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Summary

Background. Delayed cerebral vasospasm remains an unpredict-

able and inadequately treated complication of aneurysmal sub-

arachnoid hemorrhage (SAH). Recent evidence indicates that the

potassium channel activator cromakalim is capable of limiting cere-

bral vasospasm in rabbits when administered immediately after ex-

perimental SAH (i.e. before spastic constriction has been initiated).

However, the ultimate clinical value of cromakalim for treating vas-

ospasm will depend in part on its e¨ectiveness when administered

after SAH-induced constriction has already been initiated. The

present study examined the e¨ects of cromakalim on vasospasm

when treatment was initiated after SAH-induced constriction was

underway.

Methods. New Zealand white rabbits were subjected to experi-

mental SAH by injecting autologous blood into the cisterna magna.

Cromakalim (0.03, 0.1 or 0.3 mg/kg) or vehicle was injected intra-

venously at 8 hour intervals beginning 24 hours post-SAH. Animals

were killed by perfusion ®xation 48 hours after SAH. Basilar arteries

were removed and sectioned, and cross-sectional area was measured.

Findings. The average cross sectional areas of basilar arteries were

reduced by 64% and 68% in the SAH-only and SAH� vehicle

groups, respectively. Treatment with cromakalim dose-dependently

attenuated SAH-induced constriction. The groups treated with 0.03,

0.1, and 0.3 mg/kg cromakalim exhibited average decreases in cross-

sectional area of 57%, 42%, and 19%, respectively.

Interpretation. These ®ndings indicate that cromakalim dose-de-

pendently attenuates cerebral vasospasm when administered 24

hours after experimental SAH in the rabbit. The results suggest KATP

channel activators, such as cromakalim, could be of bene®t for re-

versing cerebral vasospasm after aneurysmal SAH.
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orrhage; vasospasm.

Introduction

Cerebral vasospasm after aneurysmal subarachnoid

hemorrhage (SAH) is the leading cause of death and

disability in patients who survive the initial e¨ects

of aneurysmal rupture [4±6]. Despite substantial re-

search, the pathogenesis of cerebral vasospasm re-

mains a matter of discussion, and adequate pharma-

cotherapy has been elusive. Consequently, it is still

of considerable importance to identify and evaluate

potential mechanisms and treatments for cerebral

vasospasm.

In a review article that appeared in 1994, Zhang and

Cook [24] suggested that potassium channel openers

might be of value in the management of cerebral vas-

ospasm. The rationale for this argument was that the

opening of potassium channels would lead to the

hyperpolarization of vascular smooth muscle cells,

resulting in a relaxation of the contractile state of

the cells. Studies by Zuccarello and associates [26]

have provided important support for this concept.

Using electrophysiological recording techniques, rabbit

smooth muscle cells obtained from spastic basilar

arteries were shown to be depolarized, and this de-

polarization could be reversed by the ATP-sensitive

potassium channel (KATP) opener cromakalim. These

®ndings suggest that selective potassium channel

modulators can be e¨ective in altering the polarization

of smooth muscle cells that have been compromised by

SAH. The same authors further examined this issue by

topically applying cromakalim to intact basilar ar-

teries that had been subjected to experimental SAH

[26]. In these experiments, cromakalim reversed an

established arterial narrowing observed 3 days after

SAH. Although the time course of SAH-induced vas-

cular narrowing in the rabbit is not as prolonged as

that observed in human patients, this observation

raised the possibility that post-hemorrhagic treatment

with a potassium channel opener could be bene®cial
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for reversing cerebral vasospasm. Recently, we have

demonstrated that systemically administered croma-

kalim is e¨ective in blocking the development of basi-

lar artery vasospasm in a rabbit model of experimental

SAH [9]. A dose-dependent protective e¨ect of in-

travenously administered cromakalim was obtained

when treatment was initiated one hour after experi-

mental SAH. Treatment with cromakalim prior to the

establishment of profound vascular narrowing is of

potential clinical value in the prophylactic treatment

of SAH patients deemed to be at risk for developing

cerebral vasospasm [9]. However, it would be of con-

siderable additional bene®t if systemic cromakalim

treatment were to be e¨ective when initiated after

substantial arterial narrowing had already been estab-

lished. The goal of the present study was to examine

this issue by using a protocol in which intravenous

cromakalim treatment was initiated after SAH-in-

duced vascular narrowing has been established.

Materials and Methods

Experimental Subarachnoid Hemorrhage (SAH)

All experimental protocols were approved by the University of

Virginia Animal Research Committee. New Zealand White rabbits

(3.2±4.0 kg) were subjected to an experimental subarachnoid hem-

orrhage (SAH) by injecting autologous blood into the cisterna ma-

gna. Animals were anesthetized with an intramuscular injection of

a mixture of 9 mg/kg xylocaine and 55 mg/kg Ketamine and then

intubated endotracheally. Three milliliters of arterial blood were

withdrawn from the ear artery, and injected into the cisterna magna

with a 23-gauge butter¯y needle after aspirating 1 ml of cere-

brospinal ¯uid. The animals were positioned in ventral recumbency

for at least 15 minutes to facilitate the formation of a blood clot in

the subarachnoid cistern. All animals were monitored closely for re-

spiratory distress, and ventilated as necessary. The animals were then

allowed to recover from anesthesia, extubated when awake, and re-

turned to the vivarium.

Treatment Groups

Sixty-four rabbits were divided into the following eight groups:

1) control (no SAH; n � 8); 2) control� vehicle (n � 8); 3) con-

trol� high dose cromakalim (0.3 mg/kg; n � 8); 4) SAH-only

(n � 8); 5) SAH� vehicle (n � 8); 6) SAH� low dose cromakalim

(0.03 mg/kg; n � 8); 7) SAH�medium dose cromakalim (0.1 mg/

kg; n � 8) and 8) SAH� high dose cromakalim (0.3 mg/kg; n � 8).

All injections of drug or vehicle were administered intravenously,

and were initiated 24 hours after the induction of SAH. Substantial

vascular constriction is already observed in the rabbit SAH model at

the 24-hour time point [8]. Subsequent injections were given at 32

and 40 hours post-SAH.

Perfusion-Fixation

Forty-eight hours post-SAH, animals were reanesthetized, in-

tubated, ventilated, and paralyzed with pancronium bromide

(0.3 mg/kg). The central ear artery was cannulated in order to mon-

itor blood pressure and to determine the blood gas levels. Perfusion-

®xation was performed in the following manner. The thorax was

opened, a cannula was placed in the left ventricle, the descending

thoracic aorta was clamped, and the right atrium was opened. Per-

fusion was begun with 300 ml of Hank's Balanced Salt Solution

(HBSS Sigma Chemical a H-1387), pH 7.4 at 37 �C, followed by

200 ml of a mixture of 2% paraformaldehyde and 2.5% gluta-

raldehyde in HBSS (pH 7.4 at 37 �C). Perfusion was performed at a

pressure of 120 cm H2O. Following perfusion-®xation, the brain was

removed and immersed in the same ®xative overnight at 4 �C.

Visual inspection during the removal of the brain showed that all

animals had subarachnoid clots covering the basilar artery. Two

animals were eliminated from the study at this point due to inade-

quate perfusion-®xation: one rabbit from the SAH� vehicle group,

and one from the SAH� low dose cromakalim group.

Tissue Embedding

Arterial segments were removed from the middle third of each

basilar artery and washed several times in 0.1 mol/L phosphate

bu¨er (PBS; pH 7.4). The specimens were post®xed with osmium

tetroxide, rinsed, dehydrated and embedded in Epon 812. Cross sec-

tions of basilar arteries were cut at a thickness of 0.5 mm with an ul-

tramicrotome, mounted on glass slides and stained with tolui-

dine blue for morphometric analysis.

Tissue Morphometry and Statistical Analysis

Morphometric measurements were performed by an investigator

blinded to the treatment group to which the arteries belonged.

Measurements were performed on at least ®ve random arterial cross-

sections using a computer-assisted image analysis system (Model Bx

50 F Olympus Optical Co, LTD). The area values for the ®ve cross

sections from a given artery were averaged to provide a single value

for each animal. Group data are expressed as mean G SEM. Group

comparisons were performed using a one way analysis of variance

(ANOVA) with the Tukey post-hoc test. Di¨erences were considered

signi®cant at P < 0:05 level.

Results

General Observations

All animals exhibited a thick subarachnoid clot over

the basal surface of the brain stem, which covered the

basilar artery. There were no signi®cant di¨erences

among the treatment groups for the physiological pa-

rameters recorded prior to perfusion-®xation (Table

1). Qualitative histological observations revealed

substantial corrugation of the internal elastic lamina

(IEL) of the basilar arteries in the SAH only and

SAH� vehicle groups. Corrugation of the IEL was

less prominent in the animals treated with cromaka-

lim; animals in the high dose cromakalim group ex-

hibited little or no corrugation of the IEL.
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Cross-Sectional Area Measurements

The group averages for basilar artery area did not

di¨er signi®cantly among the control, control�
vehicle, and control� high dose cromakalim groups

(Fig. 1). Basilar artery cross sectional area was re-

duced in groups subjected to experimental SAH. The

average areas were reduced from control levels by 64%

and 68% in the SAH-only and SAH� vehicle groups,

respectively (Fig. 1). The SAH-induced reduction in

cross sectional area was attenuated in animals treated

with cromakalim. The average areas were reduced

from control levels by 57%, 42% and 19% in the SAH

groups treated with 0.03, 0.1 and 0.3 mg/kg cromaka-

lim, respectively (Fig. 1). The cross-sectional areas

of the SAH� 0.1 mg/kg and SAH� 0.3 mg/kg

groups were signi®cantly greater than that of the

SAH� vehicle group. The protective e¨ect of the

high dosage of cromakalim was such that the cross-

sectional area of the SAH� 0.3 mg/kg group did not

di¨er signi®cantly from that of the control� vehicle

group.

Discussion

Potassium channels play diverse roles in regulating

vascular function [13, 22, 24]. Multiple subtypes of

potassium channels are expressed in vascular smooth

muscle, and the distribution of individual potassium

channel subtypes can vary substantially among di¨er-

ent vascular beds. The potassium channel opener used

in the present study, cromakalim, preferentially acti-

vates the KATP channel [2, 3, 17, 20]. Activation of the

KATP channel has a net hyperpolarizing e¨ect on vas-

cular smooth muscle cells, which can lead to a relax-

ation of the cell's contractile state. Cromakalim and

other KATP channel openers have been shown to elicit

vasodilation in large and small cerebral arteries [1, 7,

10, 11, 15, 16, 19, 23], indicating that KATP channels

are present on a broad range of cerebral vessels. How-

ever, even though most cerebral vessels are responsive

to cromakalim, the magnitude of the e¨ect of KATP

channel openers varies signi®cantly among di¨erent

cerebral vessels [14]. The possibility that modulators of

the KATP channel could be bene®cial in the treatment

of cerebral vasospasm has been raised by several

groups of investigators [9, 19, 24±26]. Zuccarello and

associates [26] provided direct evidence for this con-

cept by demonstrating that topically applied croma-

kalim is capable of dose-dependently reversing SAH-

induced vascular constriction in rabbit basilar arteries.

In addition, these authors demonstrated that croma-

kalim could reverse the depolarization of vascular

smooth muscle cells that was induced by SAH. This

e¨ect of was blocked by an inhibitor of KATP channels

(glyburide), a ®nding that further implicates KATP

channels in post-SAH depolarization. More recently,

our laboratory demonstrated that systemically ad-

ministered cromakalim dose-dependently inhibits

SAH-induced vasoconstriction in the rabbit basilar

artery when treatment was initiated one hour after the

hemorrhagic event. This ®nding suggests that croma-

kalim can block the induction of cerebral vasospasm,

if treatment is started soon after SAH. Although the

e¨ect of cromakalim on other types of potassium

channel openers cannot be ruled out entirely [21], the

preceding results reinforce the idea that KATP channel

openers may be of bene®t in the treatment of cerebral

vasospasm.

The potential clinical value of cromakalim for

treating cerebral vasospasm will depend in part on its

ability to reverse an established spastic response when

administered systemically. The present study provides

evidence that this may be possible. Intravenously ad-

ministered cromakalim attenuated SAH-induced vas-

cular constriction when treatment was initiated 24

hours after experimental hemorrhage. This e¨ect was

dose-dependent and highly signi®cant. In the rabbit

model of experimental SAH that was used in this

study, the cross sectional area of the basilar is already

constricted by approximately 32% at 24 hours post-

SAH [8]. Consequently, treatment in the present study

was given at a time when substantial constriction had

Fig. 1. E¨ect of cromakalim on SAH-induced cerebral vasospasm.

Cromakalim elicited a dose-dependent reduction in SAH-induced

vasospasm. Con Control; Veh vehicle; SAH subarachnoid hemor-

rhage; NS not signi®cant
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already been established in the vessels. It is important

to note that the time course of post-SAH vaso-

constriction in the rabbit SAH model is truncated rel-

ative to that of SAH-induced vasospasm in humans.

Nonetheless, the rabbit model SAH-induced spasm

does share key features with human vasospasm. Simi-

lar to human vasospasm, delayed vasoconstriction is

observed in the rabbit after experimental SAH, and

this constriction is relatively refractory to traditional

vasodilators [12, 18]. The ability of cromakalim to re-

verse an established constrictor response in the rabbit

SAH model raises the possibility that the more sus-

tained form of vasospasm observed in humans may

also be amenable to such treatment. An important step

in the future evaluation of the therapeutic impact of

cromakalim will be to verify its anti-spastic e¨ects in a

primate model of vasospasm, which exhibits a more

prolonged form of cerebral vasospasm.

Conclusion

The present ®ndings provide the ®rst evidence that

an intravenously-administered K� channel activator

can attenuate SAH-induced vasospasm, even when

treatment is initiated 1 day after SAH. The results also

provide support for the concept that KATP channel

openers represent a useful category of compounds for

the therapeutic treatment of certain forms of cere-

brovascular disease.
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Comments

The objective of the presented manuscript was to analyse the

e¨ects of the K� channel activator Cromakalim on cerebral vaso-

spasm after experimental subarachnoid hemorrhage, using a rabbit

single-hemorrhage-model. Cromakalim was e¨ective after intrave-

nous administration elicting a dose-dependent reduction in SAH-

induced vasospasm. In addition to the previously published data

(Kwan et al. Neurosurgery 42: 347±351, 1998), Cromakalim led to a

reduction of the spasm of the basilar artery, administerd after the

vasoconstriction had already been initiated (24 hs.)

V. Seifert

Thank you very much for your letter concerning manuscript N�

1862 ``Delayed administration of the K� Channel Activator Cro-

makalim Attenuates Cerebral Vasospasm after Experimental Sub-

arachnoid Hemmorhage'' by Kwan A L et al.

In a rather simple animal vasospasm model the authors proved

that the K� channell activator cromakalim is capable of limiting

constriction of the basilar artery not only via acute administration

(i.e. before vessel constriction has been initiated) but also via delayed

administration (i.e. after SAH-induced constriction has been ini-

tiated). The result con®rms the working hypothesis that KATP chan-

nel activators could be of bene®t for in¯uencing SAH-induced

vasospasm.

However, an ultimate clinical value of cromakalim for treating

symptomatic vasospasm can be hoped only if it will also be e¨ective

in more complicated vasospasm models simulating human SAH-in-

duced arterial vasoscontriction more appropriately (subarachnoid

haemorrhage with raised ICP, etc.).
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