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Yamaguchi-Okada, Mitsuo, Shigeru Nishizawa, Masayo Koide,
and Yuichiro Nonaka. Biomechanical and phenotypic changes in the
vasospastic canine basilar artery after subarachnoid hemorrhage.
J Appl Physiol 99: 2045–2052, 2005. First published July 28, 2005;
doi:10.1152/japplphysiol.01138.2004.—Because it has been argued
that active myogenic tone prolongs cerebral vasospasm for �2 wk
after subarachnoid hemorrhage (SAH), we attempted to identify the
mechanism that plays the main role in sustaining the prolonged
cerebral vasospasm. We especially focused on the roles of biome-
chanical and phenotypic changes in the cerebral arteries in the mech-
anisms of prolonged vasospasm after SAH. We used the basilar
arteries from a “two-hemorrhage” canine model to make serial mea-
surements of maximal contraction capacity and arterial stiffness
(papaverine-insensitive tone) until day 28. We also examined hema-
toxylin-eosin-stained vasospastic canine basilar arteries for histolog-
ical changes and immunohistochemically examined them for expres-
sion of myosin heavy chain isoforms (SMemb, SM1, and SM2),
which are markers of smooth muscle phenotypic changes. Changes in
collagen concentration in canine basilar arteries were also measured.
Angiographic cerebral vasospasm persisted until day 14 and then
gradually diminished; artery diameter returned to the control diame-
ters on day 28. Maximal contraction capacity decreased until day 21
and showed some recovery by day 28. Arterial stiffness, on the other
hand, progressed until day 28. Histological examination revealed
medial thickening and increased connective tissue until day 21 and a
return to control findings by day 28. The increased connective tissue
was not accompanied by changes in collagen concentration, suggest-
ing a role of some other protein in the increase in connective tissue.
Immunohistochemical studies with anti-SMemb, anti-SM1, and anti-
SM2 antibodies showed enhanced expression of SMemb from day 7
to day 21 and disappearance of SM1 and SM2 on days 14 and 21. The
changes in myosin heavy chain isoform expression returned to normal
on day 28. The above results indicate that biomechanical and pheno-
typic changes may play a pivotal role in sustaining cerebral vaso-
spasm for �2 wk after SAH, with minimal changes in active myo-
genic arterial tone.

biomechanics; cerebral vasospasm; vascular smooth muscle

CEREBRAL VASOSPASM AFTER subarachnoid hemorrhage (SAH) is
a characteristic phenomenon that is observed in the cerebral
arteries alone. When SAH occurs, the cerebral arteries strongly
contract for more than 2 wk. Vascular smooth muscle contrac-
tion is known to be caused by interaction between actin and
myosin in vascular smooth muscle cells, but it has not been
clarified whether sustained active myogenic tone is the sole
mechanism responsible for the prolonged cerebral vasospasm

after SAH, or whether there are other mechanisms that con-
tribute to it (3, 4, 6, 10, 11, 13, 14, 17, 18, 22, 25, 26, 28, 30,
32, 33, 36). In our previous reports of studies of intracellular
signal transduction in a “two-hemorrhage” canine model (34),
we found that PKC plays a pivotal role in cerebral vasospasm
until day 7 (22, 25, 26), and we found a more important role for
protein tyrosine kinase in the later stage in the 2-wk model
(14). We also showed that in situ treatment with PKC inhibi-
tors significantly inhibits cerebral vasospasm despite aug-
mented myosin light chain phosphorylation levels (26). There
have also been conflicting reports that active myogenic con-
traction of cerebral arteries is attenuated (13) or enhanced by
nonmuscle arterial constriction during cerebral vasospasm
(10). Histological changes, such as degeneration (6), fibrosis
(6, 10), myonecrosis (11), or vascular cell proliferation (4, 6),
are known to occur in the vascular wall of vasospastic arteries,
raising the possibility that the persistence of cerebral vasospasm
after SAH, especially during the late phase, might not be induced
by simple active myogenic tone of vascular smooth muscle cells.

Vascular smooth muscle undergoes phenotypic changes with
the cell cycle and in response to physical and/or chemical
stimulation (1, 7, 8, 15, 16, 19, 20, 27, 29). There are two types
of vascular smooth muscle cells, a synthetic (or embryonal)
type and a contractile (or adult) type (27, 29, 31). Vascular
smooth muscle cells of synthetic (or embryonal) type are
observed in the arterial wall of an embryo and in cultured cells
and contribute to protein synthesis and production of extracel-
lular matrix. On the other hand, vascular smooth muscle cells
of contractile (or adult) type are observed in the medial layer of
adult arterial smooth muscle cells and contain abundant muscle
filament. Vascular smooth muscle changes from the synthetic
type to the contractile type during the process of maturation
(differentiation), and the opposite occurs in some pathological
processes, such as arteriosclerosis or restenosis of coronary
arteries after balloon angioplasty or insertion of an arterial stent
(dedifferentiation) (29). These changes are defined as “pheno-
typic changes.”

All these reports describing phenotypic changes of vascular
smooth muscle cells suggest that some other mechanisms, such
as biomechanical and phenotypic changes, sustain cerebral
vasospasm in the late phase after SAH instead of active
myogenic vascular tone alone. Most previous studies using
animal models to investigate the mechanism of cerebral vaso-
spasm after SAH have investigated the acute phase (within 1
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wk). However, because human cerebral vasospasm persists for
over 2 wk, it is important to examine vasospastic cerebral
arteries for more than 1 wk. It thus might appear that the
properties of cerebral vasospastic arteries after SAH show
significant changes in mechanisms required to sustain vaso-
spasm over prolonged periods (14).

In this study, we investigated the role of biomechanical and
phenotypic changes in vasospastic cerebral arteries, in a 1-mo
animal model of SAH to identify the mechanism that plays the
main role in sustaining the prolonged vasospasm. We mea-
sured maximal contractility, and active myogenic and nonmyo-
genic tone in long-lasting cerebral vasospastic arteries in an
isometric tension study, examined the arteries for histological
changes, stained them immunohistochemically, and measured
the collagen concentrations in the arteries.

MATERIALS AND METHODS

Animals

All experiments were performed according to the Rules of Animal
Experimentation and the Guide for the Care and Use of Laboratory
Animals of Hamamatsu University School of Medicine.

Animal Model of Cerebral Vasospasm

An experimental animal model of SAH and cerebral vasospasm
was produced by modifying the two-hemorrhage canine model (25,
26) originally described by Varsos et al. (34). Beagle dogs of either
sex weighing 7–10 kg were anesthetized by intravenous injection of
pentobarbital sodium (25 mg/kg), and a tracheal tube was inserted. A
sterile catheter was inserted into the vertebral artery on each side
under fluoroscopic control via the femoral artery, and the head of the
dog was fixed in a stereotactic frame. A control angiogram of the
canine basilar artery was obtained by injecting 7 ml of Iopamirone
300 (Schering, Osaka, Japan). End-tidal CO2 was maintained at
38–42 Torr throughout the angiography. After the control angiogram
was obtained, 3 ml of autologous arterial blood were manually
injected into the cisterna magna (day 1), and the same amount of
autologous arterial blood was injected into the cisterna magna on day
4. Dogs were randomly divided into four groups, and the final
angiography was taken on days 7, 14, 21, and 28, respectively. After
the final angiography, the dogs were killed by bolus injection of an
excess dose of pentobarbital sodium (50 mg/kg), and the basilar artery
was quickly excised with the brain stem. The basilar artery was
immersed in the dissecting buffer solution (in mM: Na� 144.44; K�

4.10; Cl� 135.02; Ca2� 1.01; Mg2� 1.19; PO4
3� 1.54; SO4

2� 1.19;
N-2-hydroxyethylpiperadine-N�-2-ethanesulfonic acid 24.90; glucose
10.0) as described previously (23). The solution was aerated with
100% O2, and the pH and temperature were adjusted to 7.40 and
37.0 � 0.2°C, respectively. The excised basilar artery was dissected
from the brain stem and the arachnoid membrane under a microscope.
Clotted blood around the artery was meticulously removed under the
microscope, and intraluminal blood was flushed out with dissecting
buffer before the basilar artery was used in the experiments. Control
experiments in the isometric tension study were performed by using
canine basilar arteries on which angiography was performed without
blood injection.

The angiographic diameter of the basilar artery on the angiogram
was measured by dividing the artery into three segments and measur-
ing the diameter of each segment at its midpoint under a microscope.
The diameter of the arteries is expressed as the mean � SE of the
values in the three segments, and the diameter on days 7, 14, 21, and
28 is expressed as a percentage of the diameter on day 1 (�100%).

Isometric Tension Study

An isometric tension study was performed on isolated canine
basilar arteries, with a self-designed apparatus as previously described
(23). Three arterial rings were obtained from each basilar artery by
cutting it into 4-mm length. Each arterial ring was used for a different
study. The endothelium of each arterial ring was gently rubbed with
a stainless steel wire as described previously (21). After insertion of
two wires in the lumen of the arterial ring and setting in the chamber
of the apparatus, an arterial ring was perfused in the chamber with
physiological saline solution (PSS; in mM: Na� 144.44; K� 4.10; Cl�

127.2; Ca2� 2.49; Mg2� 1.19; PO4
3� 1.54; SO4

2� 1.12; HCO3
� 24.9;

glucose 5.0) aerated with 20% O2, 5% CO2, and 75% N2. The pH of
the solution and the temperature in the chamber were adjusted to pH
7.40 � 0.02 and 37.0 � 0.2°C.

After incubating the arterial ring with PSS in the chamber without
stretching for 20 min, the arterial ring was stretched in a stepwise
fashion. First, tension that developed in the high-K� solution (in mM:
Na� 72.2; K� 76.3; Cl� 127.2; Ca2� 2.49; Mg2� 1.19; PO4

3� 1.54;
SO4

2� 1.12; HCO3
� 24.9; glucose 5.0) was measured in arterial rings

obtained on each day (days 1, 7, 14, 21, and 28) to induce the maximal
active myogenic tone.

By use of another arterial ring, the stiffness of arterial wall was
examined. An arterial ring was stretched by separating the two wires
in a stepwise fashion to the same circumference as obtained in situ by
angiography. The distance between the two wires stretching the
arterial ring was computed as follows: d � � (R � r)/2 (d, distance
between the wires; �, ratio of the circumference of a circle to its
diameter; R, diameter of the basilar artery on the angiogram, r,
diameter of the wire � 0.16 mm) (24). After separating the wires to
stretch the arterial ring, the tension that developed reached a plateau,
and papaverine (from 10�6 to 10�3 M) was applied. Because the
maximal relaxation was obtained at the concentration of 10�4 M and
the magnitudes of relaxation between at 10�4 and 10�3 M were not
statistically different (data not shown), the concentration of papaver-
ine at 10�4 M was used in the subsequent experiments. The tension
that developed was composed of two components, a papaverine-
sensitive component and a papaverine-insensitive component. The
total amount of tension that developed and papaverine-sensitive tone
and papaverine-insensitive tone were measured and compared. Papav-
erine-sensitive and -insensitive tones are expressed as percentages of
the total developed tension when the wires were separated according
to the formula described above.

Because the amount of tension that developed in the isometric
tension study depended on the length of the arterial ring, the length of
the arterial rings was carefully measured with a vernier micrometer at
the end of experiments, and any tension that developed in this study
was expressed in units of grams per millimeter artery length (g/mm).

Histological Examination

Twenty dogs were used for histological examination. The dogs
were randomly divided into five groups (n � 4 each): a control group
and SAH groups killed on days 7, 14, 21, and 28. In the dogs
belonging to the control group, angiography was not performed. All
dogs were killed as described earlier. To fix the basilar arteries,
thoracotomy was performed, and after ligation of the descending
aorta, a 4.0% paraformaldehyde was perfused through a catheter
inserted in the left ventricle of the heart and was drained from the right
atrium. Basilar arteries were removed and stored in paraformaldehyde
at 4°C. For histological examination, the basilar arteries were embed-
ded in paraffin and cut into 4-�m sections. After hematoxylin-eosin
staining and Azan staining, the basilar arteries were examined under
a light microscope.

To investigate vasospastic canine basilar arteries for phenotypic
changes, arteries were immunohistochemically stained for expression
of myosin heavy chain (MHC) subtypes with a monoclonal antibody
against embryonal nonmuscle MHC (SMemb; 1:3,000) and antibodies

2046 BIOMECHANICAL AND PHENOTYPIC CHANGES IN CEREBRAL VASOSPASM

J Appl Physiol • VOL 99 • NOVEMBER 2005 • www.jap.org

 by 10.220.33.4 on O
ctober 5, 2016

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


against the contractile types of smooth muscle MHC (SM1; 1:3,000
and SM2; 1:400). The sections were counterstained with hematoxylin,
and the sections were examined for immunoreactivity with each
antibody under a light microscope. By use of an image analysis
software (NIH Image), immunoreactivity was quantitatively analyzed
by setting a 50 	 50 �m square over the most intensely stained area
and performing densitometric scans. The results are expressed in
arbitrary densitometric units.

Collagen Measurement

Another 20 dogs were prepared to measure the collagen concen-
tration in the basilar artery and were divided into five groups (n � 4
each): a control group and groups killed on days 7, 14, 21, and 28. In
the dogs belonging to the control group, angiography was not per-
formed. Arteries were excised quickly, frozen in liquid nitrogen, and
stored at �80°C. A Sircol collagen assay kit (Biocolor, Belfast, UK)
that uses a quantitative dye-binding method was designed for in vitro
analysis of collagen in biological material. Three sets of 1.5-ml
microcentrifuge tubes were prepared: reagent blanks (100 �l of 0.5 M
acetic acid), collagen standards (12.50, 25.00, and 50.00 �g), and
basilar artery samples (weight: 0.50–0.90 mg). Arterial tissue was
minced and homogenized in 100 �l of extraction buffer (in M: Na�

2.0; Cl� 2.0; acetic acid 0.5) to extract salt- and acid-soluble collagen.
After centrifugation at 15,000 g for 5 min, the supernatants containing
soluble collagen were collected. After addition of 100 �l of distilled
water to each pellet, which contained insoluble collagen, samples
were incubated at 80°C for 60 min to denature the insoluble collagen.
Equal volumes of the supernatant containing salt- and acid-soluble
collagen and the solution containing denatured insoluble collagen
were mixed together and adjusted to 100 �l with 0.5 M acetic acid.
After addition of 1 ml of Sircol dye reagent to each tube, the tubes
were placed in a shaker and shaken gently for 30 min. The collagen-
dye complex precipitated during the mixing, and the tubes were then
centrifuged at 15,000 g for 15 min. The supernatant, which was
dye-unbound solution, was discarded, and 1 ml of the alkali reagent
was added to the pellet to dissolve the collagen-dye complex. A
100-�l aliquot of each sample was placed in the wells of a microwell
plate, and the absorbance of the reagent blanks, multiconcentrated
collagen standards, and test samples was measured at 540-nm wave-
length with a spectrophotometer. A standard curve was plotted from
the collagen standard, and the collagen content of each sample was
determined from the standard curve. Collagen concentrations are
expressed as micrograms per milligram weight of the basilar artery.

Drugs

Iopamirone 300 was purchased from Japan Schering (Osaka, Ja-
pan). Pentobarbital sodium was obtained from Dinabot (Osaka, Ja-
pan). Papaverine was purchased from Sigma Chemical (St. Louis,
MO). The other agents were obtained from Wako Pure Chemical
Industries (Osaka, Japan). A stock solution of papaverine at a con-
centration of 10�1 M was prepared in PSS and stored at �80°C.
Anti-SMemb, anti-SM1, and anti-SM2 mouse monoclonal antibodies
were purchased from Yamasa, Chiba, Japan.

Statistical Analysis

All data are expressed as means � SE. Paired or unpaired Student’s
t-tests were used to examine pairs of groups for statistically significant
differences. Differences among groups were analyzed for statistical
significance by Dunnett’s multiple comparison tests after ANOVA. A
P value of 
0.05 was considered statistically significant.

RESULTS

Angiographic Diameter of the Basilar Artery

The angiographic diameter of canine basilar arteries was
1.41 � 0.05 mm on day 1 (control � 100%, number of dogs;

Fig. 1. Changes in the angiographic diameter of the canine basilar artery in a
“2-hemorrhage” canine model. Arterial diameter on days 7, 14, 21, and 28 is
expressed as a percentage of the control diameter, and the data are reported as
means � SE. *P 
 0.05 vs. day 28. **P 
 0.01 vs. day 28. ††P 
 0.01 vs.
days 7 and 14.

Fig. 2. Tension developed in response to high-K� solution in an arterial ring
obtained on different days after subarachnoid hemorrhage at different resting
tensions. All arterial rings developed maximal tension at a resting tension of
1.0 g. The tensions that developed are expressed as g/mm length of the arterial
ring (g/mm).

Fig. 3. Maximal tension (g/mm) developed in the canine basilar artery in
response to high-K� solution in the isometric tension study. Basilar arteries
were obtained from control dogs and dogs killed on days 7, 14, 21, and 28 in
the 2-hemorrhage canine model. *P 
 0.05 vs. day 1. **P 
 0.01 vs. day 1.
†P 
 0.05 between the values on days 21 and 28.
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n � 5). The diameter of the basilar arteries on days 7, 14, 21,
and 28 was 47.3 � 7.0% (n � 5), 44.6 � 4.1% (n � 5), 75.2 �
2.3% (n � 5), and 91.2 � 3.7% (n � 5), respectively. The
difference in arterial diameter between days 7 and 14 was not
statistically significant. After day 14, the angiographic cerebral
vasospasm gradually attenuated, and arterial diameter on days
21 and 28 was significantly different from the diameter on days
7 and 14 (P 
 0.01). The arterial diameter on day 28 was
almost the same as the control diameter on day 28 (Fig. 1).

Isometric Tension Study

High-K�-induced vasocontraction. At first, the optimal rest-
ing tension for arterial rings obtained on different days after
SAH to induce the maximal tension developed in response to
high-K� solution was examined. Because the maximal tension
that developed in the high-K� solution occurred at a resting
tension of 1.0 g, the resting tension in the subsequent experi-
ments was set at 1.0 g (Fig. 2). The maximal contraction of the
arterial rings induced by high-K� solution was 3.31 � 0.40
g/mm on day 1, 2.18 � 0.21 g/mm on day 7, 1.39 � 0.26 g/mm
on day 14, 1.26 � 0.15 g/mm on day 21, and 2.05 � 0.23
g/mm on day 28 (n � 5 arterial rings in each group). The
maximal contraction elicited by high-K� solution on days 7
(P 
 0.05), 14 (P 
 0.01), 21 (P 
 0.01), and 28 (P 
 0.01)
was significantly lower than the control arteries on day 1 (Fig.
3). The greatest decrease in contractility was observed in the
artery on day 21, and contractility gradually increased in the
artery on day 28. Contractility on day 28 was statistically
different from that on day 21 (P 
 0.05).

Papaverine-sensitive and -insensitive tones. Arterial rings
were stretched to the same circumference as in the angiogram,

as calculated by the formula described in MATERIALS AND METH-
ODS, and total tension that developed was measured. Papaver-
ine (10�4 M) was then applied to the tissue to eliminate
papaverine-sensitive tone. Total developed tension was 0.7 �
0.07 g/mm on day 1, 1.1 � 0.10 g/mm on day 7, 1.3 � 0.15
g/mm on day 14, 2.8 � 0.35 g/mm on day 21, and 2.1 � 0.24
g/mm on day 28 (n � 5 arterial rings in each group). Total
developed tension on days 7 (P 
 0.05), 14 (P 
 0.05), 21
(P 
 0.01), and 28 (P 
 0.05) was significantly greater than on
day 1. Papaverine-insensitive tone, i.e., the tension remaining
after applying papaverine, was 1.5 � 3.2% on day 1, 52.7 �
5.4% on day 7, 94.6 � 2.9% on day 14, 90.9 � 8.5% on day
21, and 91.7 � 4.3% on day 28 (n � 5 arterial rings in each
group). The level of papaverine-insensitive tone on days 7, 14,
21, and 28 was significantly greater than that on day 1 (P 

0.01), and the level on days 14, 21, and 28 was also was
significantly greater than on day 7 (P 
 0.01). The differences
between papaverine-insensitive tone on days 14, 21, and 28
were not statistically significant. Representative traces from the
isometric tension study showing total developed tension, pa-
paverine-sensitive tension, and papaverine-insensitive tension
on each day are shown in Fig. 4, and the data are summarized
in Fig. 5.

Histological Examination

Hematoxylin-eosin staining and Azan staining. Hematoxylin-
eosin-stained smooth muscle cells of the control artery exhibited
spindle-like morphology (Fig. 6, top). Histological examination of
the basilar arteries collected on days 7, 14, and 21 after SAH
showed that the smooth muscle cells became shorter and rounder
with time, and thickening of the smooth muscle layer was also

Fig. 4. Representative traces in the isometric
tension study showing total developed tension,
papaverine-sensitive tension, and papaverine-
insensitive tension of an arterial ring obtained
on each day. Dev, total developed tension by
wire separation; PPV, papaverine; Pi, papaver-
ine-insensitive tone.

Fig. 5. Total developed tension produced by stretching
the arterial rings by separating the 2 wires (left), and
papaverine-insensitive, nonmyogenic tone (right) in each
canine basilar artery. Total developed tension is ex-
pressed as g/mm, and the data are expressed as a per-
centage of total developed tension and reported as
means � SE. *P 
 0.05 vs. day 1. **P 
 0.01 vs. day
1. ††P 
 0.01 vs. day 7. NS, not significant.
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detected on days 14 and 21. The most significant histological
changes in the canine basilar artery were observed on day 21.
Endothelial detachment was observed on days 7, 14, and 21. The
changes in the endothelial lining and the thickening of the medial
layer were less marked by day 28, but the smooth muscle cells
were still short and rounded. The connective tissue in the control
artery was stained partly in the medial muscle layer and mostly in
the adventitial layer with Azan stain (Fig. 6, bottom). On the other
hand, increased staining of connective tissues was observed,
especially in the medial layer in the arteries on days 7, 14, and 21
compared with the control artery. These changes were progres-
sive, and the most significant changes in Azan staining were
observed on day 21. These changes in the medial layer were no
longer seen by day 28 after SAH, and the Azan staining on day 28
had returned to the control level (Fig. 6, bottom).

Expression of MHC subtypes. Representative immunohisto-
chemical findings with anti-SMemb, anti-SM1, and anti-SM2
antibodies are shown in Fig. 7. The results of the densitometric
analysis of SMemb immunoreactivity in the control and vasospas-
tic arteries on each day were 2,346 � 389 in the control, 12,149 �

1,108 on day 7, 13,826 � 1,268 on day 14, 9,519 � 792 on day
21, and 4,597 � 563 on day 28 (n � 4 each). The results for SM1
in the control and on days 7, 14, 21, and 28 were 13,293 � 987,
14,322 � 1,312, 4,064 � 561, 2,417 � 350, and 12,642 � 1,056,
respectively. The results for SM2 in the control and on days 7, 14,
21, and 28 were 12,645 � 1,021, 11,800 � 1,266, 3,568 � 489,
1,359 � 211, and 10,712 � 984, respectively. These data and the
results of the statistical analysis are summarized in Fig. 8. SMemb
immunoreactivity on days 7 (P 
 0.01), 14 (P 
 0.01), and 21
(P 
 0.01) was significantly higher than in the control but had
decreased by day 28. SM1 and SM2 immunoreactivity, on the
other hand, was significantly decreased on days 14 and 21 com-
pared with the control (P 
 0.01 each) but returned to the control
level by day 28.

Collagen Concentration in Basilar Arteries

The collagen concentration was 304.3 � 33.0 �g/mg (n �
4) in the control artery, and on days 7, 14, 21, and 28 after
SAH, it was 341.9 � 77.0 (n � 4), 436 � 31.1 (n � 4),

Fig. 6. Histological findings of canine basilar arteries on each day, stained with hematoxylin-eosin (HE; top) and Azan stain (bottom).

Fig. 7. Immunohistochemical staining of canine basilar arteries on each day with monoclonal antibodies to myosin heavy chain (MHC) isoforms. SMemb,
embryonal nonmuscle MHC; SM1 and SM2, contractile types of smooth muscle MHC.

2049BIOMECHANICAL AND PHENOTYPIC CHANGES IN CEREBRAL VASOSPASM

J Appl Physiol • VOL 99 • NOVEMBER 2005 • www.jap.org

 by 10.220.33.4 on O
ctober 5, 2016

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


297.3 � 44.4, and 220.5 � 23.8 (n � 4), respectively. The
collagen concentration on day 14 was statistically higher
than on the other days (P 
 0.05), although the differences
in collagen concentration between the control and SAH
arteries on days 7, 21, and 28 were not statistically signif-
icant. The data are shown in Fig. 9.

DISCUSSION

Changes in the Biomechanics of Vascular Smooth Muscle in
Canine Basilar Arteries

The results of this study showed that the angiographic
vasospasm in the two-hemorrhage canine model was severest
on days 7 and 14. The angiographic diameter of the canine

basilar artery gradually increased by day 21, and it had almost
returned to the control level on day 28. The time course of
experimental vasospasm in this model is similar to that in
human patients (12, 35). We performed isometric tension
studies on canine basilar arteries obtained at these points to
investigate them for biomechanical changes.

Contrary to the results for angiographic vasospasm, the
maximal contraction of the canine basilar arteries elicited with
high-K� solution diminished until day 21 and showed some
recovery on day 28. In the study of measuring papaverine-
sensitive and -insensitive tones, the papaverine-sensitive com-
ponent was assumed to represent the myogenic component,
and the papaverine-insensitive component was assumed to
represent the nonmyogenic component. The papaverine-insen-
sitive component was defined as the stiffness of the arterial
wall. The study measuring papaverine-sensitive and -insensi-
tive tone in canine basilar arteries revealed that myogenic tone
decreased as vasospasm progressed on the angiograms. Al-
though angiographic vasospasm showed significant recovery
on days 21 and 28, nonmyogenic tone remained high until day
28. Because papaverine-insensitive, nonmyogenic tone is de-
fined as “stiffness” of the artery, it can be concluded that the
wall of vasospastic cerebral arteries undergoes significant
changes in the stiffness as vasospasm progresses and that the
stiffness does not recover despite improvement in the angio-
graphic diameter of the canine basilar artery after SAH.

This evidence clearly demonstrates that the angiographic
vasospasm after SAH in the late phase is not attributable to the
active myogenic tone of vascular smooth muscle, but that it
may be due to biomechanical changes in vascular smooth
muscle. Because the great stiffness of arterial walls during
cerebral vasospasm or even during the recovery period strongly
suggested that histological changes occur in the arterial wall,
we investigated the artery for histological changes associated
with cerebral vasospasm.

Histological Findings in the Arterial Walls and the Collagen
Concentrations of Arteries

Histological examination of hematoxylin-eosin-stained ar-
teries revealed thickening of the medial smooth muscle layer
on days 7 and 14 and progression by day 21. Shortened and
rounded configurations of smooth muscles cells were observed
on days 7, 14, and 21, and the most prominent changes were

Fig. 8. Densitometric analysis of immunohistochemical staining with SMemb
(A), SM1 (B), and SM2 (C) antibodies on each day. *P 
 0.05 vs. control.
**P 
 0.01 vs. control. ADU, arbitrary densitometric units.

Fig. 9. Collagen concentration of canine basilar arteries on different days,
measured by a quantitative dye-binding method designed for in vitro analysis
of collagen. Data are expressed as �g/mg tissue and reported as means � SE.
*P 
 0.05 vs. control, days 7, 14, 21, and 28.
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observed on day 21. Connective tissue visualized by Azan
staining had increased in the medial layer on day 7, and the
medial smooth muscle layer had consisted of much abundant
connective tissue by day 21. These changes in both hematox-
ylin-eosin staining and Azan staining gradually returned to the
appearance of the control on day 28. Although short, round
smooth muscle cells were still observed on day 28, the medial
thickening and amount of connective tissue in the medial layer
had decreased. No clear changes in collagen levels were
observed except on day 14. The above findings indicate that the
increased connective tissue in the medial smooth muscle layer
is not attributable to collagen and may be related to another
protein.

Several markers of phenotypic changes and/or the differen-
tiation status of smooth muscle have been described (1, 15, 16,
19), and the MHC of smooth muscle has been found to be the
most specific molecular marker for detection of such changes
(15, 16, 19). Immunohistochemical studies with monoclonal
antibodies against SMemb, SM1, and SM2 showed very little
SMemb immunoreactivity and the presence of abundant SM1
and SM2 reactivity in the control artery, indicating complete
differentiation in the control canine basilar artery. SMemb
immunoreactivity was observed on day 7 and continued until
day 21, and SM1 and SM2 immunoreactivities were no longer
seen on day 14 and day 21, indicating that the vasospastic
canine basilar artery had undergone dedifferentiation. On day
28, SMemb immunoreactivity was much weaker, and SM1 and
SM2 immunoreactivity was reobserved. Quantitative analysis
of immunoreactivity against SMemb, SM1, and SM2 clearly
indicated these changes. The histological findings in the hema-
toxylin-eosin-stained and Azan-stained specimens and the im-
munohistochemical findings with anti-SMemb, SM1, and SM2
antibodies were well correlated. The two parameters, the time
course of appearance of synthetic-type smooth muscle cells,
which has high potency of protein synthesis, and that of
increased connective tissue in the arterial wall, are paralleled.
Thus phenotypic changes in vascular smooth muscle occur in
long-lasting vasospastic cerebral arteries.

Correlations Between the Biomechanical and Histological
Change in Cerebral Arteries in the Mechanism of Cerebral
Vasospasm After SAH

As shown by the measurement of maximal force generated
in response to a high-K� solution, it is clear that prolonged
cerebral vasospasm after SAH is not attributable to active
myogenic tone. The results of our study examining the level of
myogenic tone and stiffness of the arterial wall in canine
basilar arteries also support this conclusion. In addition, as
histological and immunohistochemical studies correlated with
the time course of angiographic vasospasm, especially during
prolonged cerebral vasospasm after day 7, the mechanism
sustaining cerebral vasospasm after SAH is due to biomechani-
cal changes, especially phenotypic changes of vascular smooth
muscle, as well as histological changes. Dedifferentiated vas-
cular smooth muscle synthesizes mesodermal matrix in the
medial layer of the arterial wall and induces thickening of the
arterial wall. This synthesis of mesodermal matrix is likely due
not to collagen, but to some other protein. In a sense, these
changes represent hypertrophic remodeling of the arterial wall
(2, 5, 9) and could be an important mechanism of the cerebral

vasospasm after day 7. The redifferentiation of the arterial wall
was associated with recovery from cerebral vasospasm. Myo-
genic tone, however, did not return to control levels by day 28
in our study. This result is surprising in view of the evidence of
reexpression of SM1 and SM2 (contractile type of smooth
muscle MHC) in the immunohistochemical studies. One ex-
planation for this is that the redifferentiated new smooth
muscle may have not recovered contractile capacity at this
stage of the vasospasm, and further investigation is necessary
to clarify the reason for the discrepancy.

In conclusion, the present study demonstrates that significant
phenotypic changes occur in smooth muscle of major cerebral
vasospastic arteries after SAH for longer than a week. During
this period, cerebral vasospasm prolongs despite attenuation of
myogenic contractility of the artery. Not only qualitative but
also quantitative demonstrations of such evidence in the
present experiment strongly suggest that the main role to
sustain prolonged vasospasm might shift in the time course of
cerebral vasospasm and the roles of arterial wall stiffness may
play a pivotal role, especially in the prolonged vasospasm. In
the viewpoint of the treatment of cerebral vasospasm, tactics
for the treatment of vasospasm, which changes with time,
should be considered on the basis of the pathophysiological
mechanism.
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