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Abstract 

To investigate the roles of endothelin and nitric oxide (NO) in the regulation of cerebral vascular tone under basal conditions 
and in cerebral vasospasm following subarachnoid hemorrhage in dogs, we used BQ-123 (cyclo(-D-Trp-D-Asp-L-Pro-D-Val-L- 
Leu-) sodium salt), an endothelin ET A receptor antagonist, L-arginine, a substrate for the formation of NO, and Na-nitro-L - 
arginine methyl ester, an NO synthesis inhibitor, and measured the angiographic diameter of the basilar artery in vivo. In normal 
dogs, intracisternal (i.c.) injection of BQ-123 (0.6 mg/kg)  produced a 29.4 _+ 6.11% (P < 0.01) increase in the basal diameter 24 h 
after injection. Na-nitro-L-arginine methyl ester (0.6 m g / k g  i.c.) produced a 19.3 + 2.93% (P < 0.05) decrease in the basal 
diameter 2 h after injection. This decrease was significantly attenuated by both BQ-123 (0.06-0.6 mg /kg  i.c.) and L-arginine (6 
mg /kg  i.c.), but not by D-arginine. In the two-hemorrhage canine model, BQ-123 significantly inhibited the development of 
cerebral vasospasm (36.9 + 4.11% decrease on day 5 and 42.0 + 4.54% decrease on day 6 in controls vs 21.7 + 4.75% decrease 
(P  < 0.05) on day 5 and 20.8 + 4.14% decrease (P  < 0.05) on day 6 for 0.6 mg /kg  i.c.). Furthermore, in this model, L-arginine (6 
mg /kg  i.c.) significantly attenuated the cerebral vasospasm on day 4 from a 30.9 + 5.78% decrease (before) to a 12.6 + 5.99% 
decrease (after). The immunoreactive endothelin-1 levels in the endothelial layer and the adventitia of the basilar artery were 
much higher on days 3 and 7 after the injection of autologous blood than on day 0 before blood injection. These results suggest 
that endogenous endothelin and NO both participate in regulating the basal tone of cerebral arteries, and, therefore, the 
development of cerebral vasospasm following subarachnoid hemorrhage may be at least partially attributed to an impairment of 
the balanced action of endothelin and NO. Furthermore, endothelin ET A antagonists or NO products may be useful in the 
treatment of cerebral vasospasm following subarachnoid hemorrhage. 
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I.  Introduct ion 

T h e  e n d o t h e l i u m  plays an i m p o r t a n t  role  in the  
r egu la t ion  of  vascu la r  tone  t h rough  the  p roduc t i on  and  
re l ease  of  e n d o t h e l i u m - d e r i v e d  vasocons t r ic t ing  fac tor  
( E D C F ) ,  re laxing  fac tor  ( E D R F )  and  hype rpo la r i z ing  
fac tor  ( E D H F )  (Taylor  and  Wes ton ,  1988; Yanag i sawa  
et  al., 1988; A n g u s  and  Cocks,  1989; F u r c h g o t t  and  
Va nhou t t e ,  1989). Endo the l in -1  has  b e e n  i so la ted  as a 
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vasocons t r i c to r  f rom the  cu l tu re  m e d i u m  of  porc ine  
aor t ic  e n d o t h e l i a l  cells  (Yanag i sawa  et  al., 1988). E D R F  
has  been  iden t i f i ed  as n i t r ic  oxide (NO),  or  a closely 
r e l a t e d  c o m p o u n d  ( P a l m e r  et  al., 1987; P a l m e r  ct al., 
1988; S a k u m a  et al., 1988). Severa l  in vi t ro s tudies  have 
shown tha t  the  N O  synthesis  inhibi tors ,  N G - m o n o  - 
methyl -L-arg in ine ,  NC-n i t ro -L-a rg in ine  methyl  es te r  
and  NG-n i t ro -L-a rg in ine ,  p r o d u c e  e n d o t h e l i u m - d e p e n -  
den t  con t r ac t ion  u n d e r  basa l  condi t ions  and  inhibi t  
e n d o t h e l i u m - d e p e n d e n t  r e l axa t ion  in r e sponse  to 
ace ty lchol ine  or  vasopress in  in the  i so la ted  ce reb ra l  
a r t e ry  (Trez ise  et  al., 1992; Br ian  and Kennedy ,  1993; 
Katus ic  et  al., 1993) as well  as in severa l  o the r  pe r iph -  
era l  b lood  vessels  ( R e e s  et  al., 1989; Go ld  et  al., 1990; 



78 H. Hirose et al. / European Journal of  Pharmacology 277 (1995) 77-87 

Moore et al., 1990). Endothelium-dependent relaxation 
is inhibited in the isolated basilar arteries after injec- 
tion of autologous blood in the canine subaraehnoid 
hemorrhage model (Kim et al., 1988). These findings 
suggest that NO regulates cerebral vascular tone under 
basal conditions and that the loss of endothelium-de- 
pendent relaxation may be one component in the de- 
velopment of cerebral vasospasm. 

However, it has been reported that endothelin-1 is 
present in cerebral vascular beds (Yamaura et al., 
1992) and causes persistent and potent vasoconstriction 
in canine cerebral arteries (Asano et al., 1989; Kamata 
et al., 1991). Yoshimoto et al. (1991) reported that 
endothelin messenger RNA was expressed in cultured 
endothelial cells of canine cerebral microvessels and 
that endothelin-1 produced by cultured endothelial 
cells of cerebral microvessels grown on a collagen- 
coated filter was released mainly to the basal side 
(corresponding to the basement membrane side), not 
to the apical side (corresponding to the vascular lumen 
side). This finding indicates that endothelin-1 con- 
stricts arterioles locally at the same place where it is 
produced by the endothelial cells (Yoshimoto et al., 
1991). In in vivo studies, Asano et al. (1989) demon- 
strated that intracisternal (i.c.) injection of endothelin-1 
(10 pmol) into dogs induced an angiographic decrease 
in the diameter of the basilar artery which lasted for at 
least 2 days following the injection. It is believed that 
the basal tone of cerebral vascular beds in vivo can be 
influenced by the level of endothelin-1 production. In 
addition, it has recently been reported that, in the 
canine subarachnoid hemorrhage model, the immuno- 
reactive endothelin-1 content of the basilar arteries 
increases (Yamaura et al., 1992) and that treatment 
with endothelin ET A receptor antagonists prevents 
cerebral vasospasm (Ide et al., 1993; Itoh et al., 1993; 
Nirei et al., 1993). 

These data suggest that the vascular tone of cerebral 
vascular beds may be, at least in part, affected by 
physiological antagonism between the vasoconstriction 
induced by endothelin and the vasodilation caused by 
NO. If there is a reciprocal relationship between en- 
dothelin and NO with respect to cerebral vascular tone 
under basal conditions, an impairment of the balanced 
action of endothelin and NO may contribute to chronic 
cerebral vasospasm following subarachnoid hemor- 
rhage. 

Therefore, in the present study, we investigated 
angiographically the roles of endothelin and NO in the 
regulation of the diameter of the basilar artery under 
basal conditions and in chronic cerebral vasospasm 
following subarachnoid hemorrhage in the canine two- 
hemorrhage model, using BQ-123 (cyclo(-D-Trp-D- 
Asp-L-Pro-D-Val-L-Leu-) sodium salt), an endothelin 
ET A receptor antagonist, and L-arginine, a substrate 
for the formation of NO in vivo. 

2. Materials and methods 

2.1. Animal preparation and angiography 

Adult beagle dogs of both sexes weighing from 9 to 
15 kg were anesthetized with sodium pentobarbital (30 
mg/kg i.v. bolus followed by 2 to 5 m g / k g / h  i.v. 
infusion). All surgical procedures (cannulation, in- 
tracisternal injection of drug and autologous blood, 
sampling of cerebrospinal fluid, etc.) were performed 
under strict aseptic conditions. The animals were intu- 
bated and arterial blood gases were maintained in the 
range of 100-150 mmHg (PO2), 30-40 mmHg (PCO2), 
and 7.35-7.45 (pH) under artificial ventilation (613, 
Harvard, USA). The left femoral artery was cannulated 
to monitor mean blood pressure and heart rate (Poly- 
graph RM-6000, Nihonkoden, Japan) and to collect 
blood samples. Arterial blood gases were determined 
before angiography with a blood gas analyzer (288 
Blood Gas System, CIBA-Corning, USA). Catheters 
were inserted into the left femoral vein for administra- 
tion of pentobarbital and the right vertebral artery for 
angiography. 

An angiogram of the basilar artery was taken by 
vertebral injection of 5 ml of Angiografin ® (Schering, 
Germany) at a rate of 3 ml /s  under pentobarbital 
anesthesia. The diameter of the basilar artery was 
measured at the midpoints of the upper, lower and 
middle thirds of its length in a blind fashion. These 
values were then averaged. 

2.2. Changes in the diameter of the basilar artery in 
normal dogs 

The drugs were injected in a volume of 0.1 ml/kg 
into the cisterna magna through a 21-gauge needle. To 
avoid a marked increase in intracranial pressure, the 
same volume of cerebrospinal fluid was removed be- 
fore injection. Changes in the diameter are expressed 
as a percentage of the basal diameter measured 30 min 
before drug treatment in each dog. 

The concentration of BQ-123 in the cerebrospinal 
fluid was measured by high performance liquid chro- 
matography 24 h after drug injection. 

2.3. Changes in the diameter of the basilar artery in the 
two-hemorrhage canine experimental cerebral vasospasm 
model 

Experimental cerebral vasospasm following sub- 
arachnoid hemorrhage was produced by two intracis- 
ternal (i.c.) injections of autologous blood (the two- 
hemorrhage canine model), using a method slightly 
modified from that reported by Varsos et al. (1983). 
On day 0, after control angiography of the basilar 
artery, the first aliquot of autologous arterial blood (0.5 
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ml /kg)  was injected into the cisterna magna through a 
21-gauge needle. To avoid a marked increase in in- 
tracranial pressure, the same volume of cerebrospinal 
fluid was removed before injection. After the injection, 
the dogs were restrained in the head-down position for 
15 min. On day 2, the animals received the second 
injection of blood in the same manner as on day 0. 

The drugs were injected into the cisterna magna in a 
volume of 0.1 ml /kg  on days 4 and 5 in the BQ-123- 
treated group, and on day 4 in the L-arginine-treated 
group, after the presence of angiographic cerebral va- 
sospasm in the basilar artery was observed on day 4. 
Changes in the diameter are expressed as a percentage 
of the basal diameter measured 30 min before the first 
injection of blood on day 0 in each dog. 

magnified 100- to 200-fold. Calibration was performed 
by setting up a section-free area for maximum trans- 
mission (100%) and one without lighting for a black 
image (0%). 

2.5. Drugs 

BQ-123 (cyclo(-D-Trp-D-Asp-L-Pro-D-Val-L-Leu-) 
sodium salt) was synthesized at Tsukuba Research 
Institute, Banyu Pharmaceutical. NC-nitro-e-arginine 
methyl ester and serotonin hydrochloride (5-HT) were 
purchased from Sigma Chemical (USA), and e-arginine 
hydrochloride and D-arginine hydrochloride were pur- 
chased from Wako Chemicals (Japan). All of these 
drugs were dissolved in saline before use. 

2.4. Immunohis tochemica l  study 

The basilar artery specimens were obtained from 
the dogs used in the two-hemorrhage experimental 
cerebral vasospasm model after they had been killed 
on day 0, 3 or 7. On day 0, the dogs were killed before 
the injection of autologous blood, while on days 3 and 
7, the dogs were killed after they received two injec- 
tions of blood. The isolated basilar arteries were dis- 
sected transversely followed by fixation with poly-L- 
lysine paraformaldehyde solution at 4 ° C overnight. The 
specimens were dehydrated with graded ethyl alcohol 
at 4 ° C, then embedded in paraffin wax (melting point 
58°C). The sections were cut at 3 /zm and stained 
immunohistochemically using the biotin-streptavidin- 
horseradish peroxidase method for detection of en- 
dothelin-1. Rabbit anti-endothelin-1 polyclonal anti- 
body (Peninsula Lab., USA) was used as the primary 
antibody. Deparaffinized sections were incubated with 
rabbit anti-endothelin-1 antibody (dilution 1:400) at 
room temperature for 3 h. After being washed, the 
sections were incubated with secondary antibody (bio- 
tinylated anti-rabbit immunoglobulin G; IBL, Japan) 
diluted 1 : 100 for 30 min, then with horseradish peroxi- 
dase-conjugated streptavidin diluted 1 : 100 for 30 min. 
Immunoreactive endothelin-1 was visualized with 
0.05% 3,Y'-diaminobenzidine-0.02% hydroperoxide. 
The specificity of the immunoreaction was determined 
by the use of non-immune normal rabbit serum to 
replace the primary antibodies for endothelin-1, or 
supernatant of anti-endothelin-1 antibody (dilution 
1:100) preabsorbed with synthetic endothelin-1 (20 
/xM) at 4°C overnight. 

Intensity (optical density) of immunoreactive en- 
dothelin-1 products in each zone of the endothelial 
layer, smooth muscle layers and adventitia in the basi- 
lar artery were measured by an image analyzer (BIO- 
COM 200 System, Computor Bilud, Japan). The opti- 
cal density of each zone as endothelial layer, smooth 
muscle layers or adventitia was traced on a TV monitor 
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Fig. 1. Effect of intracisternal injection of BQ-123 (control (o), 0.06 
mg/kg (e) and 0.6 mg/kg (•)) on the diameter of the basilar artery 
(upper), mean blood pressure (middle) and heart rate (lower) in 
normal dogs. Increases in the diameter are expressed as a percentage 
of the basal diameter measured 30 min before injection in each dog. 
The basal diameters were 1.09 + 0.04 mm (control), 1.05 + 0.04 mm 
(BQ-123, 0.06 mg/kg) and 1.07+0.01 mm (BQ-123, 0.6 mg/kg). 
*P < 0.05, and * *P < 0.01 significantly different from the value in 
the control (saline-treated) group. The values are mean+S.E, for 
five animals. The Newman-Keuls test was used. 
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2. 6. Statistical analysis 

All  resul ts  a re  expressed  as means  +_ S.E. Stat is t ical  
analyses  were  p e r f o r m e d  using the  N e w m a n - K e u l s  test  
or  the  D u n c a n  mul t ip le  r ange  test  af ter  analysis  of  
var iance .  P va lues  less than  0.05 were  cons ide red  
significant .  

3. Results 

3.1. Effects o f  intracisternal (i.c.) injection o f  BQ-123 on 
the diameter o f  the basilar artery, mean blood pressure 
and heart rate in normal dogs 

In t r ac i s t e rna l  in jec t ion  of  BQ-123 at a dose  of  0.6 
m g / k g  induced  a s ignif icant  d i la t ion  of  the  angio-  
g raph ic  d i a m e t e r  of  the  bas i la r  ar tery.  Max imal  di la-  
t ion (29.4 _+ 6.11% increase  in the  basa l  d i ame te r ,  N = 
5, P < 0.01) was obse rved  24 h af te r  inject ion,  wi th  a 
r e tu rn  to  the  basa l  level 72 h la te r  (6.0_+ 4.85% in- 
c rease  in the  basa l  d i ame te r ,  N = 5, n.s.) (Fig.  1). In  
some cases,  d i la t ion  was near ly  maximal  at 3 h a f te r  
inject ion.  BQ-123 at a dose  of  0.06 m g / k g  i.c. d id  not  
affect  the  d i a m e t e r  of  the  bas i l a r  a r te ry  dur ing  the  72 h 
af ter  inject ion.  Sa l ine  (as a vehic le  of  drug)  also p ro-  
d u c e d  no s ignif icant  changes  in the  d i a m e t e r  of  the  
bas i la r  a r te ry  dur ing  the  72 h af te r  in jec t ion  (Fig. 1). 
A n  ang iog ram of  a r ep re sen t a t i ve  vasod i l a t ion  is shown 
in Fig.  2. In t r ac i s t e rna l  in ject ion of  BQ-123 d id  not  
affect  m e a n  b lood  p re s su re  or  hea r t  ra te  (Fig.  1). The  
concen t r a t i on  of  BQ-123 in the  ce reb rosp ina l  f luid 24 
h a f te r  in jec t ion  of  0.6 m g / k g  was 7.7 + 1 .80 /zM.  
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Fig. 3. Effect of intracisternal injection of saline (o), L-arginine (6 
mg/kg (A)) and N°-nitro-L-arginine methyl ester (0.12 mg/kg (o) 
and 0.6 mg/kg (11)) on the diameter of the basilar artery (upper), 
mean blood pressure (middle) and heart rate (lower) in normal dogs. 
Decreases in the diameter are expressed as a percentage of the basal 
diameter measured 30 min before injection in each dog. The basal 
diameters were 1.09 + 0.03 mm (control), 1.00_+ 0.08 mm (L-arginine), 
1.10_+ 0.04 mm (NC-nitro-L-arginine methyl ester, 0.12 mg/kg) and 
1.07 ± 0.04 mm (NC-nitro-L-arginine methyl ester, 0.6 mg/kg). *P < 
0.05 significantly different from the value in the control (saline- 
treated) group. The values are mean _+ S.E. for five animals. The 
Newman-Keuls test was used. 

Fig. 2. Angiogram of a canine basilar artery 30 min before (A), and 2 
(B) and 24 h (C) after intracisternal injection of BQ-123 (0.6 mg/kg) 
in a normal dog. Note the increase in the diameter of the basilar 
artery 24 h after dosing. 

3.2. Effect o f  i.c. injection o f  L-arginine and NC-nitro-L - 
arginine methyl ester on the diameter o f  the basilar 
artery, mean blood pressure and heart rate in normal 
dogs 

L-arginine at  a dose  of  6 m g / k g  i.c. p r o d u c e d  no 
s ignif icant  changes  in the  ang iograph ic  d i a m e t e r  of  the  
bas i la r  a r te ry  dur ing  the  24 h af ter  in ject ion (Fig.  3). 
NG-n i t ro -L-a rg in ine  methyl  es te r  at a dose  of  0.6 m g / k g  
i.c. i nduc e d  a s ignif icant  dec rea se  in the  d i a m e t e r  of  
the  bas i la r  ar tery.  Max ima l  const r ic t ion  (19.3 + 2.93% 
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decrease in the basal diameter, N = 5) was observed 2 
h after the injection of 0.6 m g / k g  (Fig. 3). L-arginine 
and NG-nitro-L-arginine methyl ester did not affect 
mean blood pressure or heart rate (Fig. 3). 

L-arginine (6 m g / k g  i.c.), D-arginine (6 m g / k g  i.e.) 
or saline (0.1 m l /kg  i.c.) was injected 1 h after the 
injection of N°-nitro-L-arginine methyl ester (0.6 
m g / k g  i.c.). Post-treatment with L-arginine, but not 
D-arginine, significantly at tenuated the constriction of 
the basilar artery 2 h after injection of N°-ni t ro-L - 
arginine methyl ester (9.1 + 3.18% decrease in the 
basal diameter, L-arginine-treated group, vs 20 .7_  
2.44%, saline-treated group, N - 5 ,  P < 0.05) (Fig. 4). 

3.3. Effects of  i.c. injection of  BQ-123 on the cerebral 
vasospastic responses to NG-nitro-L-arginine methyl ester 
and 5-HT 

NG-nitro-L-arginine methyl ester at a dose of 0.6 
m g / k g  i.c. induced a significant decrease in the angio- 
graphic diameter of the basilar artery 2 h after injec- 
tion (23.9_+ 5.58% decrease in the basal diameter, 
N°-nitro-L-arginine methyl ester-treated group, vs 2.0 
_+ 2.95%, saline-treated group, N = 5, P < 0.05) (Fig. 5 
upper). 5-HT at a dose of 5 ng /kg  i.c. induced a 
significant decrease in the angiographic diameter of 
the basilar artery 2 h after injection (12 .7_  2.38% 
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Fig. 4. Effect of intracisternal injection of saline, L-arginine (6 
mg/kg)  and o-arginine (6 mg/kg)  on the angiographic vasospastic 
response to NG-nitro-L-arginine methyl ester (L-NAME, 0.6 m g / k g  
i.c.). L-arginine, o-arginine or saline was injected 1 h after injection 
of L-NAME. Decreases in the diameter of the basilar artery 2 h after 
injection of L-NAME are expressed as a percentage of the basal 
diameter measured 30 min before injection of L-NAME in each dog. 
The basal diameters were 1.10-+0.05 mm (control), 1.08-+0.03 mm 
(L-arginine) and 1.03-+0.03 mm (o-arginine). *P < 0.05 significantly 
different from the value in the control (saline-treated) group. The 
values are mean _+ S.E. for five animals. The Newman-Keuls test was 
used. 
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Fig. 5. Effect of intracisterna] injection of BQ-123 (0.06 and 0.6 
mg/kg) on the angiographie vasospastic response to 5-HT (5 ng/kg 
i.c.) and NC-nitro-e-arginine methyl ester (L-NAME, 0.6 mg/kg 
i.e.). Saline or BQ-123 was injected 2.5 h before injection of saline 
(©), L -NAME (o) or 5-HT (m). Decreases in the diameter of the 
basilar artery 2 and 4.5 h after saline or BQ-123 treatment are 
expressed as a percentage of the basal diameter measured 30 min 
before saline or BQ-123 treatment in each dog. In the saline-pre- 
treated groups (upper), the basal diameters were 1.03_+0.02 mm 
(control), 1.08_+0.03 mm (L-NAME) and 1.08_+0.05 mm (5-HT). In 
the BQ-123 (0.06 mg/kg)-pretreated groups (middle), the basal di- 
ameters were 1.08_+0.03 mm (control) and 0.96_+0.08 mm (L- 
NAME). In the BQ-123 (0.6 mg/kg)-pretreated groups, the basal 
diameters were 1.09_+ 0.02 mm (control), 1.02 4- 0.02 mm (L-NAME) 
and 1.04_+0.04 mm (5-HT). *P < 0.05 and * *P < 0.01 significantly 
different from the value in the control group. The values are mean_+ 
S.E. for five animals. The Newman-Keuls test was used. 

decrease in the basal diameter, 5-HT-treated group, vs 
2 . 0 _  2.95%, saline-treated group, N =  5, P < 0.05) 
(Fig. 5 upper). The angiographic diameters 1, 2 and 3 h 
after injection of 5-HT at a dose of 5 n g /k g  were 
assessed, and the maximal constriction was observed 2 
h after the injection (data not shown). 
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After the injection of BQ-123 at a dose of 0.06 
m g / kg  i.c., N°-nitro-L-arginine methyl ester (0.6 
m g / k g  i.c.) did not produce any significant decrease in 
the basilar artery diameter (5.8 +_ 2.42% decrease in 
the basal diameter, NC-nitro-L-arginine methyl ester- 
treated group, vs 2.1 _+ 2.36%, saline-treated group, 
N =  5, n.s.) (Fig. 5 middle). BQ-123 (0.6 mg /kg  i.e.) 
completely inhibited the NG-nitro-L-arginine methyl 
ester (0.6 m g /kg  i.c.)-induced vasoconstriction, but not 
the 5-HT (5 ng /kg  i.c.)-induced vasoconstriction of the 
basilar artery (-17.0 ___ 4.09% (n.s.) decrease in the basal 
diameter, NG-nitro-L-arginine methyl ester-treated 
group, and -3.0_+ 2.60% ( P <  0.05), 5-HT-treated 
group, vs - 17.6 +_ 2.92%, saline-treated group, N = 5) 
(Fig. 5 lower). 

3.4. Effect of i.c. injection of BQ-123 and L-arginine on 
cerebral vasospasm in the two-hemorrhage canine model 

On day 4 before i.c. injection of BQ-123 (0.6 mg/kg),  
the angiographic diameter of the basilar artery was 
decreased by 31.6 _+ 2.84% (N = 5) and 31.4 _+ 2.65% 
(N = 8) compared with the basal diameter in the con- 
trol and BQ-123-treated groups, respectively. The di- 
ameter 24 h after injection of saline (as a vehicle of 
drug) was decreased by 36.9 + 4.11% and 42.0 _+ 4.54% 
compared with the basal diameter on days 5 and 6, 
respectively, in the control group. The constricted basi- 
lar artery was significantly relaxed by post-treatment 
with BQ-123 on days 5 and 6 (21.7 + 4.75% (P  < 0.05) 
and 20.8 +_ 4.14% ( P  < 0.05) decrease in the basal di- 
ameter, respectively) (Fig. 6). 
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Fig. 6. Effect of intracisternal injection of BQ-123 (0.6 mg/kg)  on 
cerebral vasospasm in the two-hemorrhage canine model. Decreases 
in the diameter of the basilar artery on days 4, 5 and 6 are expressed 
as a percentage of the basal diameter on day 0 in each dog. BQ-123 
or saline was injected two times on both days 4 and 5. The diameters 
on day 0 were 1.06± 0.06 mm (control) and 1.16_+0.08 mm (BQ-123). 
*P < 0.05 significantly different from the value in the control group. 
The values are mean ± S.E. for five (the control group) or eight (the 
BQ-123-treated group) animals. The Newman-Keuls test was used. 
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Fig. 7. Effect of intracisternal injection of L-arginine (6 mg/kg)  on 
cerebral vasospasm in the two-hemorrhage canine model. Decreases 
in the diameter of the basilar artery 30 min before and 15, 30 and 60 
rain after injection of L-arginine on day 4 are expressed as a percent- 
age of the basal diameter on day 0 in each dog. The diameter on day 
0 was 1.11 _+ 0.07 mm. *P < 0.05 significantly different from the value 
30 min before injection on day 4. The values are mean_+ S.E. for five 
animals. The Duncan multiple range test was used. 

On day 4 before i.c. injection of L-arginine (6 
mg/kg),  the decrease in the angiographic diameter of 
the basilar artery was 30.9 + 5.78% (N  = 5) compared 
with the basal diameter of the basilar artery. The 
treatment with L-arginine significantly relaxed the con- 
stricted basilar artery 15 min after injection (12.6 + 
5.99% (P  < 0.05) decrease in the basal diameter) (Fig. 
7). 

3.5. Immunoreactive endothelin-1 levels in the basilar 
artery in the two-hemorrhage canine model 

On day 0 (non-hemorrhage), immunoreactive en- 
dothelin-1 levels were low and irregularly observed in 
the endothelial layer, smooth muscle layers and adven- 
titia of the basilar artery. Immunoreactive endothelin-1 
products in the endothelial layer and adventitia of the 
basilar artery were at much higher levels on days 3 and 
7 than on day 0 (Fig. 8). Optical densities of immuno- 

Table 1 
lmmunoreactive endothelin-1 levels in the endothelial layer, smooth 
muscle layers and adventitia in the basilar artery of the canine 
subarachnoid hemorrhage model 

D ~  N Intens i~of immunoreact~eendothel in- l (opt ica ldens i ty)  

Endothe l ia l l~er  Smoo thmusc l e l~e r s  Adventitia 

0 6 14.5±0.6 16.4±0.4 12.5±0.9 
3 7 23.1±0.9" 18.9±0.9 21.5±1.5 a 
7 5 18.5±1.5 b 17.0±0.9 19.7±2.4 a 

The values are means + S.E. for N animals. On day 0, the dogs were 
killed before the injection of autologous blood, while on days 3 and 
7, the dogs were killed after they received two injections of blood. 
Significant difference from the value on day 0, a p < 0.01, b p < 0.05. 
The Newman-Keuls test was used. 
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reactive endothelin-1 products in the endothelial layer, 
smooth muscle layers and adventitia are presented in 
Table 1. 

4. Discussion 

We found that immunoreactive endothelin-1 prod- 
ucts were localized in the endothelial layer and the 

adventitia of the basilar artery under normal conditions 
(on day 0 in the two-hemorrhage canine model), and 
that i.c. injection of BQ-123 (0.6 mg/kg) produced a 
marked dilation of the diameter of the basilar artery in 
dogs without affecting mean blood pressure or heart 
rate in the present study. BQ-123 has a high affinity for 
endothelin ET A receptors of porcine aortic smooth 
muscle cells (IC50 = 7.3 nM), antagonizes endothelin- 
1-induced vasoconstriction of isolated porcine coronary 

Fig. 8. Photomicrographs with immunohistochemical staining by anti-endothelin-1 antibody of the canine basilar arteries on day 0 (upper; A and 
B) before the injection of autologous blood, and day 3 (middle; C and D) and day 7 (lower; E and F) after the injection of autologous blood in the 
two-hemorrhage canine model. The color of stained immunoreactive endothelin-1 is pale brown or brown. Left panels (A, C and E) show 
sections of the endothelial layer, and right panels (B, D and F) show sections of adventitia. The single arrows in A, C and E indicate nuclei of 
endothelial cells. The single arrows in D and F indicate infiltration cells. The double arrow in F indicates clots. 
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artery (pAe = 7.4) and inhibits endothelin-l-induced 
pressor responses without affecting the endothelin-1- 
induced depressor response in conscious rats (Ihara et 
al., 1992). We confirmed not only in vitro that pretreat- 
ment with BQ-123 (0.1-10 /zM) dose-dependently in- 
hibited endothelin-l- induced contraction of isolated 
canine basilar artery and shifted the concentration-re- 
sponse curve for endothelin-1 to the right in a parallel 
fashion (pA 2 = 7.35), although 1 mM and 10 lzM of 
BQ-123 did not inhibit constrictive responses to sero- 
tonin (5-HT, 10 nM-1/~M), or prostaglandin F2a (0.1-10 
/zM) (data not shown), but also in vivo that BQ-123 at 
a dose of 0.6 m g / k g  i.c. significantly prevented only 
the N%nitro-L-arginine methyl ester-induced constric- 
tion of the basilar artery without affecting the 5-HT-in- 
duced vasoconstriction in normal dogs. Similarly, sev- 
eral investigators have also confirmed the selectivity of 
BQ-123 for endothelin ET A receptors in vitro (Sumner 
et al., 1992; Ide et al., 1993; Salom et al., 1993) and in 
vivo (Douglas et al., 1992; Mosquedagarcia et al., 1993). 
In addition, in this study, higher doses of BQ-123 did 
not affect behavior, body weight, body temperature,  
mean blood pressure or heart rate in any animal 
throughout the expermental period. Taken together, 
these results suggest that, in in vitro and in vivo stud- 
ies, BQ-123 even at high concentrations has little effect 
except for its endothelin receptor antagonistic action. 
Therefore,  it is likely that the vasodilator effect of 
BQ-123 at the dose of 0.6 m g / k g  is due not to non- 
selective inhibition, but to a selective endothelin ET A 
receptor blocking action. Our data strongly suggest 
that endogenous endothelin plays, at least in part, an 
important role in the regulation of the basal vascular 
tone of the basilar artery through endothelin ET A 
receptors. However, it is unknown whether BQ-123 has 
an identical selectivity profile in cerebral arteries with 
developed vasospasm following subarachnoid hemor- 
rhagel because there are no data available concerning 
the selectivity of BQ-123 in spastic arteries. 

Recently, Nirei et al. (1993) reported that i.c. injec- 
tion of an endothelin ET A receptor antagonist 
(FR139317) produced no significant changes in mean 
blood pressure or heart rate, nor in the diameter of the 
basilar artery in dogs. However, these authors mea- 
sured diameter for only 30 min following drug injec- 
tion, whereas we monitored it for 72 h in the present 
study: we found a significant dilation of the basilar 
artery from 2 to 3 h after injection, and observed 
maximal dilation after 24 h, at which point BQ-123 was 
detected in cerebrospinal fluid (7.7 + 1.80 /zM). One 
possible explanation for this difference is that inhibi- 
tion of endothelin-l- induced vasoconstriction by post- 
treatment with endothelin ET A receptor blockade is 
time-consuming, because endothelin-1 barely dissoci- 
ates from its receptors in binding studies (Hirata et al., 
1988) and endothelin-l- induced vasoconstriction in 

several types of isolated vessels is characteristically 
difficult to stop (Yanagisawa et al., 1988; Asano et al., 
1989). 

In the present study, i.c. injection of N6-nitro-L - 
arginine methyl ester produced a significant angio- 
graphic constriction of the basilar artery in normal 
dogs and this constriction was significantly attenuated 
by L-arginine, but not by D-arginine. In the isolated 
cerebral artery, NG-monomethyl-L-arginine, N%nitro-  
L-arginine methyl ester or N%nitro-L-arginine not only 
inhibited endothelium-dependent relaxation in re- 
sponse to a vasoactive substance such as vasopressin 
(Katusic et al., 1993), but also elicited endothelium-de- 
pendent contraction under basal conditions (Trezise et 
al., 1992; Brian and Kennedy, 1993). In an in vivo 
study, Rosenblum et al. (1990) reported that the topi- 
cal application of N%monomethyl-L-arginine inhibited 
endothelium-dependent  dilation of the pial arteriole in 
response to acetylcholine and produced endothelium- 
dependent  constriction of the pial arteriole under basal 
conditions. Furthermore,  Faraci (1990) reported the 
possibility that NO synthesized from L-arginine. influ- 
enced basal tone in the basilar artery. Our results and 
these reports suggest that the production and release 
of L-arginine-derived NO in cerebral vascular beds 
plays, at least in part, a role in the regulation of basal 
cerebrovascular tone. In addition to endothelium- de- 
pendent  NO, endothelium-independent NO is liber- 
ated after nerve stimulation in the isolated cerebral 
artery, resulting in cerebroarterial relaxation (Toda 
and Okamura, 1991). Therefore,  it is possible that NO 
as a neuronal messenger molecule paticipates in N G- 
nitro-L-arginine methyl ester-induced angiographic 
constriction of the basilar artery. Based on these data, 
we are convinced that N%nitro-L-arginine methyl es- 
ter-induced vasoconstriction is due to the inhibition of 
L-arginine-derived NO synthesis and that L-arginine- 
derived NO plays an important role in the regulation 
of vascular tone of the normal basilar arteries. 

BQ-123 at a dose of 0.6 m g /k g  i.c. significantly 
prevented only the NG-nitro-L-arginine methyl ester- 
induced constriction of the basilar artery without af- 
fecting the 5-HT-induced vasoconstriction. Further- 
more, the low dose of BQ-123 (0.06 m g /k g  i.c.) pre- 
vented the N%nitro-L-arginine methyl ester-induced 
constriction without affecting the basal tone of the 
basilar artery. In preliminary in vivo experiments, we 
found that low doses of BQ-123 partially inhibited 
constriction in response to endothelin-1 (100 pmol /kg  
i.c.) (data not shown). However, it is widely assumed 
that basal cerebrovascular tone is maintained at a 
constant level by autoregulation in the cerebral vascu- 
lar system. Therefore,  we suggest that the vasodilation 
due to low-dose BQ-123 in normal preparations may 
be masked by autoregulation in the cerebral vascular 
system. These results suggest that endothelin-1 is one 
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of the most important vasoconstrictive factors in N ~- 
nitro-L-arginine methyl ester-induced constriction and 
that physiological antagonism between NO (vasodila- 
tive factor) and endothelin-1 (vasoconstrictive factor) is 
important in the regulation of basal cerebral vascular 
tone. 

In the canine subarachnoid hemorrhage model, on 
the other hand, immunoreactive-endothelin-1 levels in 
the endothelial cells and adventitia of the basilar artery 
were higher on days 3 and 7 than on day 0, and the 
post-treatment period with BQ- 123 (0.6 m g / k g  i.c. on 
days 4 and 5) showed a significant reversal in cerebral 
vasospasm. Our results suggest that, even in the late 
phase (day 5-7), endothelin-1, via end0thelin ET A re- 
ceptors, may participate in the development of cerebral 
vasospasm following subarachnoid hemorrhage. How- 
ever, Shigeno et al. (1991) reported that overexpression 
of immunoreactive endothelin-1 was observed in the 
endothelium of the spastic basilar artery 3 days after 
subarachnoid hemorrhage in a canine experimental 
model and was no longer present 7 days after sub- 
arachnoid hemorrhage. Furthermore,  Yamaura et al. 
(1992) reported that the immunoreactive endothelin-1 
level in the wall of the basilar artery was significantly 
increased on day 2, but not significantly raised on day 7 
in the canine subarachnoid hemorrhage model. In ad- 
dition, they reported that endothelin-1 could act as a 
trigger in the early stages of cerebral vasospasm, be- 
cause vasospasm was moderately reversed by the topi- 
cal application of monoclonal antibody aganist en- 
dothelin-1 on day 2 but was rather resistant to the 
same antibody on day 7. In our study, the arterial wall 
was divided into 3 zones consisting of the endothelial 
layer, the smooth muscle layers and the adventitia for 
measurment of the immunoreactive endothelin-1 lev- 
els. Immunoreactive endothelin-1 levels in the en- 
dothelial layer and the adventitia on days 3 and 7 were 
much higher than those on day 0. The production and 
release of  endothelin-1 has been  repor ted  in 
macrophages (Ehrenreich et al., 1990) as well as vascu- 
lar endothelial  cells (Yanagisawa et al., 1988). 
Macrophages are frequently observed in the adventitia 
of cerebral arteries following subarachnoid hemor- 
rhage (Hughes and Schianchi, 1987) and large quanti- 
ties of intensive immunoreactive endothelin-1 products 
are localized on macrophages (Kobayashi et al., sub- 
mitted for publication). Furthermore,  large amounts of 
thrombin and oxyhemoglobin, which stimulate the syn- 
thesis of endothelin-1 (Yanagisawa et al., 1988; Ohlstein 
and Storer, 1992), are present in blood clots surround- 
ing cerebral arteries following subarachnoid hemor- 
rhage. These substances may stimulate the production 
of endothelin-1 in the cerebral arteries and macro- 
phages, and some elements of the adventitia may have 
some advantage over the smooth muscle layers and the 
endothelial layer in the production of endothelin-1. 

Recently, Nirei et al. (1993) reported that FR139317, 
an endothelin ET A receptor antagonist, ameliorated 
the constriction of the basilar artery in a canine two- 
hemorrhage model. It is not clear whether FR139317 
prevented or attenuated the development of cerebral 
vasospasm, because the treatment was applied on days 
0 and 2, just before injection of autologous blood, and 
on day 4. Therefore,  it is of interest that post-treat- 
ment with BQ-123 showed the ability to attenuate 
vasospasm in this study. However, the vasodilator ef- 
fect of BQ-123 on spastic basilar artery in our sub- 
arachnoid hemorrhage model was less than that on 
normal basilar artery. One reason for this difference 
may be that it is difficult for an adequate concentration 
of BQ-123 to penetrate into the vasospastic artery 
covered with blood clots. In addition, it has been 
reported that other vasoconstrictors (prostaglandin F2~, 
thromboxane A2, 5-HT, etc) may participate in the 
development of cerebral vasospasm following sub- 
arachnoid hemorrhage (Chehrazi et al., 1989; Sasaki et 
al., 1982). Therefore,  we cannot rule out the possibility 
that other vasoconstrictors also participate in the gene- 
sis of cerebral vasospasm following subarachnoid hem- 
orrhage. Taken together, these findings suggest that 
the difference between the vasodilator effects of BQ- 
123 on normal versus spastic basilar arteries may be 
explained by blood clots around the artery and the 
presence of other vasoconstrictors. 

L-arginine significantly reversed both the NG-nitro - 
L-arginine methyl ester-induced vasoconstriction in 
normal dogs and cerebral vasospasm in the canine 
subarachnoid hemorrhage model, although L-arginine 
did not produce any significant vasodilation under basal 
conditions. A high concentration of L-arginine, by act- 
ing as a substrate for the formation of NO, can reverse 
the inhibition of NO synthetase. Our results suggest 
that the ability to synthesize NO is impaired, hut not 
abolished, in the basilar artery following subarachnoid 
hemorrhage. In the present study, the vasodilator ef- 
fect of L-arginine was of short duration in the canine 
subarachnoid hemorrhage model ( <  1 h). Possible rea- 
sons for the short duration of L-arginine activity are as 
follows: (1) the half-life of NO is less than 10 seconds; 
and (2) oxyhemoglobin, which is present in blood clots 
surrounding cerebral arteries following subarachnoid 
hemorrhage, is a potent inactivator of NO (Griffith et 
al., 1984; Martin et al., 1985). Interestingly, Kim et al. 
(1988) reported that, in isolated canine basilar artery 
following subarachnoid hemorrhage, the endothelium- 
dependent  relaxation in response to vasopressin or 
thrombin was significantly abolished, with no effect on 
the endothel ium-dependent  contraction, in response to 
acetylcholine, arachidonic acid, adenosine diphos- 
phate, the calcium ionophore A-23187, mechanical 
stretching, or hypoxia. Therefore,  endothelin-predomi- 
nant vasoconstriction may occur in cerebral arteries 
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f o l l o w i n g  s u b a r a c h n o i d  h e m o r r h a g e  as a r e su l t  o f  an  

i m b a l a n c e  b e t w e e n  e n d o t h e l i n  a n d  N O .  H o w e v e r ,  it is 

n o t  c l e a r  w h e t h e r  N O  syn thes i s  is ' s u b s t r a t e  l i m i t e d '  

d u r i n g  v a s o s p a s m  b u t  n o t  u n d e r  basa l  cond i t i ons ,  be -  

c ause  we  d id  n o t  m e a s u r e  t h e  ac t iv i ty  o f  N O  syn thase  

a n d  t h e  c o n t e n t  o f  L -a rg in ine  in t h e  e n d o t h e l i u m  of  t h e  

bas i l a r  a r t e r y  in t h e  c a n i n e  s u b a r a c h n o i d  h e m o r r h a g e  

m o d e l .  N e v e r t h e l e s s ,  two  i n t e r e s t i n g  re su l t s  o f  t h e  

p r e s e n t  s tudy  a re  t h e  fo l lowing :  (1) t h e  phys io log ica l  

ro le  o f  e n d o g e n o u s  e n d o t h e l i n - 1  as a v a s o c o n s t r i c t o r  o f  

t h e  bas i l a r  a r t e r y  u n d e r  basa l  c o n d i t i o n s  was  s u p p o r t e d  

by t h e  d i l a t o r  e f f ec t  o f  B Q - 1 2 3  on  t h e  d i a m e t e r  o f  t h e  

n o r m a l  bas i l a r  a r te ry ;  a n d  (2) e n d o t h e l i n - l - p r e d o m i -  

n a n t  v a s o c o n s t r i c t i o n  as a r e su l t  o f  t h e  i m b a l a n c e  be -  

t w e e n  e n d o t h e l i n  a n d  N O  d u e  to  t h e  i nh ib i t i on  o f  N O  

syn thes i s  was  s u p p o r t e d  by t h e  p r e v e n t i v e  e f f ec t  o f  

B Q - 1 2 3  on  N % n i t r o - L - a r g i n i n e  m e t h y l  e s t e r - i n d u c e d  

v a s o c o n s t r i c t i o n .  T h u s ,  it is l ikely  tha t  an  i m b a l a n c e  

b e t w e e n  e n d o t h e l i n  a n d  N O  plays  an  i m p o r t a n t  ro l e  in 

t h e  p a t h o g e n e s i s  o f  c e r e b r a l  v a s o s p a s m  e v e n  d u r i n g  

t h e  l a te  p h a s e .  

In  c o n c l u s i o n ,  o u r  r e su l t s  s t rong ly  sugges t  t ha t  en -  

d o g e n o u s  e n d o t h e l i n  a n d  N O  m a y  c o u n t e r a c t  o n e  an-  

o t h e r ' s  e f fec t s ,  a n d  tha t  t hey  p lay  an  i m p o r t a n t  ro le  in 

t h e  r e g u l a t i o n  o f  t h e  c e r e b r a l  v a s c u l a r  t o n e  u n d e r  basa l  
cond i t i ons .  T h u s  t h e  g e n e s i s  o f  c e r e b r a l  v a s o s p a s m  
fo l lowing  s u b a r a c h n o i d  h e m o r r h a g e  m a y  be,  at  l eas t  in 

pa r t ,  d u e  to  an  i m p a i r m e n t  o f  t h e  b a l a n c e d  ac t i on  o f  

e n d o t h e l i n  a n d  N O .  In  a d d i t i o n ,  i.c. i n j e c t i o n  o f  e i t h e r  

B Q - 1 2 3  o r  L-a rg in ine  p r o d u c e d  s ign i f i can t  d i l a t i on  o f  

t h e  bas i l a r  a r t e ry  d u r i n g  c e r e b r a l  v a s o s p a s m  f o l l o w i n g  
s u b a r a c h n o i d  h e m o r r h a g e  in t h e  t w o - h e m o r r h a g e  ca- 

n i n e  m o d e l ,  a l t h o u g h  t h e  e f f e c t i v e  d u r a t i o n  o f  L- 

a r g i n i n e  ac t iv i ty  was  shor t .  T h u s ,  an  e n d o t h e l i n  E T  A 

r e c e p t o r  a n t a g o n i s t  o r  N O  p r o d u c t s  m a y  b e  use fu l  in 

t h e  t r e a t m e n t  o f  c e r e b r a l  v a s o s p a s m  f o l l o w i n g  sub-  

a r a c h n o i d  h e m o r r h a g e .  
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