [14C]-iodoantipyrine autoradiographic
technique. As far as possible, control (saline) experiments
were performed contemporaneously to the various drug
treatments. The protocols were in complete accordance with
the methodology as originally published (Sakurada et al.,
1978) and as described previously from this laboratory (Kelly
et al., 1994). Autoradiographic images were analysed by
quantitative densitometry relative to 14C-containing standards
and LCBF was calculated by use of the appropriate opera-
tional equation for the technique (Sakurada et al., 1978).
Areas of interest were chosen to represent brain areas in the
vascular territories of the anterior, middle and posterior
cerebral arteries. Arterial blood pressure and rectal tem-
perature were monitored continuously in each animal
throughout the experiments and heart rate was measured
intermittently. Samples of arterial blood were withdrawn
before and after treatments, for the measurement of pH,
PCO2, and PO2.

Calculation of cerebrovascular resistance

Cerebrovascular resistances (CVR) were calculated in animals
treated with SIN-1 and the relevant saline-treated rats by di-
viding mean arterial blood pressure (mmHg) by LCBF values
(ml 100 g71 min71) for each brain area in each individual
animal.

Drugs

With the exception of SIN-1 which was a gift from Cassella
AG, Frankfurt, Germany, all drugs were purchased from the
Sigma Chemical Co.

Statistical analysis

Physiological and LCBF data (presented as mean+s.e.mean)
were analysed by Student's t test with Bonferroni correction
applied to allow multiple pair-wise comparisons between ap-
propriate groups (maximum number of comparisons=3).
Di�erences in the CVR response to SIN-1 treatment between
the two rat strains were analysed by Mann-Whitney U-test.
Acceptable levels of signi®cance were set at P50.05 for all
statistical tests.

Results

Physiological parameters

With the exception of mean arterial blood pressure, there were
no signi®cant di�erences in physiological parameters between
SHR and WKY rats within any of the treatment groups, or
between treatment groups (Table 1). As expected, mean ar-
terial blood pressure (MABP) was 46% greater in SHR com-
pared to WKY rats before any treatment, and saline injection
had no e�ect. Not withstanding the initial di�erence in blood
pressure, L-NAME treatment increased MABP to a similar
extent in both groups of rats, whilst 7-NI had no signi®cant
e�ect in either group. Following treatment with the lower SIN-
1 dose MABP decreased by721% in the SHR and by720%
in the WKY (Table 2). However, following the higher dose of
SIN-1, MABP was decreased by 741% in SHR but by only
721% in WKY rats, so that after treatment there was no
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signi®cant di�erence in MABP between these two groups
(Table 2).

Local cerebral blood ¯ow following L-NAME

Signi®cant di�erences in basal LCBF between WKY and SHR
were found in only of one of the thirteen brain regions ex-
amined (nucleus accumbens) (Table 3). Following injection of
L-NAME, LCBF in the WKY group was signi®cantly reduced
(compared to saline treated animals) in the corpus callosum
(746%), the hypothalamus (735%) and the CA2 layer of the
hippocampus (721%). Elsewhere in the brain there was a
tendency towards decreases in LCBF (with the exception of
cingulate cortex) ranging between 712 and 722%, but these
di�erences were not signi®cant. Similarly, in the L-NAME-
treated SHR group there was a global trend towards reduc-
tions in LCBF ranging between 712 and 722%, which
reached acceptable levels of signi®cance in the nucleus ac-

cumbens (729%), hypothalamus (746%), hippocampal ®elds
CA2 and CA3 (729% and726%), and in the molecular layer
(728%) and hilus of the dentate gyrus (733%). There were
no signi®cant di�erences in the LCBF between L-NAME
treated WKY and SHR, apart from in the corpus callosum
(Table 3).

Local cerebral blood ¯ow following 7-NI

Following the intraperitoneal injection of SHR with 7-NI,
signi®cant reductions in LCBF (ranging between 734 and
757%) were found in 12 of the 13 areas examined when
compared to the appropriate saline treated group (Table 3).
Although the response to 7-NI in the WKY group was qua-
litatively similar, signi®cant reductions in LCBF were limited
to the corpus callosum (743%), striatum (721%), hypotha-
lamus (733%), and CA2 (728%) and CA3 (725%) ®elds of
the hippocampus. However, throughout the brain, the re-

Table 1 Physiological variables in WKY and SHR groups following saline, L-NAME or 7-NI treatment

WKY SHR
Saline L-NAME 7-NI Saline L-NAME 7-NI

pH
PCO2 (mmHg)
PO2 (mmHg)
MABP (mmHg)
Temperature (8C)
Group n

7.49+0.01
41.6+2.0
88.1+4.0
120+3
36.3+0.2

6

7.47+0.01
40.3+1.0
90.6+4.0
152+3*
36.6+0.4

4

7.48+0.01
40.0+0.7
97.8+4.0
123+3
37.1+0.2

4

7.48+0.01
39.3+2.0
91.4+2.0
175+6#

36.7+0.2
5

7.46+0.01
37.7+1.0
86.8+1.0
207+1*#

36.7+0.1
4

7.46+0.01
36.7+0.4
89.2+0.7
180+6#

36.5+0.1
4

Data are presented as mean+s.e.mean. #Signi®cant di�erence between WKY and SHR given the same treatment (P<0.05).
*Signi®cantly di�erent from saline treated rats of the same sub-strain (P<0.05).

Table 2 Physiological variables in WKY and SHR groups following saline or SIN-1 treatment

WKY SHR
Saline Low SIN-1 High SIN-1 Saline Low SIN-1 High SIN-1

pH
PCO2 (mmHg)
PO2 (mmHg)
MABP (mmHg)
Temperature (8C)
Group n

7.49+0.01
41.6+2.0
88.1+4.0
120+4
36.3+0.2

5

7.48+0.01
38.4+2.0
85.5+1.0
96+8*

35.8+0.2
4

7.48+0.01
37.9+1.0
94.6+3.0
95+6*

37.0+0.2
4

7.48+0.01
39.3+2.0
91.4+2.0
178+6#

36.7+0.2
4

7.46+0.01
7.9+1.0
90.2+3.0
147+2#*
37.4+0.1

4

7.44+0.01
40.4+1.0
97.4+1.0
104+5*
37.3+0.3

4

Data are presented as mean+s.e.mean. #Signi®cant di�erence between WKY and SHR given the same treatment (P<0.05).
*Signi®cantly di�erent from saline-treated rats of the same sub-strain (P<0.05).

Table 3 Local cerebral blood flow in normotensive (WKY) and spontaneously hypertensive (SHR) rats treated with saline, L-NAME
or 7-NI

Saline L-NAME 7-NI
WKY SHR WKY SHR WKY SHR

Neocortex
Parietal
Cingulate
Corpus callosum
Basal ganglia
Striatum
Globus pallidus
Accumbens
Thalamus
Hypothalamus
Lateral geniculate
Hippocampus
CA3
CA2
CA1
Molecular layer
Dentate hilus
Group n

141+6
98+4
37+2

99+4
64+4
98+4

75+4
106+5

76+4
71+3
68+5
73+4
76+4
6

132+8
117+6
32+2

94+5
68+8
116+3#

83+5
116+9

85+3
83+4
74+3
85+2
93+6
5

124+7
99+5
20+1*

87+4
53+3
78+5

49+3*
89+6

60+1
56+2*
56+1
57+1
61+1
4

105+6
91+6
29+2#

83+5
54+3
82+5*

45+3*
93+5

63+4*
59+5*
61+3
61+5*
62+5*

4

121+5
82+1
21+1*

78+3*
49+2
77+5

50+3*
87+3

57+2*
51+1*
49+2
55+3
58+3

4

78+4*#

64+6*
21+1*

59+5*#

38+1#

56+1*#

36+3*#

69+2*#

49+3*
45+2*
44+2*
45+2*
46+1*#

4

Data are presented as mean local cerebral blood ¯ow (ml 100 g±1min±1)+s.e.mean. #Signi®cant di�erence between WKY and SHR
animals given the same treatment (P<0.05). *Signi®cantly di�erent from saline-treated rats of the same sub-strain (P<0.05).
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sponse to 7-NI was less marked in the WKY group (ranging
between 714 and 743%) when compared to SHR, and in
seven brain areas (parietal cortex, striatum, globus pallidus,
nucleus accumbens, hypothalamus, lateral geniculate and hilus
of the hippocampal dentate gyrus) the decreases in LCBF were
signi®cantly greater in the SHR group (Table 3).

Local cerebral blood ¯ow following SIN-1

Following treatment with the lower dose of SIN-1 there were
signi®cant increases in LCBF in all but ®ve brain areas (par-
ietal cortex, corpus callosum, hypothalamus, CA1 and CA2
layers of the hippocampus) in the WKY group (Table 4).
Signi®cant e�ects ranged from+22% in striatum, to +60% in
cingulate cortex. In contrast, in the SHR group, there were
signi®cant e�ects upon LCBF in only two brain regions (cin-
gulate cortex and globus pallidus) (Table 4). In the rest of the
brain areas examined, the e�ects of this lower dose of SIN-1
upon LCBF were less marked than in the WKY.

Following intravenous infusion of the higher dose of SIN-1
there were signi®cant increases in LCBF in all but three brain
areas (corpus callosum, globus pallidus and hypothalamus) in
the WKY group (Table 4). Signi®cant e�ects ranged from
+30% in hippocampal ®eld CA2 and striatum, to +74% in
cingulate cortex. The CBF values in most of the brain areas
examined were higher compared to those obtained following
treatment with the lower dose of SIN-1. In contrast, in the
SHR group, there were no signi®cant e�ects of this higher
dose of SIN-1 upon LCBF in any region of the brain. In this
group, LCBF in grey matter areas ranged from 716% in
hypothalamus to +18% in cingulate cortex (Table 4). A
comparison of LCBF between WKY and SHR groups trea-
ted with the higher dose of SIN-1 revealed signi®cant dif-
ferences in six of the thirteen brain areas examined (parietal
cortex, cingulate cortex, lateral geniculate, hippocampal ®eld
CA1, and molecular layer and hilus of the dentate gyrus)
(Table 4). Although there were no signi®cant di�erences be-
tween the e�ects upon LCBF of the two doses of SIN-1 in

Table 4 Local cerebral blood flow in normotensive (WKY) and spontaneously hypertensive (SHR) rats treated with saline or SIN-1

Saline Low SIN-1 High SIN-1
WKY SHR WKY SHR WKY SHR

Neocortex
Parietal
Cingulate
Corpus callosum
Basal ganglia
Striatum
Globus pallidus
Accumbens
Thalamus
Hypothalamus
Lateral geniculate
Hippocampus
CA3
CA2
CA1
Molecular layer
Dentate hilus
Group n

138+6
95+3
35+2

96+3
62+4
96+4

71+3
103+5

74+4
68+3
65+4
71+4
73+5
5

127+9
112+5
32+3

90+4
61+4
114+4

80+4
111+10

83+3
80+3
73+3
84+2
90+5
4

139+12
152+7*
29+3

117+5*
90+2*
136+7*

79+5
138+6*

98+4*
82+7
80+6
95+4*
94+5*
4

142+10
143+5*
29+1

109+8
82+4*
138+11

75+7
139+14

100+8
81+9
81+6
88+8
89+9
4

206+9*
171+6*
36+3

129+6*
80+4
153+4*

89+4
164+7*

104+3*
92+5*
100+5*
103+3*
112+6*

4

148+11#

138+5#

41+2

107+9
66+4
130+8

70+5
118+8#

81+9
82+5
76+5#

82+4#

87+4#

4

Data are presented as mean local cerebral blood ¯ow (ml 100 g±1min±1)+s.e.mean. #Signi®cant di�erence between WKY and SHR
animals given the same treatment (P<0.05). *Signi®cantly di�erent from saline-treated rats of the same sub-strain (P<0.05).

Table 5 Calculated cerebrovascular resistance in normotensive (WKY) and hypertensive (SHR) animals, treated with saline or SIN-1

WKY SHR
Low % High % Low % High %

Saline SIN-1 change SIN-1 change Saline SIN-1 change SIN-1 change

Neocortex
Parietal
Cingulate
Corpus callosum
Basal ganglia
Striatum
Globus pallidus
Accumbens
Thalamus
Hypothalamus
Lateral geniculate
Hippocampus
CA3
CA2
CA1
Molecular layer
Dentate gyrus
Median effect
Group n

0.87+0.02
1.27+0.05
3.37+0.21

1.24+0.05
1.95+0.12
1.26+0.03

1.68+0.10
1.17+0.08

1.64+0.08
1.76+0.08
1.86+0.13
1.71+0.08
1.65+0.09

±
5

0.69+0.05
0.63+0.05
3.28+0.10

0.82+0.05
1.06+0.08
0.72+0.03

1.21+0.04
0.69+0.05

0.97+0.07
1.18+0.09
1.19+0.04
1.02+0.09
1.03+0.10

±
4

721
750
73

734
746
743

728
741

741
733
736
740
738
738

0.46+0.03
0.56+0.02
2.66+0.23

0.74+0.04
1.19+0.40
0.62+0.02

1.08+0.09
0.58+0.02

0.92+0.06
1.04+0.03
0.95+0.02
0.92+0.04
0.85+0.01

±
4

746
755
719

739
737
750

734
749

743
739
747
745
747
745

1.43+0.11
1.58+0.08
5.85+0.79

1.99+0.09
2.85+0.24
1.54+0.11

2.26+0.16
1.66+0.20

2.17+0.13
2.13+0.12
2.36+0.16
2.03+0.09
1.92+0.10

±
4

1.06+0.08
1.04+0.05
5.17+0.31

1.38+0.11
1.82+0.12
1.10+0.10

2.02+0.21
1.10+0.13

1.51+0.15
1.91+0.27
1.87+0.19
1.74+0.21
1.73+0.23

±
4

726
734
712

731
736
729

711
734

730
710
721
714
710
726}

0.71+0.06
0.76+0.06
2.55+0.22

0.99+0.11
1.59+0.09
0.81+0.06

1.52+0.14
0.89+0.08

1.33+0.14
1.25+0.09
1.39+0.12
1.27+0.08
1.21+0.10

±
4

748
750
754

748
740
747

729
743

736
741
742
738
736
742

Cerebrovascular resistances were calculated by dividing mean arterial blood pressure (mmHg) by LCBF values (ml 100 g±1min±1) for
each individual animal and are presented as mean+s.e.mean. The e�ects of SIN-1 treatments (percentage change) were compared
between rat strains by Mann-Whitney U-test. }Signi®cantly di�erent from similarly-treated WKY group (P<0.01).
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SHR, the values obtained following treatment with the higher
dose of SIN-1 were generally lower in most of the areas
examined (Table 4).

Cerebrovascular resistance (CVR)

Despite comparable reductions in MABP (*20%) in both
groups, calculated CVR con®rmed that the vasodilator e�ects
of the lower dose of SIN-1 were signi®cantly more pronounced
(P50.01, Mann-Whitney U-test) throughout the brain in the
WKY (ranging between 73% and 750%; median=738%)
when compared to the SHR (ranging between 710% and
736%; median=726%) (Table 5). In the groups treated with
the higher dose of SIN-1, CVR changes were broadly similar in
both groups (median=745% in WKY and 742% in SHR),
but with the reduction in MABP in SHR being twice that
found in WKY, this is in keeping with an attenuated blood
¯ow response to SIN-1 in the SHR (Table 5).

Discussion

In the present study we found little evidence of any funda-
mental di�erence in basal LCBF between WKY and SHR
groups, although in one area of the brain, the nucleus ac-
cumbens, blood ¯ow in SHR was signi®cantly higher. These
observations are largely in keeping with previous data, where
either similar quantitative autoradiographic techniques were
used to measure LCBF in conscious rats of these two strains
(Wei et al., 1992), or where rats of a similar age to those used in
this study were examined with di�erent measurement protocols
(Grabowski & Johansson, 1985). Moreover, our physiological
studies are in keeping with morphological studies of cerebral
capillary bed structure (Lin et al., 1990) and precapillary ar-
terioles on the pial surface (Harper & Bohlen, 1984) which
show no di�erences between SHR and WKY. Although
structural changes have been described in larger blood vessels
of the cerebrovascular bed in SHR (Folkow, 1990), it is not
these vessels which regulate LCBF.

Early in vitro investigations identi®ed a decrease in NO-
mediated activity in cerebral blood vessels taken from SHR
(Miyata et al., 1990; Malinski et al., 1993). Subsequent ex-
amination of the basilar artery in situ showed that L-NAME
induced greater constriction in hypertensive rats (Kitazono et
al., 1995). These authors suggested that basal release of NO
might be somewhat enhanced in SHR over that in WKY, and
in vivo studies con®rmed that the cerebrovascular response to
NO inhibition with NG-monomethyl-L-arginine (L-NMMA)
was greater in SHR (Izuta et al., 1995), although no signi®cant
di�erence in LCBF was found in SHR and WKY treated with
NG-nitro-L-arginine (L-NOARG). In our studies, acute treat-
ment with L-NAME had broadly similar e�ects upon LCBF in
the WKY and SHR groups and were in keeping with pre-
viously published results (Izuta et al., 1995; Yang, 1996). The
dose of L-NAME used in the present study has previously been
found in Sprague-Dawley (SD) rats to produce signi®cant re-
ductions in LCBF at 15 min post-injection (Kelly et al., 1994)
which are maintained for at least 3 h (Macrae et al., 1993), but
in general it appears from our study that L-NAME is not as
e�cacious in reducing LCBF in WKY and SHR as it is in
Sprague-Dawley (SD) rats. Although it was outwith the pre-
sent experimental design to make such inter-strain compar-
isons, it is also noteworthy that di�erences in vascular
structure have been found between normotensive WKY and
SD in the cerebral capillary bed (Lin et al., 1990).

Whilst there was no evidence of any di�erence between
WKY and SHR in the response to the non-selective NOS in-
hibitor L-NAME, the response to the intraperitoneal injection
of 7-NI, which in vivo is a selective inhibitor of the neuronal
isoform of NOS (nNOS; Moore et al., 1993a,b), was sig-
ni®cantly greater in the majority of brain areas of hypertensive
animals. Although previous studies have suggested that there
may be an upregulation of cerebrovascular NO systems in

hypertension (Kitazono et al. 1995), our observations point to
there being a more speci®c upregulation of neuronal NOS.
Studies speci®cally addressing the role of neuronal NOS in the
brains of SHRs are lacking, although it does seem that nNOS
expression is normal in the cerebellum and brain stem of 4-, 16-
and 24-week-old SHR, compared to age-matched WKY (Iwai
et al., 1995). It is interesting to note that the activity of nNOS
in cerebral ischaemia is potentially detrimental (Huang et al.,
1994) and although perhaps speculative at this stage our
®ndings, consistent with an upregulated nNOS system in hy-
pertension, could o�er one explanation for the predisposition
of hypertensives to ischaemia following stroke (Coyle, 1984).
Our ®ndings of comparable cerebrovascular responses to L-
NAME but enhanced responses to 7-NI in the SHR could also
be compatible with a down-regulation of endothelial NOS in
these animals together with an up-regulation of the neuronal
NOS. Testing of this hypothesis awaits the development of
speci®c endothelial NOS inhibitors.

There is growing evidence that endothelium-dependent
vascular dilatation is heterogeneously a�ected in hypertension
(Nava et al., 1995) with both regional and species di�erences
(Deng et al., 1995). Studies in hypertensive humans and ani-
mals have demonstrated preserved dilatator responses to so-
dium nitroprusside in peripheral vascular beds (Taddei et al.,
1993; KuÈ ng & LuÈ scher, 1995). In contrast to the qualitatively
similar e�ects of SIN-1 upon blood pressure in both WKY and
SHR, the e�ects of SIN-1 upon LCBF were attenuated in our
SHR group when compared with WKY. These apparent dif-
ferences in the response to SIN-1 between vascular beds in the
SHR group suggest that they may be regional perturbations of
NO-speci®c vasodilator reserve, and would be consistent with
an up-regulation of endogenous cerebral NOS activity. In
support of our observations, L-arginine was found to have no
e�ect upon LCBF in the contralateral hemisphere of SHR
subjected to middle cerebral artery (MCA) occlusion (Prado et
al., 1996), and SIN-1 had no signi®cant e�ect upon cortical
blood ¯ow in SHR subjected to sham-occlusion of the MCA
(Zhang et al., 1994). Contradictory results have also been
obtained with in situ methodology to measure responsiveness
of pial arteries, or the basilar artery, to superfusion of NO
donors in the stroke-prone substrain of the SHR (Mayhan et
al., 1988; Yang et al., 1991a,b; 1993; Kitazono et al., 1993) and
also in stroke-resistant SHR (Mayhan et al., 1987; Mayhan,
1991). There are several potential explanations for the appar-
ent di�erences between these results and the data presented in
this paper, including the fact that the previous experiments
were performed under the in¯uence of anaesthetics, with their
potential in¯uence on cerebrovascular responsiveness (Ed-
vinsson & McCulloch, 1981); the possibility that NO bioac-
tivity might di�er markedly between the stroke-prone
substrain of SHR and the SHR used in our study (Dominiczak
& Bohr, 1995); the fact that our animals were considerably
younger than those used previously, and NO responsiveness
has been shown to change ± at least in renovascular hyperten-
sion ± as the duration of hypertension progresses (Dubey et al.,
1996); most importantly, neither the basilar artery nor the pial
vessels constitute the principal source of resistance to ¯ow in
the cerebrovascular bed, and are therefore not responsible for
the control of LCBF. Recent investigations in conscious pa-
tients with arterial hypertension have also con®rmed impaired
responsiveness to NO-donors (Preik et al., 1996), although
once again other, earlier studies have reached contradictory
conclusions (Creager & Roddy, 1994; Panza et al., 1995).

Cerebrovascular resistance (CVR), calculated from LCBF
and MABP values measured from each individual rat, was
found to decrease to a greater extent in WKY (median ef-
fect=738%) treated with the lower dose of SIN-1 when
compared to SHR (median e�ect=726%). Since the reduc-
tion in MABP following this treatment was similar in both
WKY and SHR, these di�erences in CVR directly re¯ect blood
¯ow changes between the two groups. In the rats treated with a
higher dose of SIN-1, CVR changes were broadly similar in
both groups, but with the reduction in MABP in SHR
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(741%) being twice that found in WKY (720%), this is in
keeping with an attenuated blood ¯ow response to SIN-1 in
the SHR. However, the vessels of the cerebrovascular bed are
normally endowed with the ability to alter their calibre in re-
sponse to ¯uctuations in perfusion pressure. The resulting
changes in vascular resistance ensure the maintenance of
constant cerebral blood ¯ow over a wide range of arterial
blood pressure, a phenomenon known as autoregulation
(Paulson et al., 1990). The lower limit of autoregulation below
which the relationship between cerebral blood ¯ow and per-
fusion pressure becomes linear is not a ®xed point, and chronic
hypertension is known to raise the arterial pressure threshold
at the lower limit of the autoregulatory range (Strandgaard,
1978; Paulson et al., 1990). Although the levels of MABP
measured in our SHR in response to the higher dose of SIN-1
(104 mmHg) were above the lower limit of autoregulation re-
ported for this strain (90 mmHg) (Barry et al., 1982; Harper &
Bohlen, 1984), the observation that LCBF was higher ± though
not signi®cantly ± in most of the areas examined in the SHR
treated with the lower SIN-1 dose compared to those treated
with the higher dose, could be interpreted as indicating pres-
sure-dependency in ¯ow to some extent at least. It is known
that NO inhibition shifts the upper limit of cerebrovascular
autoregulation to higher pressure levels in normal animals
(Kelly et al., 1994), so it is conceivable that NO could have a
role in determining the lower limit of autoregulation. A de®-
nitive conclusion regarding this possibility cannot be derived
simply by calculating CVR.

SIN-1 generates NO and superoxide, which can potentially
react with NO to form peroxynitrite (Moncada & Higgs, 1995;
Plane et al., 1997). The dilator actions of SIN-1 in extracranial
tissues are also modulated by the basal production of en-
dothelium-derived NO (Plane et al., 1997). Studies performed
in vitro with endothelial cells from peripheral tissues of 5 week
old SHR showed that superoxide may be responsible for the
decreased activity of NO (Grunfeld et al., 1995). There is also
growing speculation of an enhanced oxidative stress in the
pathogenesis of hypertensive complications (Alexander, 1995).
It is clearly possible that the e�ects of SIN-1 upon LCBF could
be related to generation of superoxide, complicated further by
the potential involvement of free radicals in the evolution of
hypertensive complications. The exact mechanism by which
SIN-1 e�ects changes in cerebral blood ¯ow may therefore be
quite complex, but whatever the underlying mechanism there
are di�erences in the cerebrovascular response to SIN-1 in
WKY and SHR.

Morphological analysis of those cerebral blood vessels
which are largely responsible for the control of LCBF found
no structural di�erences between WKY and SHR (Lin et al.,

1990). Whilst it is possible that subtle changes might go un-
detected in these rather small vessels, the method of analysis
did prove su�ciently sensitive to detect di�erences between
vessels from both WKY and SHR, when compared to those
from SD rats (Lin et al., 1990). It has been argued that
structural changes in the vessel wall associated with chronic
hypertension could explain altered responses to vasoactive
agents (constrictor and dilator) (Calver et al., 1992), but it
might be expected that the response to all vasoactive agents
would be a�ected in a non-speci®c manner (Harper & Bohlen,
1984; Folkow, 1990). It is possible that structural changes
might have been present in our relatively young (14 weeks old)
animals, particularly as structural changes appear even before
frank hypertension has been established (Folkow, 1990), but
structural di�erences cannot readily provide an explanation
for the di�erential response to the two NOS inhibitors (L-
NAME and 7-NI) and nor could it explain the attenuated
vasodilator response to SIN-1. Thus our results would appear
to support the concept of hypertension-induced functional
changes (Winquist & Bohr, 1983) in the cerebrovasculature.

Cerebrovascular dysfunction associated with hypertension
is most probably multifactorial. Studies with pial arteries from
hypertensive rats have identi®ed altered dilator responses
which appear to involve vasoconstrictor prostanoids (Yang et
al., 1991a; Mayhan, 1992), and in situ studies have shown that
the prostaglandin-induced pial arterial vasodilatation is related
to NO production (Armstead, 1995). Interestingly, enhanced
responses of the basilar artery to activation of endothelinB
(ETB) receptors in hypertensive rats, independent of NO or
prostanoid pathways, have also been observed (Kitazono et
al., 1995). The same group also found that the mechanisms
responsible for the impaired responses of the basilar artery in
SHRs (Mayhan, 1990) are not the same as those responsible
for the attenuated responses of the pial vessels.

This present study provides further evidence for hetero-
geneous perturbation of NO systems in the cerebrovasculature
of the SHR strain, with a reduced vasodilator capacity and
possibly an up-regulation of neuronally derived NO systems.
The importance of these ®ndings may become pronounced in
situations of cerebral ischaemia, which is one of the com-
monest complications of hypertension.
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