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The substantial role of endothelin-1 (ET-1) in the development of
cerebral vasospasm (CVS) after subarachnoidal hemorrhage
(SAH) has been demonstrated by numerous experimental and,
recently, clinical investigations. Whether the expression or
function of the ET(B) receptor is altered in CVS is still unclear,
however. The aim of the present study was, therefore, to
characterize the cerebroarterial ET(B) receptor function during
CVS. Experimental CVS was induced by the rat double-
hemorrhage model. Reduction of the cerebral blood flow (CBF)
was confirmed by magnetic resonance perfusion-weighted
imaging. Animals were sacrificed on days 3 (d3) and 5 (d5) after
CVS induction. The basilar arteries (BA) were dissected, cut into
ring segments, and prepared for measurement of isometric
force in an organ bath. Concentration-effect curves (CECs) were
constructed by cumulative application of ET-1, acetylcholine
(Ach), or sarafotoxin S6c (S6¢). Segments with (E+) endothelial
function were used. CECs were compared by the maximum
effect (Emax), the pD,, and the shift calculated on the pD, level.
The pD, is the negative decadic logarithm of the concentration
producing the half maximal effect (—log0ECso). After SAH, the
relative regional CBF in the d3 and d5 groups was reduced to
63% and 32%, respectively, of the CBF in controls. ET-1 induced
a dose-dependent contraction of segments with and segments
without CVS. In E+ segments, the E,,., for ET-1 was not
significantly changed after SAH (mean values [+SEM] of 104%
+ 4% for the control group, 106% = 4% for the d3 group, and
104% = 3% for the d5 group). The CECs, however, were
significantly shifted to the left versus the control by factors of
2.4 in the d3 group and 3.6 in the d5 group. Relaxation by S6c
was significantly reduced after SAH (E;,ax: 73% = 11% in the
control group, 21% = 13% in the d3 group, and 13% = 8% in the

The present investigation was funded exclusively by the Department of Neurosurgery
(Johann Wolfgang Goethe University-Hospital, Frankfurt/Main, Germany) and by the
Adolf-Messer-Stiftung (Konigstein/Taunus, Germany).

! To whom correspondence should be addressed at Schleusenweg2—16, Frankfurt am
Main D-60528, Germany. E-mail: H.Vatter@em.uni-frankfurt.de

Received October 12, 2005.
Accepted December 6, 2005.

1535-3702/06/2316-1064$15.00
Copyright © 2006 by the Society for Experimental Biology and Medicine

d5 group), whereas relaxation associated with Ach was not
significantly changed (E,ax: 45% = 7% in the control group,
56% + 6% in the d3 group, and 43% + 6% in the d5 group).
Significant contraction by S6¢c was not observed in E+ and E—
segments in any of the study groups. The present data indicate
the loss of the ET(B) receptor-mediated relaxation of the
cerebral arteries in cases of CVS, which is independent of the
endothelial nitric oxide synthase level. Exp Biol Med 231:1064—
1068, 2006
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Introduction

Cerebral vasospasm (CVS) is one of the substantial
causes of delayed neurological deficits, which are respon-
sible for the high morbidity and mortality among patients
with aneurysmal subarachnoid hemorrhage (SAH) (1).
Despite extensive experimental and clinical research during
the last decades, the pathogenesis of CVS is not completely
understood, and no specific therapeutic approach has been
established. However, several observations support the
concept that endothelin-1 (ET-1) is an important factor in
the pathophysiological cascade leading to CVS. First, ET-1
has been shown to induce a potent and long-lasting
constriction of cerebral vessels in vivo and in vitro, which
continues even after removal of ET-1 (2-5). Second, the
concentration of ET-1 in the cerebrospinal fluid of patients
with SAH correlates with the development of CVS (6-8).
Finally, CVS has been successfully treated with ET-receptor
antagonists in several animal models (9-17) and, recently,
in a clinical phase Ila study (18).

ET-1 acts in the cerebral vasculature through two
specific receptors, ET(A) and ET(B) (19-21). Physiologi-
cally, vasoconstriction is induced by the ET(A)-receptor,
which is expressed by smooth-muscle cells (2, 21).
Activation of ET(B) receptors located on endothelial cells
causes vasodilatation, which is mediated by the release of
nitric oxide (22, 23).
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Possible changes in the function of ET(B) receptors
after SAH and during the development of CVS have not
been sufficiently characterized. Increased expression of
ET(B)-receptor mRNA (24) and upregulation of the
cerebrovascular ET(B) receptors (25-27) were observed
after SAH, which were postulated to mediate vasoconstric-
tion. However, ET(B) receptor—dependent neuroprotective
effects were also reported by animal models of cerebral
ischemia (18, 28-31). Functional data characterizing the
effect of the activation of the cerebrovascular ET(B)
receptors under pathophysiological conditions like CVS
are scarce in the literature. Therefore, the aim of the present
investigation was to characterize the functional changes of
the ET(B) receptor during the development of CVS after
experimental SAH.

Material and Methods

Animal Procedures. All procedures were in com-
pliance with German Federal Guidelines for Animal
Experiments and were performed with the permission of
the local ethics committee. Twelve male Sprague-Dawley
rats (body wt, 300-350 g) were included in the study. On
Day 1 of the study, an experimental SAH was performed as
described previously (32). The rats were anesthetized with
midazolam (1 mg/kg body wt ip) and ketamine (100 mg/kg
body wt ip) and fixed in a stereotaxic frame. After
withdrawal of 0.1 ml of cerebrospinal fluid, 0.2 ml of
autologous arterial blood was injected into the cisterna
magna. The operation was repeated on Day 2. In sham-
operated rats (n = 4), physiological saline was inserted
instead of blood, without further changes to the procedure.

After the second SAH, animals were observed until
Day 3 or Day 5. During this period, the animals received 5
ml of crystalloid solution with 0.0125 mg of fentanyl twice
per ip. On Day 3 or Day 5, magnetic resonance perfusion-
weighted imaging (MR PWI) was performed, and thereafter
animals were killed by bleeding from the external carotid
arteries under carbon dioxide anesthesia. The brain was
removed and immersed in cooled modified Krebs-Hogestett
solution (119 mM NaCl, 3 mM KCl, 1.2 mM NaH,PO,, 1.5
mM CaCl,, 1.2 mM MgCl,, 15 mM NaHCO;3;, and 10 mM
glucose) as described previously (33).

MR PWI. MR examinations were performed at 3.0 T
(Magnetom Trio; Siemens, Germany) with a wrist coil. PWI
postprocessing was implemented with interactive software
(Stroke-toole; Digital Image Solutions, Germany) that
included deconvolution algorithms, as described previously
(32). The arterial input function was analyzed for semi-
quantitative calculation of the relative regional blood flow in
different regions of interest (ROIs). In each animal, ROIs
were placed in the cerebrum and the masseter muscle. The
ratio of the relative regional cerebral blood flow to the
relative regional masseter muscle blood flow was used to
determine the reduction of CBF due to CVS. For each

1065

group, a mean value of this ratio was calculated. CVS was
quantified by this ratio (32).

Tissue Preparation. The basilar artery was carefully
dissected from the removed brain under microscopic control
and was cut into four ringed segments. The segments were
meticulously mounted on two L-shaped stainless steel rods
(diameter, 70 um) in an organ bath. Special care was taken
to avoid any damage to the intimal surfaces.

In a part of the segments, the endothelium was
mechanically removed using a human hair. Isometric force
was measured, and the changes in isometric contraction
were displayed by VitroDatWin (FMI GmbH), a computer
program that is used to analyze biological signals. Organ
baths were filled with modified Krebs-Hogestett solution
and were bubbled continuously with a humified gas mixture
(95% O, and 5% CO,), resulting in a pH of approximately
7.35.

After mounting of the basilar artery ring segments, the
organ bath temperature was increased gradually to 37°C.
After an adaptation period of 60 mins, the segments were
stretched repeatedly until a stable level of resting tension
between 3 to 4 mN was reached.

A reference contraction (124 mM K1(A)) was elicited
by exchanging the bath solution with 124 mM K'-Krebs
solution (NaCl was replaced with KCI). At the end of the
experiments, this procedure was repeated for each segment
(124 mM K'(E)). If a segment developed a force of <2.5
mN or reached <85% of the first contraction at the end of
the experiment, it was excluded from assessment. The
endothelial function was tested by application of acetylcho-
line (Ach; 1 X 1073 M) after precontraction with 5-
hydroxytryptamine (5-HT; 1 X 107> M).

Contraction force was measured in mN and expressed
as a percentage of the 124-mM K'(A) reference contraction.
Concentration-effect curves (CECs) for ET-1 (1 X 102103
X 1077) and Sarafotoxin S6¢ (S6¢; 1 X 107'% to 3 X 10°%)
were performed by cumulative application. To investigate
the relaxation due to Sé6c, the segments were precontracted
with prostaglandin F,, (PGF20; 107> M) (incubation period,
30 mins) before S6¢c was added cumulatively.

Compounds and Solvents. ET-1 and S6¢ were
purchased from Calbiochem-Novabiochem (Bad Soden,
Germany). Ach, 5-HT, and PGF2a were purchased from
Sigma-Aldrich (Schnelldorf, Germany). All compounds
were freshly dissolved in distilled water on the day of the
experiment.

Data Analysis. Results are expressed as mean =+
SEM. For each CEC, the maximum contraction (E,,,,) and
pD> (—logoECsp) or ECs (i.e., the concentration at which
half of the maximal effect occurs) were calculated. The pD,
was calculated by linear regression analysis of the CEC,
after logarithmic transformation of the concentrations
greater than and less than the ECsy. Thus, the higher the
pD», the smaller the concentration that is needed to reach the
half-maximal effect. Relaxation was calculated as the
percentage decrease from precontraction (i.e., the force
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Table 1. Time Course of the ET-1-Induced Contraction, the ET(B) Receptor-Dependent Relaxation, and the
Endothelium-Dependent Relaxation After Experimental SAH.?
ET-1 S6¢c PGF Ach
Emax *SEM  pD, = SEM  Shift vs. control E.x + SEM pD, + SEM E,.x + SEM pD, + SEM
Control 104% = 4% 7.70 = 0.13 - 73% = 11% 994 = 020 45% £ 7% 6.42 = 0.07
SAH Day 3 106% = 4% 8.08 = 0.07* 2.4 21% + 13%"* 56% * 6% 6.30 = 0.20
SAH Day 5 104% *= 3% 8.25 + 0.06* 3.6 13% = 8%* 43% * 6% 6.21 = 0.24

4 Comparison of the Enayx, the pDy, and the shift of the CECs (on the level of the pDy) vs. the control curve for animals on Day 3 and Day 5 after
experimental SAH and sham-operated control rats (control). Endothelium-dependent relaxation by Ach was not significantly altered. CECs for
the contraction by ET-1 were significantly shifted to the left without effect on the Eax. Emax Of the relaxation by Séc is significantly and time
dependently reduced after SAH. Given are means = SEM. * P < 0.05 vs. control E+-

induced by 5-HT for ACh or by PGF2a for S6c) and was
determined using the lowest peak of vessel tone after
application of each compound over a 20-min observation
period (34).

Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukey’s test
for post hoc comparisons of mean values. Statistical
significance was defined as a P value of <0.05.

Results

Development of CVS was proven by MR PWL
According to MR PWI, the ratio of relative regional
cerebral blood flow and blood flow of the masticatory
muscles after SAH was reduced to 63% * 9% in the d3
group and to 32% * 11% in the d5 group, compared with
control animals. This indicates a CVS with a significant
reduction of CBF on Day 5.

Segments under resting tension were analyzed in an
organ bath. Cumulative application of ET-1 in both
segments, obtained from controls and animals after SAH,
induced a dose-dependent contraction of rat basilar artery
ring segments. A leftward shift was observed in the SAH
groups. However, the E,,x did not change significantly
(Table 1). The shift observed for the Day 5 group seemed to
be higher than that for the Day 3 group (Fig. 1 and Table 1).

Cumulative application of S6c¢ did not induce a
significant relaxation in segments from the Day 3 and Day
5 groups that were precontracted with PGF2a. In contrast,
relaxation was observed in controls (Fig. 2a). The Ach-
induced relaxation, however, was not significantly impaired
after SAH, indicating a functionally intact endothelium (Fig.
2b).

Discussion

The aim of this study was to characterize changes in
ET(B) receptor in cerebral vessels during the development
of CVS after experimental SAH. CVS was confirmed in the
present study by the quotient of CBF/masseter muscle blood
flow, which showed a good correlation with the develop-
ment of angiographic CVS in a previous study (32). This
suggests that the ring segments from animals after SAH in

this study had developed alterations, which are characteristic
of CVS.

CECs for ET-1 were shifted to the left without
changing the E,,.«, which indicates a higher sensitivity of
cerebrovasculature to ET-1 (Table 1 and Fig. 1). This
observation could be explained by an expression of a
constricting ET(B) receptor under pathological conditions,
which was postulated previously (25-27). However, an
increase of the maximum contraction would also be
expected under these conditions. Furthermore, the applica-
tion of S6¢ on segments under resting tension did not induce
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Figure 1. Contraction effect curve (CEC) for ET-1. Contraction of
ET-1 is shown for controls and animals after SAH on Day 3 and Day
5. The CECs in SAH groups are shifted to the left dose dependently
without reduction of maximum contraction, indicating an increased
sensitivity of vessels during the development of CVS. Data mean =+
SEM. *P < 0.05 vs. ET-1 control E+.
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Figure 2. (A) CEC for S6c after precontraction by PGF2o.
Relaxation by S6c is shown for controls and animals after SAH on
Day 3 and Day 5. The relaxation is significantly reduced in both SAH
groups. Data indicate a reduction of the ET(B) receptor—dependent
relaxation. Data are mean = SEM. *P < 0.05 vs. the control group.
(B) CEC for Ach after precontraction by 5-HT. Relaxation by ACh is
shown for controls and animals on Day 3 and Day 5 after SAH.
Relaxation is not significantly impaired after SAH, indicating a
functionally intact endothelium. Data are mean = SEM. *P < 0.05
vs. ACh.
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any contraction of ring segments, neither in controls nor in
animals after SAH (data not shown). Therefore, it seems to
be unlikely that the higher sensitivity is mediated by the
smooth-muscle ET(B2) receptor subtype.

Another possible explanation for a leftward shift in the
present results could be the loss of the ET(B) receptor—
dependent relaxation. The loss of this functional antagonism
to the ET(A)-mediated contraction results in a leftward shift
of the CEC (35). Accordingly, the pD,-values for ring
segments from animals with CVS are comparable with
results from BA ring segments without endothelial function
in previous investigations (29, 35). The decrease of the
vasorelaxation by selective ET(B) receptor activation using
Sé6c further supports the concept of impaired endothelial
ET(B) receptor—dependent vasodilatation in cases of CVS
(Fig. 2A). However, the endothelium was not harmed and
the nitric oxide—dependent pathway was not impaired by
CVS in the present investigation (Fig. 2B and Table 1).

In summary, our data suggest a selective decrease of
endothelial ET(B) receptor—dependent relaxation during the
development of CVS. After SAH, increased ET-1 levels in
cerebrospinal fluid are known. Additionally, the impairment
of the ET(B)-receptor relaxation may be a further
pathophysiologic mechanism in the development of CVS.

We thank M. Eberhardt for excellent technical assistance and Dr. A.
Theissen for experimental support and animal care.

1. Kassell NF, Torner JC, Haley EC Jr, Jane JA, Adams HP, Kongable
GL. The International Cooperative Study on the Timing of Aneurysm
Surgery. Part 1: overall management results. J Neurosurg 73:18-36,
1990.

2. Feger GI, Schilling L, Ehrenreich H, Wahl M. Endothelin-induced
contraction and relaxation of rat isolated basilar artery: effect of BQ-
123. J Cereb Blood Flow Metab 14:845-852, 1994.

3. Hansen-Schwartz J, Nordstrom CH, Edvinsson L. Human endothelin
subtype A receptor enhancement during tissue culture via de novo
transcription. Neurosurgery 50:127-133, 2002.

4. Salom JB, Torregrosa G, Alborch E. Endothelins and the cerebral
circulation. Cerebrovasc Brain Metab Rev 7:131-152, 1995.

5. Vatter H, Mursch K, Zimmermann M, Zilliken P, Kolenda H, Seifert V,
Schilling L. Endothelin-converting enzyme activity in human cerebral
circulation. Neurosurgery 51:445-451, 2002.

6. Zimmermann M, Seifert V. Endothelin and subarachnoid hemorrhage:
an overview. Neurosurgery 43:863-875, 1998.

7. Seifert V, Loffler BM, Zimmermann M, Roux S, Stolke D. Endothelin
concentrations in patients with aneurysmal subarachnoid hemorrhage:
correlation with cerebral vasospasm, delayed ischemic neurological
deficits, and volume of hematoma. J Neurosurg 82:55-62, 1995.

8. Kessler IM, Pacheco YG, Lozzi SP, de Araujo AS Jr, Onishi FJ, de
Mello PA. Endothelin-1 levels in plasma and cerebrospinal fluid of
patients with cerebral vasospasm after aneurysmal subarachnoid
hemorrhage. Surg Neurol 64(Suppl 1):S1-S5, 2005.

9. Vatter H, Zimmermann M, Seifert V, Schilling L. Experimental
approaches to evaluate endothelin-A receptor antagonists. Methods
Find Exp Clin Pharmacol 26:277-286, 2004.

10. Caner HH, Kwan AL, Arthur A, Jeng AY, Lappe RW, Kassell NF, Lee
KS. Systemic administration of an inhibitor of endothelin-converting



1068

11.

13.

14.

15.

18.

19.

20.

21.

22.

23.

enzyme for attenuation of cerebral vasospasm following experimental
subarachnoid hemorrhage. J Neurosurg 85:917-922, 1996.

Chow M, Dumont AS, Kassell NF. Endothelin receptor antagonists and
cerebral vasospasm: an update. Neurosurgery 51:1333-1341, 2002.

. Kwan AL, Bavbek M, Jeng AY, Maniara W, Toyoda T, Lappe RW,

Kassell NF, Lee KS. Prevention and reversal of cerebral vasospasm by
an endothelin-converting enzyme inhibitor, CGS 26303, in an
experimental model of subarachnoid hemorrhage. J Neurosurg 87:
281-286, 1997.

Kwan AL, Lin CL, Chang CZ, Wu SC, Howng SL, Jeng AY.
Attenuation of SAH-induced cerebral vasospasm by a selective ECE
inhibitor. Neuroreport 13:197-199, 2002.

Mostafa MG, Mima T, Taniguchi T, Mori K. Doxorubicin, an RNA
synthesis inhibitor, prevents vasoconstriction and inhibits aberrant
expression of endothelin-1 in the cerebral vasospasm model of the rat.
Neurosci Lett 283:197-200, 2000.

Onoda K, Ono S, Ogihara K, Shiota T, Asari S, Ohmoto T, Ninomiya
Y. Inhibition of vascular contraction by intracisternal administration of
preproendothelin-1 mRNA antisense oligoDNA in a rat experimental
vasospasm model. J Neurosurg 85:846-852, 1996.

. Roux S, Breu V, Giller T, Neidhart W, Ramuz H, Coassolo P, Clozel

JP, Clozel M. Ro 61-1790, a new hydrosoluble endothelin antagonist:
general pharmacology and effects on experimental cerebral vasospasm.
J Pharmacol Exp Ther 283:1110-1118, 1997.

. Shigeno T, Mima T, Yanagisawa M, Saito A, Goto K, Yamashita K,

Takenouchi T, Matsuura N, Yamasaki Y, Yamada K. Prevention of
cerebral vasospasm by actinomycin D. J Neurosurg 74:940-943, 1991.
Vajkoczy P, Meyer B, Weidauer S, Raabe A, Thome C, Ringel F, Breu
V, Schmiedek P. Clazosentan (AXV-034343), a selective endothelin A
receptor antagonist, in the prevention of cerebral vasospasm following
severe aneurysmal subarachnoid hemorrhage: results of a randomized,
double-blind, placebo-controlled, multicenter phase Ila study. J
Neurosurg 103:9-17, 2005.

Arai H, Hori S, Aramori I, Ohkubo H, Nakanishi S. Cloning and
expression of a cDNA encoding an endothelin receptor. Nature 348:
730-732, 1990.

Sakurai T, Yanagisawa M, Takuwa Y, Miyazaki H, Kimura S, Goto K,
Masaki T. Cloning of a cDNA encoding a non-isopeptide-selective
subtype of the endothelin receptor. Nature 348:732-735, 1990.
Nilsson T, Cantera L, Adner M, Edvinsson L. Presence of contractile
endothelin-A and dilatory endothelin-B receptors in human cerebral
arteries. Neurosurgery 40:346-351, 1997.

Schilling L, Feger GI, Ehrenreich H, Wahl M. Endothelin-3-induced
relaxation of isolated rat basilar artery is mediated by an endothelial
ETB-type endothelin receptor. J Cereb Blood Flow Metab 15:699-705,
1995.

Kitazono T, Heistad DD, Faraci FM. Dilatation of the basilar artery in
response to selective activation of endothelin B receptors in vivo. J
Pharmacol Exp Ther 273:1-6, 1995.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

KONCZALLA ET AL

Hino A, Tokuyama Y, Kobayashi M, Yano M, Weir B, Takeda J,
Wang X, Bell GI, Macdonald RL. Increased expression of endothelin B
receptor mRNA following subarachnoid hemorrhage in monkeys. J
Cereb Blood Flow Metab 16:688-697, 1996.

Hansen-Schwartz J. Receptor changes in cerebral arteries after
subarachnoid haemorrhage. Acta Neurol Scand 109:33—44, 2004.
Henriksson M, Stenman E, Edvinsson L. Intracellular pathways
involved in upregulation of vascular endothelin type B receptors in
cerebral arteries of the rat. Stroke 34:1479-1483, 2003.

Stenman E, Malmsjo M, Uddman E, Gido G, Wieloch T, Edvinsson L.
Cerebral ischemia upregulates vascular endothelin ET(B) receptors in
rat. Stroke 33:2311-2316, 2002.

Dawson DA, Sugano H, McCarron RM, Hallenbeck JM, Spatz M.
Endothelin receptor antagonist preserves microvascular perfusion and
reduces ischemic brain damage following permanent focal ischemia.
Neurochem Res 24:1499-1505, 1999.

Vatter H, Zimmermann M, Tesanovic V, Raabe A, Schilling L, Seifert
V. Cerebrovascular characterization of clazosentan, the first nonpeptide
endothelin receptor antagonist clinically effective for the treatment of
cerebral vasospasm. Part I: inhibitory effect on endothelin(A) receptor—
mediated contraction. J Neurosurg 102:1101-1107, 2005.

Vatter H, Zimmermann M, Tesanovic V, Raabe A, Seifert V, Schilling
L. Cerebrovascular characterization of clazosentan, the first nonpeptide
endothelin receptor antagonist shown to be clinically effective for the
treatment of cerebral vasospasm. Part II: effect on endothelin(B)
receptor—mediated relaxation. J Neurosurg 102:1108-1114, 2005.
Cirak B, Kiymaz N, Ari HH, Ugras S. The effects of endothelin
antagonist BQ-610 on cerebral vascular wall following experimental
subarachnoid hemorrhage and cerebral vasospasm. Clin Auton Res 14:
197-201, 2004.

Vatter H, Weidauer S, Konczalla J, Dettmann E, Zimmermann M,
Raabe A, Preibisch C, Zanella F, Seifert V. Time course in
development of cerebral vasospasm after experimental subarachnoid
hemorrhage: clinical and neuroradiological assessment of the rat double
hemorrhage model. J Neurosurg (in press), 2006.

Vatter H, Schilling L, Schmiedek P, Ehrenreich H. Evidence for
functional endothelin-converting enzyme activity in isolated rat basilar
artery: effect of inhibitors. J Cardiovasc Pharmacol 31(Suppl 1):S64—
S67, 1998.

Schilling L, Vatter H, Mursch K, Ehrenreich H, Schmiedek P.
Characterization of the contractile and relaxant action of the
endothelin-1 precursor, big endothelin-1, in the isolated rat basilar
artery. Peptides 21:91-99, 2000.

Feger GI, Schilling L, Ehrenreich H, Wahl M. Endothelium-dependent
relaxation counteracting the contractile action of endothelin-1 is partly
due to ETB receptor activation. Res Exp Med (Berl) 196:327-337,
1997.



