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. " ABSTRACT — . !

N

; The. séfety, preVention; and treatment of chronig

vasospasm by repedted admlnlstraxlon of intratheoally

Al

v

applled nlmodlplne was evaluated in a prlmate model . of
chronlc cerebral vasospasm. Twenty four female.

wynomolgous monkeys were randomlzed into 3 groups of 8:

° <."

1)\ sham 2) clot and 3) clot .+ 1ntrathecal nlmodlplnc.

»

All animals underwent bilateral craniectomies and micro-

' surgical arachnpid dissection, following baseline angia-

graphy:?An average cf 8 ml,of"autologous‘bloodlclot was
placed pilaterally over";he majof cerebral arteriés’in
Jal;j_aﬁimalsﬂ;gx ept she sham- group. Nimodiéine was
administered pg:topefaﬁively“by' percutsneoﬁs injection
ofl.l,nﬂ. (O;2mg) -tid.ifof 6. days, gthfough an Ommaya
rese;voir'ﬁiﬁh.the“catheten placed in the~spbarachnoid
‘oasai' cisterns. 'Tﬁe safety of nimodipine aoplied in ©

this wéy and it's effect on -pgevenfion of Qelayed'

~ischemic neurological deficits- and . angiographic
2 : z

.

vasospasm was evaluated by neurologibal assessment,f
repeat anglography at day 7 post +~SAH induction; (%nd
“brain pathological Examlnatlon. _The effecﬁ' of intfaf

thecally applied nimodipine on dilation of naormal and

vasospastic vessels in vivo, was evaluated by angio-

v
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. .
~ . v oo

. graphy foliowing' ah‘vi§§ection of 1 .ml’ (0.2 fmg{_ of

nimodipine, into the. ommaya . reservoir at day 7 in all

, ; . _ _ . . ‘ :
animals. . The @iffusion 'of intrathecal nimodipine
. . . ' .. R .o .

through _the CSF when' administered via the' Ommaya

. reservoir - was assessed-qi.SLEQCtly using horseradish

pero&idaSe (HRP) hs a marker. The‘HRP was administered

© ‘intrathecally, 15 min' prior to sacrifice. The vessels
“

. were then studied by scanning and transmission electron
“ o ' . ) 0. . . .
microscopy. - . . SR =

N .

' Intrathecally apﬁlied nimodiﬁine was rnot found to

be e{fective in prevention of ahgiograﬁhfg vasospasm.

s

It also did not appear td decrease ,the degree of
L) . :

<Y

\pathpiogicalA changé when 3compafed to controls. No
e 4 > y _

.+ _adverse pathological ” effects were rioted from the

‘intrathecal administration -.of nimodipine, however
A o : ’ . R . e - .

~transient . sedation and hypoventilation were common.
: ) .-

Since nmo animal developed a delayed . ischemic -

%

néurological deficit in any of the groups,'nimodipinefs

»

role in pteventing delayed - ischemic. neurological

.. _deficits could not be -assessed. ~Intrathec51,pimédfpine

ks

was not found to . produde a significant dilation of

vessels in moderate or severe spasm when assessed by

Ed

- : : .
angiography 2 hours following a. single intrathecal

injection. . However, dilation of yvessels in mild spasm

e



Ud \ . . \
which were not .covéred by subarachnoid clot (eg. basilar
artery)/- did occur gmafter an .'in'tra't-heﬁcal nimodipine

'in.'ectfon. When administered through the Ommaya_

L%

.th'e‘ HRP stained the- circle of Willis

primate model ' .

.z



" PREFACE o

\\

Aneurysmal .subarachnoid " hemorrhage {is one of't&e

most devastating tragedies inflicted on/a human being.

Eighteen thousand people “die or Betome permanently
. . . .

disabled each year in North America. Many are in the
h ]

most productive years of their 1ife. Thirty  yedrs ago,

operative mortality in a patient ertuhate enough to-

~survive the initial insult and obtain neurosurgical care
was 80 %., Great advances have been made in cerebral .’
aneurysm surgery with the " aid of the operating

microscope' and .micro-instrumdntation. The operative
[ . * .
mortality for aneurysm surgery is now under 10 &%.

1

‘Neurosurgeons are now ‘able to effectively obliterate an -
aneurysm from_“ghe cerebral‘_cipgulation  and prevent
\ ’ . Q, ) N .
recurrent hemorrhage.: C%febral vasospasm  is now the

leading. cause of” morbidity and mortality after
. ) . B Y

aneurysmal subarachnoid hemorrhage. ‘The advances in

S o . . . .
vasospasm therapy have not been as 1mgré551ve, however
“ : ' : ,. : :

progess is taking pkace. ‘ A ~ o

An eéexciting development in cerebral vasospasm
j :

research involves the use of a reliable, reproducible
primate model ‘' of chronic .vasospasm which has been

developed in the Cerebrovascular Research Laboratory gt

\

the University of -Alberta. Reseércq on this animal

S
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) -

' model‘ has prodided a gold standard for evaluation bf

various treatment modalities.

The work presented in this thesis, is an extension
of'D;.“F. Espinosa‘s and Dr. M. Nosko's work on therapy

R4

for chronic vasospasm,in the primate model using the '

calcium anﬁhéonist nimodipine. It is hoped that this

‘work"will help <clarify the literature céncerning

o /

intrathecal Egmingstration of nimodipine and aid in

effective progess toward a. solution to this frustrating

' . ’
problem of cerebral vaséspasm.

-

# viii X
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CHAPTER ONE: CHRONIC CEREBRAL VASOSPASM
REVIEW OF THE' LITERATURE

-

, INTRODUCTION

Chronievcerebrai vasbspasm is presently the leading
cauée of.morbiditQ and ﬁpftality following aneurysﬁal
eubarachnoid' hemorrhage, -in patients .Who reach
neurosuréical referral.centfes (84). OVbr the . past 20
' years, exten51ve research has been devoted to thls very

difficuld cllnlcal problem. Great . advances in

{
|
/

understandlng the pathogene51s have been made, however a

N

' ? B
consxstently effectlve method of therapy has® not "yet

@

been'developedh(;95)-‘_ ‘ .

L

o

lChronic cerebral vasospasm 1s eGgnized as a
greversible‘constrictidn of_eeeebral'vessels of a diffuse
or focal nature, in response to perivascular blood in
the sdbarachnoid space. The constriction appears ﬁo
involve morphbiogicalfchahgee in the vessey wall ebting
in- concert; wiﬁh sustained vaecular smooth rmuscle.

. \

)

contraction (33,45,85,91).
Robertson (143) ln 1949 . flrst reported on ischemic

lesions 1n patlents w1th ruptured lntracrangel aneurysma

\

"and concluded that these lesifons were occasionally dde

to arEerial spasm. In 1951, Poppen (140) noted cerebral



a-“ ' . ) : . 2

arterlal spasm -at surgery for rupture of an aneurysm.,-
Trauma~ 5to the. arterlal ‘wall- from perivascubar

extravasatlon of blood was coh51dered to be the tause of
— f

the 'spasm. .Cerebral vasospasm - afterﬁ) aneurysmal

. ) [
'subarachnoid . hemorrhage w4s first demonstrated

Janglographlcally' by Ecker . and Rlemenschnelder (38) in

1951 They noted anglographlc narrow1ng of the largerh

Ay

lntracranlal arteries in 10 patients, 6‘ of 'whom.

harboured a saccular arterlal aneurysm of the circle of
2 .1“‘ ' N .
Willis.' Other ‘instances q@ spasm were assoc1ated with:

~
' -,

llgatlon of the cervical carotld artery, astrocytoma,
'lntracerebral hemorrhage and a severe intrinsic lesion
of the arteries.  They postulated that the common

element seemed to be abrupt traction on the arterial

. L.

-_Wail .

It is well recognlzed today that cerebral vasospasm

‘mast commonly -follows_ subarachnOLd hemorrhage from
rupture of a cerebral aneurysm and has been reported*&o

' oevrnfrequently associated with head trauma, rupture of -
.arteriovenous “'malformations, pituitary apoolexy,

hypothalamic-brtuitary surgery, meniugitisO migraineaand‘
. surgery for unruptured, intracranial - ane&rysms

<y .

(13, 27),_28,'9219, 78,101,102,107,135,142,153) .. .

H



INCIDENCE

Autopsy studies have estimated that'as.manx as 5

mi%liod peocple in 'Ndrth- Amergéa may harbour - an

L

intfacrgnidl 'aneurysm. (110). “Approxim§tely 28,000

aneurysms 'will rupture each year (81);;;This incidence
has remained = remarkably constant over many ye€ars

(1,139). . Oof. the 28,000 éneurysms that ;ruﬁture,

' approximately: 10,000 patients® will die or. become

disabled after the initial insylt before freceiving’
. . ' ¥

definite neurosurgical care. Aboyt 18,000 patients will -

be referred to neufosurgical centres each year: Qf these
. ' - . - . B . R ! -

patientsg approxima;e;y . 8,000 @ill ‘die or ~become'

disabled; 3,000 from rébleeding, 3,000 from vasospasm,

1,000 from medical comprlcaﬁlons, and 1,000 from

sdrgical complicatibds. Thls leaves 10 OOQ fuqctlonal

. E e
survivors . each vyear, The overall mprtaikiy

mbrbidit§‘rate is 64 3. About 17 3% of pat;ents teferred

to a neurosurgical centre will dle or become dlsabled’

’

from cereb;al vasospasm:(83,99).

The indidence of angiographically . demonstréted

. . - . ke
vasospasm has been reported to be between 40 - 70 %

(6,56,148) . Allcock and Drake (6).'repor£ed the

PR

inciidence of angiographic vasospasth ‘to bé 45 '§ at less

-



—

than .3 days after subarachnoid hemofrhage, 41 % at 3°'to
10 days, and 25 % at more than 10 days. Usually, the

thet'qf\vastpaSm occurﬂ;about the third day following

subéfachnoid;hemorrhage, is maximal about the sixth to
v - : " ' S

pighth day and disappears by about the - twelfth jay

(186) . Howevér,'teports existAof:vasospasm pe:sis;ing
for as .jong as 5 weeks afger-subar%chﬁoid hemorrhage
.(18{.' The poséibili;y-of rebleedin; must 5e.conéidered
in cases‘of}g;olonged persisténée of véSospasm (186).+
.Deiéyed ischemic neufol&gicél defiéits  from
Qaséspasﬁ 1éftér aneurysmal sﬁbarachnoid hemorrhage =
occurs in 20 - 57 %=of pafieﬁﬁs, resulting in death .or
¢ permanent ‘neuro;ogiégl diéability' in about 7 - 20 %

<

(7,73,83,141,1459 .



DIAGNOSIS

‘o {

The cliniegl maeifestationglof cerebrigl vasospasm
usuallf’beginQbétWeen 4 ahé 12 daYs after sebarachnbid
.hemorrhage with.a delay of 6 hours to 3 days efter the
' ?nset  of angiographic vasospasm. The; rate of
developmet of the neurological deficits is insidious
over a period of hours to a few Aays. Ftequently, ah
increase ih headache and a low-grede fever VpreCeee
neurological signs. Rousseaux et- al. (147), reported
this delayed fever in ‘88.3" $ of patients whe had
aneurysms with severe anglographlc vasospasﬁ apd delayed
ischemic SLgns. They suggested that the delayed féwer
lis ﬁot a eimple SLgn of a meningeal syndrome but related

to  cerebral vasospasm.z An early disturbance of
ceﬁsciousness‘usually tben precedes focal neuroLogical
signs. A fluctuating clinical course is not uncommon
with gradual resolptfcn“br.progression to e man;jfocal
deficitt Occasionally, felentless'prdéression to coma
‘end;decerebration occurs within hours. Disturbances»of
sensorium are - common Qith »ahter@or cerebral artery"
veSbspasm,‘ ehd_ disturbaneest .oft concioushess wlth
posterior’ cifeulation or‘ diffuse‘ Qasospasm. " Focal
) 0

neurological deficits are more common with middle’

cerebral arterial spasm (&2 73)

4
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. The differential diagnosis of delayed deterioration .
after aneufysmal su%arachnoid thémorrhége_ is multi-
faCtérial. Peerless (136) reported a 30 % ;pcidenée of
delayed- deterioration .from vasospasm, 6 % from ré—
lbleeding, 14 § from hydrocephalus, apd 18 % from
hyponatremia. | Many medical .coﬁplications also
contributed toAdglayed neurological deterioration.'

Associated risk factors ‘.may pPrecipitate dr
aggravé;e symptomatic vasospasm. Hypévolemi& is ‘an
important correctable risk factor. Maroon and Nelson.
+%(105) found a significantly decreased red blood cell
‘mass and total blood volume in 15 nonselected patienﬁs

wfzh subarachnoid hemorrhage. Kudo et al. (92) measured
circglatin§ 'plood volume with an isotope dilution
technique and found a decreased blood volume -and red
blood cell, mass at the time of neuro;ogiéal
deterioration in 3 batients with vésospasm. Rosenwasser
et al; (146) reported é_20 % incidence of aﬁgiqgraphic
'vasospash in patientsltreated with preoperative volume
expansion and vasodilator/centrally acting drugs fff
coﬁtrol of hypeftension compared to a 60 % incidence of
Qasospasm in 3 group of patients tr?*}ed with diureti;s
for preoperative con;rol og,.hypértension. Systemic

arterial hypotension and increased intracranial pressure



Ay ' . A > g ‘.
may also result in reduced cerebral perfusion pressure

B

flation is impaired after subarachnoid

when autoreg
. 1

hemorrhage,I

(26,47,48, 90\

deterioration after aneurx§mal subarachnoid hemorrhage

must be evaluated carefully with clinical examination,
blood‘_chemistry ‘and  CT scanning.' Angiography 1is
'indicated if the diagnosis 1is unclear. Wh;n angiographic
narrowing is démonstréted, letifactoqiél cauéation may
‘also be presekt. >

The most Gseful predictor of the severity of
vasospasm and subsesquent cerebral infarctiqn is the
size - of the subarachnoid hematoma on CT scans and ihq
presence of basai subarachnoid conﬁrast enhancemént
(34,74,89,115,168,178) - Mizukami e£ al. (115) noted
that the. presence ‘of thick subarachnoid hematoma
characterizai’b§ hi§h density on CT scang (Hounsgield
number greater than GQ) within 4 days‘of’suba:achnoid

L]

hehorrhage was ass¢ci§ted with an 84.6 % incidellce of

.

cerebral‘vasospasm. ﬁézawa et al. (178) reported a 46 %

incidence of prominent -contrast enhancement 1in the



o ) , ‘ :
- region of the ctt;le of Willis on CT scans Setween day ©
and day 3 af£er subé:achnoid_ hemorrhage. Severe
vaéogpasm with motor paraiysié occurred in 76 % of these
patienté. Hirata et al. (74) found that 'the diffuse
type of subarachnoid‘ enhancement on CT scan was most
valuable for predicting cerebral infarction.'dqe to
vasospasm (83% | of patients  developed cerebral
infarction). . Doczi et al. (34) suggested that the
abnormal enhancement iS‘parenchymag, in the gyri, and
not_Subaraéhnoid. They postulated that it is due to

4
gyral hyperemia or extravasatiqgn of contrast (%aterial

into cortex resulting from breakdown of the blood-brain,

barrier. ,:



PATHOPHYSIOLOGY
. 3

Approximately 50 3 of patients with angliographic
éerebfal arterial nafrowiné do not deJélop syﬁptoms of
cerebral iscpemia.' Héwever, there is ample evidence
showing a positi;e correlation of sévere angioéraphic
vébospasm (gréateg than one-third reduction of veséel
caffber) with reduced cerehral. blood flow, deiayed
ischemic neurological deficits, pa;hological"cerebral
infarction and .poor outcome (33,62,64,77,106,112,196).
Ishii  (71) demonstrated focal areaé of decreased

cerebral blood flgg below 30 ml/100 gm/min in all

patients with diffuse, severe vasospasm (g?eater. than

LR}

50 % reduction of vesgel caliber). These patients also
demonstrated impaired CO2 resbonsé and autoregulation,:
~as well as severe neurological deficits. Graham et al.

:(62) found ischemic damage in the cerebral cortex of
88 % of hemispheres with severe vasospasm. Martin-et
'al. (lO6)f using positron emission tomography
demoéstrated a reduction of cerébral blood flqw and
Axygen .utiliZati?n in all patients with subarachnoid
hemorfhage; with the most pronqynced reductions in
patients with more severe neurOLOgiéal deficits. and

severe vasospasm. Their most striking finding was a

significant increase in cerebral blood volume 1in those

/
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patients with severe neurological deficits asso'cj.a\t‘:ed
with éevere vasospasm. They s‘uggest‘ec'i that cerebral
vasospasm consists of constri,ctiox"x of the large,.
radiographically visible extraéarenchymal  vessels
accompanie'd' by a massive dilation of intraparenchymal
vessels 1n response to cerebral igchemic cellular
metabolites. The increased blood volume and‘ischemic

gerebral edema <elevate 1intracranial pressure which
further reduces perfusion pressure and cerebral blood
flow, in_the presence of the impaire%‘ au*_coregula?:ion of

sub«a},'r_,achnoid hemorrhage. ®hese abnormalities may

ultimately lead to cerebral infarction.
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EXPERIMENTAL IN VIVO ANIMAL MODELS
;o b :

An understanding of the pathology, etiology,
p;thogenesis and '~ results of | various treatment
modalities dén cerebral vasospasm has béden obtained from
,tﬁe research on ekperimentql in vivo animga models of
subarachnoid hemorrhage. A good animal model should
ideally produce angiographic _ vessel narrowing withraq
delayed onset and prolonged duration of_existence which.
s;mulét £he tim; course of clinical chronic cerebral
vasospaém. *The mogel should also YPproduce -delayed
isc;émic neurological deficits " from ‘ths\/vasospasm to
further ;pproximate the clinical situatibn. Low cost
and availabiiity'of the experimental animals would be an
additiona; desirable feagure. Species variation of the
cerebral vessels to various etiological substances and
phqrmacoloqical’ treatment modalities must also be
considered.‘ e .

"Echlin (37) in 1964 - performed a transclival

surgical approach ., on monkeys and applied fresh

autologous blood on the vertebral and basilar arteries

(% t

for 1/2 to “5 minutes to produce asospasm. Photo-

micrographs were used to document/ the vasospasm. The

onset of vasospasm was immeqiate and lasted for 5 to 10

= ’ '
minutes. Echyg; obsekved she need for the arachnoid to
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dlssected and the blood ‘Flaced ‘in the subarachn01d

lqe lnsorder to achleve vasospasm. However,. the tlme

e

1rse of thlS acute spasm is very different than that

N

chronlc vasospasm 1n the cllnlcal smtuatlon Simeone

12

fal; (163) in .1968 produced prolonged vasospasm ‘in-. .-

ﬂ

-sus monkeys by puncture of a lnajor “essel in- the

'clef of W1llls. . The vasospasm was studled

E
|1ograph1cally and per51sted throughout the duratlon

thé experlment, lastlng over 4 days and llmlted

tally by surv1val of the anlmals. The main difficulty

h thls model “was‘ the hlgh mortallty rate.  Also,,

‘ause of -the 1nab111ty to control the amount . of
1orrhage follow1ng arterlal puncture,‘the degree of
kospasm’produced was hlghly varlable between anlmals
ARecent - developmeﬁt& of a primate | model 'iin
ig;bigous; monheys is one’ of the superior present
rimodels‘(41}42,43). This‘modelfinvolvee performing a

.laterai frontotemporal'craniectomy and. she placement

.éptologous blood clot in. the subarachnoid space after

1chnoid dissection = and -exposure of the internal

’Otld, middle cerebral and anterior cerebral arteriee{
$

'mortallty from the procedure is low w1th an 87 3

‘ldence of vasospasm.' __The: vasospasm DS delayed in

set,rmaxlmlzes at day 7 after subarachn01d hemorrhageh

LR
S )
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1ndd&t10n -and .decreases by day 14, a time cdurse very ~

simgliar. to clinical- vasospasm (43,186). The incidence
i

‘and severlty of the vasospasm were related to the size
-

of the-hemorrhage; HOWever,jthe'gnc1dence Qf Qelayed

neurélogiéal‘deficit was .only about 6 to 10 %. Nosko

y

. and  Weir (120) extended. this model to a bilateral

craniectomy and clot placement over the ‘anterior and

posterior « + ulation vessels bilaterally, .in order to
N \ C ) £ _

reduce cc. “az= 1l.blood. flow. The incidence of delayed

neurologica. «eficit was 25 %, _an incﬂﬁence whlch

approximates the clinical situation more closely
. o ° _ v ) )
(73y147,145) . The  severity of vasospasm was also

increased with significant vésospasm'(greatér that 25 %

-

reduction of vessel caliber) occurring . in all non-

N

treatment control animals.

Species variation of cerebral vessel response to

vasogenic substances such as hemoglobin, norepinephrine,

and thromboxane A, has been reported (69;151,177;180,

188). The similarities of monkeg and human- cerebral
vessels have been consistently verified in these

, 4 . :
studies. Cerebral arteries from dog,‘cat, rat,. rabbit,

and pig sggc1mens have shown 51gn1f1cant dlfference ln
vasogenlc response ln,comparlson-to monkey and human

i

‘vessels. . -However, in view of low cost, availability,

-
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and ease of handling animals, models of vasospasm with

14

mammals other than monkeys have :been exﬁensively used

.
-

“(4,17,32,60,108,182,201).

The two—hemorrhage.canine model reoently,has been

very popular and is reported to mimic the vasospasm seen .

in patlents w1th subarachn01d hemorrhage because it is

4

SO refractory to pharmacologlcal‘therapy (60,182,201).

Subarachnoid hemorrhage is-induced by injection of 4 ml
. \\\

of fresh unheparinized arterial "blood into the cisterna

magna and this is followed by 'a second injection 48
hours later. Zabramski et al. (201) have extended this

“model. to three injections, each 24 hours apart. Their
' three-hémorrhage model, using a total of 15 ml of blood
produced a 58 % reduction in basilar arteryz caliber

compared to a 37 % reductlon in a two-hemorrﬁage control
group (9 ml of" BIood) The ASpasm resolved over

.

: approximateiy 3 weeks. - They have dﬂyelopedf a

N“’ﬁechnicalLyvsimple protocol for the reliable production

‘of severe chronic vasospasm. However, the presence of
delayed neurological deficits was not reported.
.The. bilateral ' craniectomy primate model must be

considered to be the best model of ohronic ceéebral

vasospasm in terms of severity and time course of

- angiographic vasospasm, production of delayed ischemic
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neurological deficits, and- blood vessel similarity to

“. human cerebral vessels.

a
¢

The disadvantages  in8Iude:

exbgnse, low availability, and’difficulty in handling
3 ‘ s , | ST

monkeys . ;



PATHOLOGY
4

- Morphological Changes in the cerebral blood vessels

16

of patlents dying of subarachnoid. hemorrhage were first

described by Crompton (33) ‘in 1964. He repgrted the
presence of degeneratlon and necrosis of blood vessefs

within large subarachn01d hematomata and ‘stasis of blood

q:y/ilow through these vessels, contributing to the

ccurrence of cerebral infarction. Conway and McDonald

(32)-studied the 1ntradural arterles of 12 autopsy cases

of subarachnoid hemorrhagem In all patlents surviving 4
weeks or more, th 1uminalof the ihtracranial arteries
were narrowed by Suwendothellal granulatlon tlssue which
thlckened the 1nt1ma. ‘The changes were restrlcted to
large arteries with a prohinehf musoular layer and
‘Aconfined to thefsuharachnoid space. The presehqe«and
degree‘ of intimal thickening correlated with. the
dlstrlbutlon and amount of subarachnoid blood Hughes
ahd' Schlanchly (76) also noted COncehtric intimal
thickening by subendotheliahgfibrqsls»located\;n vessels
s * 5
formerly in ‘spasm, 1in péfi@nts survivihg 3 weeks or
more. These late changes were distinguished from earl?
cases where fhe most sighificant abhormality was

@
necrosis in the tunica media. Other early changes noted

oo
Fa
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were intimgl swelling, corrugation of the, tunica
elastica,‘and adventitial infiltration by Lymphocytee,
plaema cells and mecrophagbsf 'ther late changes-nqﬁed
wefelatrophy of ;he.iuﬁica media which was associated

with vdila_tion +of the arterial .lﬁmen, pn  angiography
(114)- . : ’ .
o .

pathological studies in experimental models .of

‘ ~
subarachnoxd hemorrhage have prov1ded more detall than

human _autopsy "4pecimens through the use of perquLOn

fixation ° ‘and electron  microscopy.. + Excellent

:’

descriptions  of \ ‘the vascular ultrastructure in
experimental models of cer?ral vaSospasm are provxded by
Fein et al. (So),bEspinosa‘et al. (45) and Zervas et al-

(204) -

* AN

‘The ultrastructure of ; normal cerebral artery
shows;; single layer Bf‘séindle—shaped endothelial cells
lining the lumen and joineé’by tight junctibns,;forming
the ‘blobd-afteriél wafﬂ 'barrief;}- The .elastic lamina
'separates the endothelxum £from the smooth muscle layer
The smooth muscle cells are splndle shaped and contaln a

. S
central core of cellular organelles,  and an elongated
nucleus 'sufréunded .by muscle filaments. A 'basement

membrane coats these cells and the intercellular space ’
a2 S .

contains collagen fibere. 4The.adventitia is composed of



adventitial cells that form a‘distinc; cell surface on

7ﬁ;nich“stOmata and’ arachnoid trabeculae are identified. ‘
The adventitial cefls are separated by gap jnnctions or
open spaces. Collagen bundlea form a much less dense
framework in the adventltla of ‘cerebral Vessels compared
to systemic vessels.’ Vasa vasorum 'are' absent in_
cerebral vessel adventitia. Zervas et al. (294)
identified a labyrinthlne structure‘ or. rete vasorum

- which allows morphological communication‘of:CSF with the
smooth—muscle cells’ of the‘ media' and may prcvide ‘a

[

pathway in the adventltla for nourlshment of cerebral

3

~

vessels, analogous to systemic vasaavasorum. . .
vFeln et al. (50) studied the sequential vasculart
changes of cerebral vasospasm »using‘ a primate 'model.
Early sb?sm was produCed.angiographically by the intra-
cisternal ‘injection of 3 ml.of arterial blood with
anglography performed 20 Ihinutes. to .1 hour after ithe
.sdbarachnord nemorrhage inductiog;~ﬁznis acute sspasm is
very rarely seen clrntcally (186). The light microscopy‘
changes showed a reduction in lomen; size with
corruéation " of « the internal elastica which » was
indistinguishable‘ from ‘normally constricted’ arteries.

_ However, electron mlcroscopy revealed structural changes

only in the media characterlzed by condensed lysosomes

-~
2
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and degenerating mitochondria. . Prolonged spasm of 2 to
7‘9ﬂys was produced by needle puncture of the intradural

internal carotid artery. The ultrastructgral changes

P

consistéq of desduamated endothelial cells withhloss of

tight Jjunctions and platelet aaherence to the denuded

elastica. Aégacent smooth muscle cells showed évi@ence
"of myonecrdsis"with iarge intraceliular vacuoles.
" Espinosa et al.“.(45) visuaiizedb the ulﬁrastfuctural

. vl . . :
abnormalities in a primate model of chronic. vasospasm at
day - 14 'post—subaraghno;d hemorrhage induction when

angiographic vasospasm had almost complletely abated.

They showed dramatic changes usip scanning and

transmission electron microscopy . OThere was

M -

.convolution of the‘endd%helidi gurface, thickening of

-the arterial wall and absence of nerves on the

" adventitia as seen by scanning electron microscopy.
Transmission electron micrographs showed endothelial
‘ - . i o "

swelling, vacuolization, rounding, * and disruption of

‘

19

SN

tight junctions. Migration of smooth muscle cells to
the subendothelial‘ e | ﬁhinning“ of the ih;ernaln
elastic lamina, co-veo N ﬁhelintimé anq‘eiastic
lamina, and .vécupl.:m .bn w0 fibrogis of the media
were also identifiea . 0:3 was minimal infiammatbrx'
reaction in thé'édventitia. _The~authbrs peliteve .that

L« HE : I



vasospasm is due to long-lasiing smooth muscle
contraction and not to a proliferative vasculopathy,
since the above described morphological changes were

present when angiographic spasm had élmost compTétely

abated-.

20

. - .
Sasaki et al. (151,152)  have studied vascular

permeabil%ty after experimental subarachnoid hemorrhage
in the acute *rahd chronic stage. . Acutely, after 30

minutes of aifigkracisternal injection of either mock

CSF or whole arterial blood in § rat model, horseradish

‘ 4
peroxidase (HRP) reactive products permeated into the

subendothelial spéce .and the smooth muscle layer.

Control animals showed HRP reaction products in 'luminal

pits and . in intracellular plasmalemmal vesicles of

-endothelial' cells, but\no permeation of HRP reaction
2

products into the subendothelial spacé. - Five, hours

after the intracisternal injection, no permeability
- ‘ .) » » . . .

abnormalities were noted. A transient rise 1in

intracranial pressure and systemic arterial pressure.

"after an intracisternal injection.of mock CSF or blood

was noted.”  The authorg\::stulate that a sudden rise in

drterial blood pressu after the increase in
intracranial pressure resulted in the transiently

increased permeability of the major cerebral arteries.

.
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Endothelial  cell transcytosis wasg the importan;
‘mechanism for the enhanced permeability, rather than the
opening of interendothelial tight junctions. However,

in a -chronic canine model of vasospasm, Sasaki et al.

(151) demonstrated extensive disturbance in the bloqd--

arterial wall barrier of the major cerebral arteries
after subarachnoid hemorrhage, with or -without elevation

of intracranial pressure. Opening of the inter-

" endothelial tight junctions was the major mechanism for

d »>
HRP leakage into the subendothelial space and the smooth
&

muscle layer. The disturbance in arterial permeability
of the major cerebral arteries after subarachnoid

hemorrhage may account for the abnormai post-contrast

-

enhancement on CT scans in patients who are at risk to
develop vasospasm. It may also be involved in the
pathogenesis of. vasospasm.’ [

Denervation of cerebral perivascular nerves after

N

‘subarachncid hemorrhage has been ' demonstrated usihg

electren microscopy and immunbhistochemical techniques

. I3

(36,45,68). * Duff et al. (36) showed disintegration of
both <¢lear-" and dénse-core vegicles ©of perivascul&r
nerves, fragmentation Of varicosities, loss of Schwann

éell,cytoplasm, and axonal degeneration. The¢ changes

were most pronounbed 7 days after the instillation of

-
o

:
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blood in a cat model and correlated in time with maximal

\
A} . .
injury of the media and endothelium. Espinosa et al.

{45) demonstrated loss of 'adventitiai nerves on
transmission elecfron microscopy in a primate model of
subafachnoid hemorrhage. Haré et al. (68) ‘showed a
reduction of immuno-histochemical staining in acetyl-
. .
cholinesterase; vasoacpive intestinal polypeptide,
adrenergic, and substance pP-like immunoffeactivg
,perivascuiar nerves after subarachnoid hemorrhage as
well as su?giéal manipulation of tHe végsel wall in a’
primate model of chronic vasospasm. Thé reduction in
immunoreaqtive staining of perivascular nerves did not

correlate . with the deveiopment of angiographic

vasospasm.
. s P

A discrepancy exists between the degree of
proliferative vésculoﬁathy in human autopsy material as
.opposed to experimental models. In general, the time

period following subarachnoid hemorrhage and examination

-

of human autopsy material 1is much long than in the

experimental models, allowing for a greater degree of

”

*proliferative ~hange which is- present’ long after

angiographic spasm has resolved (17,32,45,85,114). Kapp
. . o N

et al. (80) propose that chronic vasospasm involves

three phases:_(l) the init%sl muscular contraction of

.
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the arterial wall; (2) a secondary ihjury to the artery ;\

o

that ces;ists of,endothelial desquama;ion with” adherence
of platelets to the denuded internal ‘elastic lamina; and
(3) the repajr process, which is the proliferative

vasculopathy observed in human autopsy specimens.
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The transient nature of angiographic vasospasmn
suggests that the predominant mechanism of vessel lumen

narrowing is prolonged smooth muscle cell contraction,

despite the presence of morpholodical changes in. the

N

vessel wall. This is further supporéed by the fact Zrat
a

dramatic pathol?gical changes 1in the vessel wall ve

been lidentified long after angiographic spasm has

<

resolved (17,32,45,114). Peterson et al. (138) measured

24

the 1in vitro basilar artery  smooth muscle membrane

potential by cell puncture with glass microelectrodeg,
in a «canine model of chronic vasospasm; " Vessels
demonstrated to be in spasm' by angiography were
depolarized relative to control vessels not in'spasm,
fﬁrtheq supporting the smooth musclé cell contraction

theory of prolonged vasospasm.
PHYSIOLOGY OF VASCULAK SMOOTH”MUSCLE CONTRACTION

Smooth muscle «cells cantract in Yresponse to

pharmacological, neurotransmitter, electrical, rand
mechanical stimuli‘ which  result in either plasma
membrane receptor stimulation or depolarization. This

results in rythmic pulsed smooth muscle tone.

Maintained tone is determined by a continous passive
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f

leakage of extracellular ca*t?t through the plasma

. . - .
- membrane. All mechanisms that initiate smooth muscle

contraction result 1in an increase of free cytosolic
intracellular ca*t. The degree of conAragtion is
determined by the concentration of free intracellular
ca*t | |

Adrenergic, serotonergic, cholinergic, : hist-
aminergic and proséaglandin receétors ha;e been
identified on vascular smdotﬁ muscle cell plasma
membrane. Stimulation of)\these receptors may activate
the enzymes - 8uanyl cyclase or - adenyl cyclasé)
Dephosphorylation of guanosine triphOSphate or adeno§iné
triphosphate  to cyclic guanosiné monophosphate (cGMP) or
cyclic adenosine monophosphate'(cAMP) follows activation
of the membrane bound enzymes guanyl cyclase éﬁd adenyl.

\

cyclase, reSpectriéiy. Cyclic-GMP acts as a second

: . ++
messzi?ér to cause a release of protein bound Ca from

the sarcoplasmic reticulum, elevate free intracellular
‘,H" -

ca¥t and effect muscle contraction. Cyclic~-AMP has the

; : s L+ _
opposite effect 1n decreasing free Ca ; and ciﬂ;ing

. N . ® \v .
muscle relaxation. Alpha-adrenergic receptor stimulation

results in vascular smooth muscle cell “contraction by

~activation of the guanyl cyclase pathway. Beta~

adrenergic receptor stimulation results in vasodilation
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SO - L
ctivation ‘of the‘adenyl cyclase.pathway;'Reeeptor

lted? muscle. contractlon by the second' me5senger

;nlsm is 1ndependent. df extracellular -nCa**}‘
. "

lntratlon ‘and  will occur 1n calc1um free soluthns

4 - . .
= Y s
= 2‘,_

.assessed-ln vitro. , C . P

Receptor mediated muscle cﬁhtraction may also

lte by opening of receptor operated ion channels

./

r admlt-Ca.f (and/or Na) resultlng in elther 1nflux

ttracellular ca™ or membrane depolarlzatlon © This

_of mechanism  for. receptor mediated muscle

factioh i§ = dependent on extracellular catt
~ngratlon. A F.
Smooth ﬁhecle - contraction . by membrane

.arization or hign potasslum containing eolutions
;ieSf actiyatibn» of potential 'dependent ehannelS»
lﬁresult inthOVementbof.extracellular Cat+ into the
| Potentlal dependent muscle tontractlon and muscle
'actgon produced by’ pa531ve leakage of Ca++‘across
;lasmakmembrane (malntalned tone) 1S‘alse,dependent

ttracellular Ca++ concentration.

‘Pree intracellular Ca++-,initiates smooth'\muscle

v

'actlon by blndlng to the proteln calmodulln. This

Latory‘ enzymé& becomes activated .and the Qaf+-

>dulin complex then binds andeactivates.ﬁyosin_light

L Co \ o
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- chain kinase .(MLCK)., Activated MLCK catalyzes the

phdsphoryiation_of myosin light chain subunit. Actin-

myosin interaction-is stimulated by the phosphorylated

myosin. light chain and frgé intracellular ca’’ forms
bridging cross-links beiween'-actin and myosin. The

contractile tension of

-»

smooth muscle cell increases
- . . o+ .
with 1ncreasing free Ca. concentration.

Muscle relaxation is produced by mechanisms which

P ++ : Lo . ;
- .lower frée intracellular Ca+ . Receptor mediated

27 .

relaxation has been discussed above and involves the’

activation of membrane *bound = adenyl cyclase with

y

resultant elevation of second messenger cAMP clic<

CL - T ‘ :
AMP 1increases protein bound Ca within sarcopfasmic

reticulum. A CaeATP-ase \membraﬁe' pump exists which

actively extrudes calcium from the cell into the extra-’

. &

-y

R
-

cellular space. This‘puﬁp is probably st;mulated when

, e . ¢ ‘
the smooth muscle cell membrane becomes repolarized.

. Excellent reviews on \Egp' physiology of vascular

'smooth muscle cell contraction are broVided‘by,BQlton

, : . v
(21), Hargshorne and -Mrwa (71), Flaim and Zelis-—"(53),

and Weiss (187). f« o ft>‘

E )
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" VASOACTIVE CONSTITUENTS OF SUBARACHNOID BLOOD -CLOT

Vasocontrittor activity has been identified in
. . : S

themorr%agic CSF  both: clinically and experiment&ily
(22,24,127,150); Erythrocytes, plateleté, and prbductsf
of the coagulation sYStemﬁall produee,vasocoﬁﬁriction.
In vitro studies on isolated cahine basilar_artéry‘have
'noted significaﬁt contraction induced by fresh.platélet
rich plésma or 'serum which lose their contracﬁilé
activity after 24 hoﬁrs Of incubatibq (126,131). Intact
efythrothes and platelet poox plésma‘ have no
contractile activity.. HbWever, lysed effthrocytesihave‘
‘contractile activftythich’reachés a.piateau at three
'days of inbubation aﬁd'is:mainta;ned for at leést 14

days (126). Biochemical analysis of the incubated

li -~

eryfhfocytes by columﬁ chromotography rewealéd, that
contractile acti&ity was préseht inlonly~ohe peak of the
fchromatdgraphically%eluted fradtions'hndlwas shown_tb
pos%ess a éimiliagm>abéorption spect;um to 'that of
hémdélob%n. | Otkér« in yitrolvstudies‘ have  shown
%aéocontriétbr :éctivity"ofi ﬁemoglobin (177,188,189).
Tani#hima (177) shoWedvthatjthe contractile activity éf
lysed ery;hrocytes% was dérived from oxyhemoglobin.

Methemoglobin, a metabolic - oxidative ;'prOduct of

oxyhemoglobin hgd"minimal jvasocontrictor activity and

L)



. ; ' | ‘ 29

the constituents of hemoglobin caused little or no

)

contraétioﬁ,éompared tq’hépoglobin as a whble.

In vivo studies hAQe‘ also produced iéroionéedv"

_vasospasm from breakdown products of erythrocytﬁfﬁk
(128,166). Osaka kl28) produced {ésocontricti?h 6f‘cd£‘

basilar arteries by tqpical\application of fresh serum
; ” . .

. and platelet rich plasma which ~ was lost _after

I N
.incubation. However, severe prolonged spasmigwas

produced by ‘incubated fractions of lysed erythroéytes.
Sonobe and Suzukiid(L66)‘ observed the basilar artery
contriction in cats with a surgical microscope. Topical

application of fresh Dblood produced a ‘weak and

tra t response. ASupernatants of blood-CSF mextures

4 . . o . -
ed for 3 days had weak activity iIn comparison

incub
with the poWerful“ and long-lasting activity of those
incubated for seven days. Mixtures incubéted’for 15

days had little or -no ‘actiVity; The v#sospasmogenic

substance in the 7th day mixture was {identified as

oxyhem%globin. 'In the 15th day mixture/ oxyhemoglobin
. ‘ . AN .

was not identified, it was spontaneously converted to
methemoglobin.

Fibrin-fibrinogen vdegradation products, plasmin,

. and thrombin have -also ‘been implicated in the etiology

of vasospasm because of their in vitro vasocontrictor

"y,
ol
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properties (100,190,194). .T'White et él- (190,194)
have noted a‘marked contrgction elicited by thrombin on
isolated cénine bgsilar= arte;ies which was of .shcrt
duration. _plasmin had a longer duration of vaso-
.contrictor ~activity :and may be Ain;olved in delayed
vasospasm in associatlon wiﬁh clot lysis.

The mecpanism/"*bf action ' of oxyhemoglobin,
platetets, and'productg of‘the coagulation cascade oa
Acohtraction‘ of vasculaf smooth musclé ‘is unkown.

/
Studies have focused on selective  pharmacological

antagonism of vascular smooth muscle receptors in the:

W

presence of various blocod clot cqnstituehts. Most of

the research has concentrated on alpha-adrenergic,

serotonergic, and prostaglandid\//mediated vascular

smboth\'muscle contraction. The discussion \tb.tfollEW
is a review‘bf'the research involved in' attempting to
identify the vasoactivevsubstance(s) in hemorrhagic CSF
ultimately involwed in éustaiﬁed vascular émooth muscle

cell contraction. 7

"SEROTONIN

Serotonin 1is 'relegsed from platelets ?bilowing
platelet aggregation.. Allen et al. (11,12) studied in

vitro contractile activity. of serotonin on canine
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“basilar argeries andl found a ‘éorrelafidn of dose-
response curves betweén serotonin and b;éod' iﬁduced,
vaédcontriciqn. Tﬁey .also found that @6ét ~of  the
contractile aétivity of human CSF taken 2 to 7 ‘days
ja}tér subarachnbia hehofrhage was due to serotonin. "
 Phe;o§ybenzamine irreversibly‘ blécked the | bgsilar e
arteries vasocontrigtor feséQgse to serotonin, serum,
and CSF. An in vivo study jxx.dogs ilO) demonstrated
cerebral .artérial 'spasm fbllowing an intra-cisternal
injection of ‘serotonin which lasted for at _iéast' 3
: N
" hours, ,Comparable spasm ‘was produced by a .blood
:;njectibn containing approxiﬁ9tely.the séme amo&nt of'.
serotonin. Phehoxybenzamine reversed -both the ‘spasm/fj
produced- by sérofbﬁin and ﬁhat produéed by bloocd. Other
investigators  have not found inhibition‘of hemorrhagic
CSF or oxyhemoglobin.induced in vitro YasocontrictiOn by
the serotonin -antagonist methysergide or by the alphg—
adrénergic antagonists, A bhenoﬁybenzamine and.
phentolamine (126,157,150,i77).

- An increased sensitivity of cerebral .QeSSelg to
serotonin _and norepinephrine after )expérimental

subarachnoid hemorrhage has been reported (98,170) .

. * , R
These: 1in vitro studies have shown the increased
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seﬁsitivity to be maximal at 3 days after subarachnoid

hemorrhage afd then gradually disappear. Young et al.
(198) reportéd,early.onset serotonin hypersensitivity 6

. b) . . (SN - -
hours after experimental * subarachnoid IHemorrhage,

maximal ax 36 hours and "a gradual return to normal.
They felt that the t®vel of tension generated in the

contracted basilar artery 'by serotonin was not of

sufficient magnitudé to implicate seroton;ﬁ alone as the‘
étiolbgica} aéent for vasospasm.

dea"et Al.. (18%) ,fodhd' a state of décfeaéed
‘sensiﬁivity " to 'sergtonin, nofepinephfine, histamine,

. a ) ) ~ .
and K of canine middle cerebral arteries in prolonged

)

spasm,

days after-subarachnoid hemorrhage induction.

(91) also demonstrated reduced reactivity-
. ] T . - s
of monkey vessels 1in chronic. vasospasm to .serotonin,

Krueger et al.

. . Y
. < 0
norepinephrine,

.

and pot&ssium chldridéh ,Volaﬁy et al.
-{183) measured ﬁhe " concentration of serotonin in
ventricular CSF, between 2»§nd lsbaays after aqgurysmal
sﬁbarachnoid hemorrhage. Tbe levels measﬂredxﬁid not-
diffef from“ control - ‘patieﬁts ‘and there was no
corrélation »betWeen .CSF .serotonin‘~level,‘ angiographic“
vééopasm, or cl;nical grade. -However,'cisternal CSF
colleéted at the.ﬁime of eafly sﬁrgery and contaminated

o

by fresh blood did show a very high concentration of
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serotonin, in 2 "patients with severe postopérative
yasospasmﬁ '

The v results’ do.—oot support the ‘theory ithat
serotonin plays a magor‘ role in sustaining delayed
vasospasm, but may be’ involved io ﬂthe iqitiation of

. vasoépasm; early afﬁer subarochnoid hemorrhage and
followino.éiatelet aggregation. | |

NOREPINEPHRINE .

y l‘\'-
' Subarachnoid hemorrhage produces a denervation of

‘cerebral 'périvasculor nerves with a marked loss of
catécholamine immunoreactive staining and reduced - -
norepinephrine content (36,40,58L6é,97)-‘ }rasef et al,
(§é) posﬁuiatéd an exhaustion of norepinephfine.étores
-io berivascular nerve terminals following repeated‘spasm
of»thq*vessels. They considered that blood contains a
'vaoocontrictor'Asubstance which stimulates the ‘alpha-
‘adrenergicA receptor to producgl*cereoral vasospasm.
Conficting reports of denervation hypérsensitivity of
ce%ebral; vessels toO norepineprine and serotonin havef

been mentioned above (91,98,170.181,200).‘-Conflictidd

reports of inhibition of hemorrhagic CSF' or oxy-

hemoglobin induced vasoconstriction by alpha-adrenergic

antagonists, have also'been»mentioned above (10,122,150,

: \ . ; - \



Alksne and Greenhoot (5) produced myonecros;é of

i

theipedia in tHe basilar artery of a primate model'pﬁ
. \ :

delqyed vasospasm by injection -of norepinephrine, into
thé}prepohtiné cistern. An intense immediate‘vasospasm
’ . .
was produced which lasted only minutes and was followed
b] a second stage‘of épasm that pefsisted‘for 8 to 10
.days. Degeneiigfcg morphological changes of the bléod
vessel wall similar to that seen after subarachnoid
"hemorﬁhage were also founa.

Shigeno (161) measured postoperative nofepinephrine
levéls in yentr;cular and cisternal samples in patienis
pperéted én for aneurysmal subardchnoid hemorrhage.

" Cisternal CSF of hpatients. with’ vJséspasm contained
significantly h;gher*norepinephriée levels compared to

3

sthose without vasospasm. ‘However, the increase was not

. " T . )
considered high enough to locally constrict cerebral
arteries., The possibility of a secondary phenomenon}.

norepinephrine release into the CSF from various.sourc®s

» . ! . '
in the braip was considered.

”PROSTABLANDINS 

-

~ Prostaglandins .are ubiquitous substances with
: -

biosynthetic components common tO an enormous spectrum

F)

of cells (79). Synthesis involves the qonvCrsion of
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phospholipids to the precurqu fatty ‘ac%d arachidonic;
acid, by the enzyme phospholi;ase.A. Arachidonic acid
ié converted td' biologically active eicosanoids by
thé'enzymes lipoxygenése.and cycloxygenase. Lipo;ygenase

conversion gives rise to the leukotrienes which modulate
—

the immune response. Cycloxygenase conversion gives

rise to 'the endoperoxides (PGG,, and PGH,) which are

2

9 PGE2, PGF-2O< ' PG12

(prostacyclin), and thromboxane A2.. The Eendoperoxide

’ . - 3
- derivative prostaglandins hav otent effects on smooth

subsequently converted to PGD

‘mgscle contraction and platelet-aggregation (79).
Prosiaglandins are synthésized in cerebral blood
vessels. Hagen et al.‘l(65) stu%ied cerebral artery.
p;;staglandin synthésis using tﬁin‘layer chromotography
following incubation of ve;sels\witb (l—l4C)—arachidonic
acid. FiQé products of arachidonic acid wefe-idént;fied:
PGEé, PGF, ¢ + PGD,, prostacyclin, and thromboxane B,
(étable metabolite of thromboxane A2). Maeda et él.

(103) and sSaski et al. (154) found similiar results,

however prostacyclin was the most abundant prostaglandin

found in cerebral vessels. Prostacyclin 1is mainly
generated in - the endothelium, (104). Following
experimental  subarachnoid - hemorrhage, prostacyclin

\,

L « . .
synthesis ;is substantially diminished between days 3 and
, P
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8 after subarachnoid hemorrhage induction (103,104,154).
Measurement of G—Kiio—prostaglandin Floc , a stable
metabolite of prostacylin, in CSF of patients with

ruptured aneurysms has also shown reduced levels (144).

Thf eicosanoids thromboxane A, PGF2 oc 1 \PGEz,
PGEl, %ﬂd PGA1 have all shown in vitro vaso-contrictor
progerties (39,67,75,199). 1In vivo vasa-contriction of

cg¢rebral vessels has also been demonstrated usingsintra-

arterial PGE, and PGF

1 5 o inquionsi(l92,l97){ However,

~

radioimmunoassay of PGcmCij CSF from patients with

C.

subarachnoid hemorrhage showed no correlation between *

the 1levels and the appearance of vasospasm (93)..
y _

Prostacyclin has produced in vitro relaxation og

) 3
vascular smooth muscle as well as inhibition of

contractions lnduced by thromboxane A2f PGF2 ot

serotonin, noradrenaline, ‘nd angiotensin 11
(23,29,75,134). . . | < e\\\\\\,/

The effects 0of thromboxane @aikand prostacyclin
. " .

appear to directly oppose one §n4§ﬁé¥ﬁ~ Thromboxane A2

inhibits adenyi cyclase by pla;ﬁd;fmembréne receptor
stimulaéﬂon and thereby lowers cAMP, and increases free
intracellular Ca++ wifh. subsequent smooth muscle
contraction. Prostacyclin has the reverse éffect, in

that it stimulates adenyl cyclase. Thromboxane A2 is

J

-

2

~

"\‘
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synthesized by\platelets and serves to counteract the
effects of injury by causing vasoconstriction and
inducing - platelet aggregation. Prostacyclin is

synthesized by endothelial cells and produces vaso-
: /

dilation and inﬁifition of platelet aggregation. The

balance between -thromboxane A2 and prostacyclin may be

-~ ”

responsible r the moment to moment control of blood

flow (79). Endothelial cell injury, commonly seen in
N 1
cerebral vasospasm results 1in decreased prostacyclin

pfbduction. Enhanced platelet aggregétion in response

‘to endothelial injury results in increased thromboxane

A2 release. The disordered physiological control of the

37

calibre of the ceéébral arteries may be responsible for:

e <

systained vasospasm (23,157). This mechanism relates
degénerative morphologiéal vessel changes with enhanced
pathophyéiological smooth,muécle contraction, prodhcing

.

chronic cerebral vasospasm.

LIPID HYDROPEROXIDES

Oxyhemoglobin's potent vasocontricting effedt has

been mentioned above. 'In addition, oxyhemoglobin can

initiate free rigicél.reactions following conversion to

methemoglobin (14,155). Activated species of oxygen
. 1

such as superoxide anion, hydrogen peroxide, and ‘singlet

3

-



.oxygen are released. These activated oxygens initiate

free radical reactions with unsaturated fatty acids

found in cell membranes producing various lipid

.peroxides (partial oxidation products possessing single

unpairea electrons). Membrane disruption follows (129).

Endogenous peroxidation inhibitors such as the ‘intra-
; >
cellular enzymes catalase and superoxide dismutase

-normally prevent the accumulation of free radicals.

However, a change in the ratio of free radicals to
inhibitors may lead to pathological changes.
. Sasaki et al. (157) studied the effect of the lipid

’
hydroperoxide, 15-hydroperoxy arachidonic acid: 15-HPAA,

.. &
ot 'in vivo production of chronic vasospasm in a canine
model. The 15-HPAA was injected into the cisterna magna

. - : L
and produced a biphasic .constrictiom of ¢the basilar

38

artery. The initial contriction phase lasted for le)*

" hours and was followed by a second phase[ beginning 48

-

to 72.‘hours after the injection. The secondary
constriction persisted until sacrifice. The prolonged
agprerial. constriction was associated with electron
microscopic changes of severe endothelial degeneration

and mild myonecrotic changes in the tunica media.

Peroxidation of phospholipids in endothelial cell

membranes following subarachnoid clot lysis may account
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O -

for the endothelial cell degeneration.‘Disruption of the -
normal physiological balance between thromboxane A
prostacyclln would ®hen account for the sustained smooth

muscle‘ contraction of chrénic vasospasm. The vasor*t

contrictor substances previeusly mentioned such as axy— |
hemoglobin, serotepnin, norepinephrine, thrombin, and

plasmin may all contribute in a multifactorial etiology.

i T S

kI

2 andwd?~£’

M’

vp# ', ‘,)"

'

Ll

& o
>

-



;,TREATMENT' P
Therépy ,for chronic vaso%pasm after subarechnoid

rrhage - has- ' involved: .early aneurysm surgery and

val of subarachnoid,clot;‘pharmacological‘dilap}on'
: L » : e El . -
asospastic cerebral vessels; treatment of cerebral

9

:mia with .hypervoLemic/hypertehsive therapy; = and’

Srel protection.from infarction by barbiturates:

{ SURGERY AND CLOT REMOVAL

‘When intracranial surgery for ruptured anénrysmh

: ,became popular in the 1950's, preventlon ‘of

strophic rebleeding by aneurysm cllpplng *wfl

e

iy concern and operations were per (o)

1t ba51s.;. However, an‘ unacoeptable ' per tiy

111ty occurred Surgeons encountered a swol'

:rhaglc, soft braln whrch%:'requlred rexcessive

-

. S . .
iction. Vlsuallzatlon of vital -structures was:

~

Lcult and the frlabbe ane

ireported an 80 % operatlve mortallty “in, 1955 fromv

'type of surgery
v . .
nAttentlaﬁ then -turned ‘to improv1ng operatlve

ill;?yby delaylng surgery, and alloW1ng patlents to
. . A

‘o
4
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. recover from the acﬁte‘h effects of subérééhnoid
Lhemo?rhage.- .“Imﬁrovéd opéra£ive éoaditidnsl reduced
opérative mortality. . ‘Norlen and Ablivecrona ;(118)
reporpea a 3- %3 operative ﬁortality iﬁ éatients wﬁo‘Qére
oﬁerated'on in goéd condition, at least 21 days:éfter
the subaracE;;id hemorrhage. The poiicy “of Aelayed
operation cqptinued'fof about the next 20 years.
| Delayed .operation did- not‘ improve the ovefall

management: moftality because ‘many patients died of

recurrent hemorrhége or vasdspasm \whi;e. waifing  er
surgery.\ Weir and;Aronyk (185)'rqported an increased
ﬁagagement xnortélity‘ in poér gfade p&ﬁ}ékts who were
6perated on between 10 and‘32 days afterbsubérachnoid
hemorfhage, compared -to ipdor grade ’patients‘ who Qeré
operatéd on within 3 daYs.of hemorrhage. 'Kas§e11~et al.
(82) reportéd“ dp. 8l. % _4favorable oﬁté@me, .‘7“"%‘
unfavorabié outcome, aﬁd lll% morgality in patients'Qho
were oéerated on within 3 da{% of subarachnéid bieeding.
The overa;l management results for patients fih wﬁém
surgery was planned at leaét_ 7 days éfgef' the 1$st
hemorrhage . sﬁowed a 42 % 'favorable outcome, 17"%
‘unfavorable outcome;’ and  a 42 i% '@orta}ity. . Thga
febleedingyrate for the latéﬁétOup wasfé? %,:comgared t6 

O % 1in the eailyr{groupg’.ﬁgThéj numﬁ%f; of medical
. e R “ et . . .’ L . B

1

~

i\‘ .
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cbmplications, length . of hospitalization, and

(;iévelopment of symptomatic vaéospasm were all greater in

AN

neurosurgeon with a- slack -brain . and -

the late'group. Vasospasm in the early group occurred.

only'postoperagively, and with the aneurysm obliterated

was treated more aggressively and sﬁccessfuliy with

‘hypertensive/hypervélemic therapy. The predominately

treated aggressively in this . way because. of the

[

unsecured- aneurysm. = .

i

42

preopera;iveévasoépasm in the late group could not be

Improved microneurosurgical instrumentation and

’

neurcanesthesia have provided' the present

visualization. This has resulted in a mw

operative morbidity and mortality for early

.sur ér (83).
rgery (8

¥

- . .
Prevention of vasospasm by early aneurysm surgery

reported’ by Mizukami et al. (115). Sixty—four'patients

microsurgical suctioﬁ—irrigatioﬂ after‘ciippihg of the
: N :

* and aggressive removal of subarachnoid blood. has been

. underwent surgery - within 4 days of 'subarachnoid"

‘hemorrhage. - .The. subaracﬁnoid éloﬁ. was removed by

aneurysm. . Postoperative: CT scans showed that it was

possible:to;;gmove the majority of the blood clot except

) AN & N . . - R .
for .- that 1located in the frontal ‘interhemispheric

.
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fiséufe, ﬁhe prterior insular cistern on tﬁetapproacﬁed
sidé,‘and all ;he insularicisterﬁ on:the congralateral
'side: There Was no gngiographic QasospaSm or only m;ld
spasm in 'apy site wbere‘ the blood ‘clot had-‘ﬁeeﬁ
succeésfully femoved.. Delayed deurological defiéits
occurred only in tﬁose céses in which §ubaraqhnéid
blood ciot remained in ;he 'cisterns. ’ Tgneda-'(l75)
rep§rtgd a feddctiogﬂ-in  the incidenqe of bermanent
déiayed neurologicai deficit from 27.7 %lto lO.9_% using

early surgery (within ?gdg J hrs.) with . extensive,

B,

.

aggressive clot removal. I SMggren et al. (95) reported

a 20.9 % incidence of delayed ischemic deficits with

43

a 10 % mortality 1in .patiénts who underwent early.

operation with removal of subarachnoid «clots and

T
R

rinsing of the basal cisterns.

~Although, the incidence of vdédspasm and delayed

Ay

" ischemic deficits appears to be less in patients who.

have had aggressive early subarachnoid clot evacuation,

this risk has not been eliminated because: éomplete~

‘clot evacuation is frequently impossible. '~ ExcessiVe

_ _ N _
efforts at clot evacuation in tﬁg acute stage may
. : ' ¢

_worsen Dbrain swelling and induce "the- formation of
,intracerebréi. hematomas (35,130). The, risk of fatal

‘postoperative»vasbspasm‘may:be greater in patients who

N

w

I,
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have surgery between the’' 4th and ~ 7th day after

subarachnoid hemorrhage (35,149,169,172). . Therefore,

edrly ‘surgery for aneurysm c_ipping and reduction of .

. ) -
vasospasm should be performed within. the first 3 days

. v . .
after subarachnoid hemarrhage (149). '
In an experimental - primate mo&el* of '~ chronic

vasospasm, Nosko et al. (124) showed prevection gf

R
angiographic vasospasm and delayed ischemic defiCits by

£

e,
complete subarachnOid clot removal 24 hours after SAH
D N . . . N
induction. ‘Handa et al. . (66)" studied the effect of
. timing of clot removal on chronic vasospasm -in the same

primate model. Evacuation_ of subarachnOid clot %%ter

»

than 48 hours after SAH induction resulted in no

51gn1ficant . reduction’ in the degree of chronic
p

iS5

vasospasm The thors suggest that clbt removal at
: » |

early operation is likely to be useful only if lt is

\
performed within 48 hours of SAH. v

Since’complete clot’ evacuation by mechanical means
“is extremely difficult and may be dangerous .in- the
.clinical eituation,_adjunctive atrempts at'clot removal
witn Csé lagage and intrathecal fibrinolytic agents

have been_ tried both clinically and experimentally

(2,4532,133,149,198). Alexander et al. (2) reportedgno_ h

benefit of cisternal lavage with 120 ml of artifiCial
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CSF, iq .the ’twcihemérrhage canine model of chronic.

.cerebral vasospasm, In Spite of evidence for significant

reduction’ of gross clot by lavage. Lysis of

subarachnoid clot and a more rapid disappearance of"

r

.

pefimesenSephalic high densities on CT scan (within 7

days) has Dbeen reported using intrathecal urokinase 1in

" humans (199)-' Pang et al. (132,133) produced complete

. CEREBRAL VASODILATION

lysis of solid intraventricular clots in 3 to 6 days in
' L

a canine model, by using 20,000 IU of -intraventricular

drokinase every 12 hours. They féund no'complications

of hemorrhage, or inflammatory changes in the brain or

'»Ameninges. _ Alksne et al. (4) reéorted ‘a significant
'reductibn‘ of pathological changes of .chronic cerebral
vasospasm .in a two,hembrrhage pig model, qusfhg an
‘intracisternal injection . of - 100 units of the

throﬁbolytic agent, -‘plasmin. fhe efféciizehess ofk

plasmin or urokinase in preventing arterial narrowing

after subarachnoid hemorrhageﬁhas not yet been reported.

b
I. Qalcium Anﬁagonists - Calcium Entry Blockers

Calcium. antagonist compounds are- poﬁent , smooth

. . . Q.
muscle cell relaxants and act by inhibiting the

accumulation of free intracellular. Ca++. They may be
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classified into two types 1) calcium entry Dblockers,
which lact by inhibiting the influx_ of extracellular
Ca++ into cells; and,2)‘intrac¢llular antagonists which

inhibit the action of intracellulaf Ca++ by binding to

. calmodulin (173). Ekamples of the former compounds are:
: N R

nifedipine, himodipine, . nicardipine, diltiazem,

verapamil, and D60O. “Ythe latter compounds include

ahtipsychotics such as trifluoperazineiand HA ‘compounds
. . R
which  are . sul fonamige derivatives . prepared by

modification of a calmodulin antagonist. The calcium

46

éntry blockers are widely used in coronary artery

disease "and' supraventricular - arrythmias. They have

recieved the most attention in the study of therap

cerebral vasospasm.

In vitro studies have demonstrated a

potent

inhibitory action of calcium entry blockers on isolated

cerebrai artery contractions induced by various agonists
such}265~ seroﬁéhin, prostaglandin »Fécz ', thrombin,
norepinephrine, wﬁole blood, and K+ (9,46): ". Others
have found a greatér< sgléétivity\;of inhibition to

)

various "agonist induced contractions. Takagi et al.
- 4 . . W , ) -

(171) 'feported a greater degree of inhibition to kY

.

. . ) . : TR .
‘induced contractions than serotonin or norepinephrine.

Nosko et al. (121) showed that K+ induced contractions



_ -.concentrations
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of isolated cerebral arteries wére effectively blocked

2 M), whereas

at low concentrations of nimodipine (10~
norepinephrine and ssyé1onih inducedacoapractions were
more resistant to blockade. Hemoglobin and prostaglandin

F2<>< were antagonizgd poorly even by high

of‘/,nimodipine (10_7M). " potassium

[ ]
induced

smogrth - muscle pontractioh has a greater:
dependence on influx of~ extracellular Ca’ ', through
potehtial deéendent'channels. C;lcium entry blockers
may .therefore be more effective on‘ inhibi;iognrof k"
‘induceé’ contréction .whiéh. does not activate membrane

o ‘ s . : ++
receptors and mobilize intracellular stores of Ca

through: the second.messenger mechanism.

In vitro selectivity of calcium entfy blockerg for
‘cerebral vessels compared to systemic vessels has| been
demonstrated (8,25,). Calcium entry blockers inMbit
sergtonln, phenylephrine, PGFZalpha’

Kkt induced contractions more effectively in cerebral

norepinephrine, and

vessels than in systemic vessels. - It is possible -that

cerebral vessels are .more dependent on extracellular
Ca++ influx follbwing membrane . receptor stimulation.

Activagion of receptor operated channels may be more
. ’ . .
important in cerebral vessel contraction as opposed to

‘second messenger pathways and mobilization of
Ly T . ) ’



intracellular Ca++ stores. )

The relative order of potency for calcium éntry
blockers 02 isolated cat pial arteries was: nimodipine >
_nifedipine > Deoo_\\Yerapamil > diltiazem (184).
. Species wvariation in susceptibiiity to nimodipine
has 'been shown using in vitro studies (121).  Isolated
cerebral arteries from dog, monkey, and human Specimgns

showed similiar sensitivity to nimodipine inhibition of
C s . ™~ .
4

K+,: hemoglobin, and prostaglandin F2;>¢  }ﬁduced‘
contractions.  However, in the case of vessels with
contracﬁions induced by serotonin and norepinephrine,
monkey artefies were 'éignifiéantly less sensitive to
nimodipiﬁe thén ihuman or dog vessels. "Species
variation - of pharmacological senéitivity must ° be
considered'when evaluating the:apy iﬂ,different in.Vin
‘animal models. |

In vivo experimental studies have confirmed -the

rélative cerebral vascular seﬂectivity of calcium entry

blockers. _ .Using, the 133xenbn clearance ”technique;
McCalden et al. (109) fognd  ‘an’ 18 % increase in
cerebral blood' fiow .in baboons after intravenou$
nimodipine ipfusion‘ (1 mcg/kg/min) . There -was no

alteration in systemic blood pressure or cerebral

oxidative mnetabolism. However, at infusions above 10
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mcg/kg/min arterial pressure decreased with a return of
cerebral blood flow to baseline. Harper et al. (70)
reported that an intravenous infusion of 2 mcé/kg/hin of
nimodipine in primates pfoduced a modest fall in ﬁeanﬁ
arterial blood bréssure and a'27 % increase in cerebral
biood flow which lasted 50 minutes after the infusion
was stopped. Intra-arterial infusion of 0.67 még/kg/min,
increasea“cerebral blood flow 46 to 57 % and this was

increased to 87 § after disruption of the blood-brain

barrier with hyperosmolar urea. Nosko det al. (122)

showed significant ‘hemodynamaf abnormalities . _of
ﬁimodipine When_éivenoin lérge oral doses. Nimodipine"
6- and &24mg/kg produced a 23 % and 33 % éecreaée in
mean arterial pressure, respectively. ‘Thus, even though
nimodipine has been reported to have sélective action on
cerebrovascular smooth muscle, the preferential action
is relative and dose dependent.

Allen and Bahr (8) reported beneficialQeffeéts of

sublingual nifedipine in reversing and preventing acute

' . ¢ . . ,
and chronic vasospasm 1in a single hemorrhage canine
)

model. Varsos et al. (182),  Gioia et al. (60), and
Zabramski et al. 1202) reported. no benefit of
sublingual, oral, or intravenous nifedipine or

nimodipine in preventing or reversing chronic vasospasm
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in the two-gemorrhagé and multi;hemor}hage‘ canine
models., ' In the primate mode} of chronic vasospasm,
Espinosa et al. (43) and Nosko ;; a;. (123) foqudthat
orallnimodipine in doses Qf 1, 3, 6, and 12 mg/Kg every
8 hours did not feduce the incidence of vasospasm nor
the degree of vessel narrowgpg ‘on angiog?aphy,-compared
to placebo. belayed igschemic deficits wege seen in 33 %
.0f animals recievinglthe }2 mg/kg dose, compared to O ]
in the other nimodipihe_g;oups and 5 % in the?placebo
group.

Although systemic administration of calcium entry
blocke;s has not been effective in experimental modeis
of chronic vasospasm, Gioia et al. (60) 8dund that

intrathecal nimodipine (4 ml-10"3

M) promptly and
completely reversed angiographic vasospasm in all
__animals in the two-hemprrhage canine model. The effect
' lasted at least 4 hours and had -disappeared by 24 hours.

4

An intrathecal dose of 4 ml of 10°° M was without

effect.’ Sublingual (0.28-0.58 mg/kg) and intravenous
(0.1 mg/kg ) nimodipine produced persistent hypotension
without affecting vasospasm.  Im a preliminary trial of
intracisternal nimodipiné or nifedipine (100 mcg) in'a

multi-hemorrhage canine model, Zabramski et al. (202)

also found a - more beneficial effect of intrathecal

50
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compared to systemit, administration. However, only

YA R
Ly o

partial resolution of chronig vasospasm occurred in 4 of
~ T

6 animals when evaluatgé pygggpéat angiogréphy, 20 to. 30
minutes after subarachnoid administration. It has been
suggested that intraﬁhecal nimoéipine or nifedipine may
be effective for the emergency treatment of vasospasm in
humans (60,202). " The high 1lipid solubility of
niﬁodipiﬁe may allow for a long duration of action when
given intrathecaliy. Water-soluble compoundé such as

diltiazem are easily removed by washout in vitro and

would have ,a much sh duration of action.

* -
Nimodipine or nifedipine - be dissolved in organic

solvents containing polyethylene glycol 400 and absolute
-
'ethénol. The effé%t of repeéted ‘"intrathecal
administration of these compounds  has not been
evaluated. : . -
| Nimodipine has been . administered orally,
intravenously, ana intrathecally in various clinical
trials  (7,15,16,63,96,158). In a multi-centre,
prospg&tive; double-bl;nd, placebo-controlled trial cbf
125 neurologically "normal patients after. ahéufysmal
subarachnoid hemorrhage, Alien et ;l. (7) reéorted a

reduced incidence of severe delayed ischemic 'deficits

causing permanent deficit or death in patients treated

51
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with oral niﬁodipine compared to placebge (1.8 ¢ of

52

~patients given nimodipine, 13.3 % of patients given

plagebo). However, the effect on prevention of

‘angiographic spasm was not assessed and the incidence of

total delayed 1ischemic deficits (transient/pérmqnent)-

was not statistically different between nimodipine and

,placebo groups. Ljunggren et al. (96,158) and Auer

(15,16} __used intraoperative topical nimodipine
- ‘

(2.4 x 10 M) over exposed vessels’ after aneurysm

_cllpplng, followed bx postOperatlve intravenous

nlmodlpxne (0.25-0.5 mcg/kg/mln, 7-14 days), followed by
[ ]

oral nlmodlplne (240 .mg/ﬁay until day 21 after

subarachnOLd hemdfrhage) ”Delangr ?5chem1c cerebral
e .: -~ "

nent g?au:q}oékggu

qufgnctlon

‘intr&caro idw?Siowf'bbfhé 1nject10n of ,nlmodlplne in 6
4 A t] &

patients . 'va§ospasm after subarachn01d hemorrhage

Auer (l6bw&r%portﬁd that iH "l mcg/kg/mln intravenous

Fadod o
nlmOdlplﬁkS‘ﬁngSlon ih patiebts‘ durlng EC-IC bypass

surgeryy.;olo&uced a’ 16 % (illatlon of pial arterles

a
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larger vessels). Perivascular application of nimodipine
during aneurysm surgery evoked a 70-80 % dilation of -
pial arteries (16): Postoperative intracisternal
nimodipine (0.2 mg/l ml) administered via a cisternal

catheter pronEed angiographic dilation il® 9 of 12
patients. However, only 4 patients had ﬁ&Qgiig;aphic
vasospash (all were asymptomatic) and not all vessels
dilated. ‘Fibrosis in the subarachnoid space may have
prevented even distribution of the drug.

Systemic administration of nimedipine has not

proven effective in prevention or reversal of

angiographic vasospasm in expe*tkél or clinical
trials. Clinicél trials have sho&n a\protective effect
in regucing the sé&%fﬁty of ‘cerebral’ ischemig $trom
vasospasm inm”‘predominately good - grade patients
(7,15,16,96,158) . A_ present multi-centre, double-
blind placebo-controlled ‘trial éf oral nimodipine in
poor grade patients 1is being conducted. Systemic
nimodipine may be exerting it's protective effect by
opening pial collateral vessels. It's effect on large
inflow vessels seen angiographically i& lesigepan the
affect on small vessels which may not be vi:%Plized
B

angiographic%lly (%6). Meyer et al. (111) noted a

statistically significant improvement in cortical blood
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; 14
lntracelluLar brain - pH, and EEG. attenuatfgns in -

Lo

vessel spasm follow1ng nlmodlplne treatment. Also,-

ect1Ve effect of nlmodlplne on neuronal metabol;sm.

¥ hed
»ccur .after cerebral ischemia by - 1nh;b1tlon of

. -

1a1 dependent ca’t channels and prevention of ané
rolled calc1um flux lnto neurons. This Ca++ flux

>1tates a dascade of blocheéical events 1nvolv1ng,
» ) -
glandlns and free radlcals,' »leadlng to

'rsrple neuronal aamage after 1schem1a (lll)

‘tracellular Calcium Antagonists :
N . o= ! LS . - . ’

almodulln antagonlsts such as the antlpsychotlcs

4

;romazxne .- and \\/krlfluaperaz%pe - have "bé&g

.igated  in-. the -mwo—hemcrrhage canine = model

.37). Reversal of delayed angiogradhf}_z?§ospagﬁ .
B L ‘ - : A+ / o
artial and incon§iStent in the small groups of

L

;é;étndied.'. s § ‘
?nkayasu et aig'(173) havgystudiedia new‘intra;
ar ICa++ ,antaébnist,;/ﬁA compounds - HA1004 and’
r;,sulfnnémide dériVaﬁivés pféﬁa;ed by mOdification

1e  calmodulin antagonist W=7. "These cbmpounds .

»
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fgced alﬁild dilation of the.basilafﬂaftery‘in the
a;heﬁérrhége canine‘iv model when' administered
%ntravenousLy.N'The de§reejof diiation ranged from 10 %
éé 2;"% above vasOspasﬁic‘ control vessels. Intra-
' cisterna} admigi§trqtion"of ,6| mg completely reversed
cﬁronic vasospasm’with a 44 % dilation above vasospasﬁic

.controls. The intracisternal’efféct'lasted at least 4

hours.

III. Phosphodiesterdse inhibitors/Adrenergic agents

Pharmacological Jagehts ‘which inhib®t. the enzymé
‘phqéphodiesterase ‘r?sult in ‘ad ’inérease, of intra-
. cellular CcAMP wh;éﬁ' acts as a second messengef\‘to

aecrease"fgee intrécéllular Caf*l @Ad _effeét smooth
muscle Hjcellt-rr?%aﬁatlon.‘ . The pbosphodiesterase
 inhipitors; ' phtbaiézinql, -apd aminophxliihe _“have‘
produéed inconsistent beneficial‘results in'clinical aﬁd,;
experimental vé§ospasm (54,55,94,182). Results in'tﬁé
superiog- experimental models such aé thei v&go—
hémorrhage3canine‘mdde%“haye not shown any benefit of
“these cbmpounds 11825. V_Beta—adrenergic‘ ”agonists
(increase  c¢AMP) and ., aléha-ad;energic‘.antagpnistslz
@deCreése cGMP) have also show;“-variéble regurﬁs on
3_;re;érsai é§#Vasospasm k10}72,l64fl§7).1 | |

S

s



iV.'Antiserotonin Compounds

Reserpine. and Kanamycin deplete"platele€iborne-
sérotonin and reduce the uptake of and storage of

. vasoactive -amines. Zervas et él..‘(203) reported: the.
X L ’ . ’ @ . .
beneficial preventive effects of  these compounds ‘in a

primate mode] when blood serotonin levels were reduced
to more than 75 %. However, Noseworthy et ali@'_{(lw)
found no evidence that'* these -compounds pfebénted

‘vasospasm in a similiar primate model. Blumenkopf et

a

al. (20) did not prevent the development of anglographlc
'3

vasospasm by administration of reserplne and kanamycin
: - . : : .

' . . ' L e

in  patients with subarachnoid hemorrhage;  despite

iowe:ing serum §erotonin and norepinephrine levels.
V. Anti-inflammatory/prostaglandin agents

‘ 'Steioidel and non-steroidal anti-inflammatory
fégents all interfefe with prostaglandin syhthesis which

- ‘ SN o 2
may produce. vasocontrlctlon, llatlon, or reduce

1nflammat10n depending on the select1v1ty of - vari us,
agents on dlfferent prostaglandln compounds. A

Chyatte et al. (30,31) repo:ted -prevention' or

sreduction of adgiogrﬁphict‘vasospasm and degenerative

bl

‘smooth muscle abnbrmalities in the two-hemorrhage dog



model‘ by using - ibuprofen_ 'or"_ high dose methly-
. . . K ‘ﬂ. w

;prednisolons .These 'aUthors' believe that chronlc

w

blood Vessel wall caused by an lnflammatory response

producing a prollfe:ative ‘vasculopathy and vessel
} | ; . . ;
narrowling.

Wnite and Robertson (193) found a significant
redqctiQn, in tne occurrence of acuﬁe ‘vasospasm .in a
'single 'hemofrhage }dog 'model by. dsing various ndnh
steroidal anti—inflammalory ‘ agenss, : sgggesting a
vaspgila£o;_mecﬁ3nism. ‘Prostacyclin infusion'via the
vertebral artery failed to reverse the vasospasm present

.24 hours gafter subarachnoid hemorrhage ‘igﬁuction.

Fukumori et"al. (59) failed to revérse delayed
anglographlc vasospasm in. dogs by 1ntravenous 1nfus10n

of prostacyclln and lndoﬁethaCLn.: These agents also did

~—

. not inCrease cerebral biood flow. Systemic ~ blood

k]

pressure‘ was slgn;flcantly reduced by prostacyciin;
_'&nfusion- -8 , _Nwi
éi;‘i‘ Séseki et al. (156) found"tne—selective thnemnexane
5§ﬁ;wh£hetasef\inhibiﬁor,1 OKY-1581 to -almosi;‘completely
» o " Ry .
.Habolish. the appearance> of lafe angiogrsphic vesospasm
vin degs-  Degeneratlve changes in the- endothelldm and:
ﬁggla 'Were present ??ﬁ the treated dogs,v however

cerebral vasospasm is a structural derangement of ‘the #

EYS
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corfugation of the internal elastic lamina was absent
compared to controls. In a clinical t%rial of OKY-1581

intravenous  infusion, a suggestive but statistically

58

insignificant improvement was found in angiographic

vasospasm, ischemic symptoms, and overall outcome (176).
: . -

K
¥

TREATMENT OF CEREBRAL ISCHEMIA

Observations of reduced red cell mass, and total-

oAb
blood volume in subarachnoid hemorrhage patients, . as

- well as increased ‘delayed ischemic deficits in these

patients receiving  diuretics, supports the wuse of

intravascular‘volume expansion with red blood cells and
colloid in _the " prevention ' and treatment of ischemic

A
Y

;complicatiohs‘ from c%ﬁeﬁial \yasospas ~r (92,105,146).

’ . , BN . '
Finn et al. (51)-r¢péatedly reversed pre- and post-

&

operative ° neurological deficits in patients with.

aneurysmal subarachnoid hemorrhage by increasing the

pulmonary wedge. pressure. In several patients an .

optimal wedge pressure was/ dtermined; ‘below which
deficits would reabpear. This optimal wedge: pressure
-mpst‘frequentiy rangea from 14 to 16 mmHg.

Kassell ‘et alf (87) reported on the treatment of
' # . A}

o -+

ischemic deficits from vasospasm .with intravascular

-

. et i - '
volume expansion and induced arterial hypertension in

+
L 4

T
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58 patients with ischemic deficits. The i&sv'éffective
) : . ) S S R R

regimen consisted of volume expansion_Qi£h~blbod”j£d‘

.
- P

~colloid.- solutions,  blockade of the vagal..depressor
response with atroéine, blﬁnting of the d}uresis‘witw
vasopressin, and elevation_of arterial blood préséure
with vasopressors such as dopamine. The blood pressure
- was raised ‘tqz‘whatever level was .required‘ to sustain
acceptable_neurological function with haximal ii?its of
240 mmﬂé sygtoiié and 150 mmHg mean in pgtients.whosé
aneurysms had been clipped  I patienté with untreated
ﬂanéﬁrysms,‘lGO-mmﬁg was the maximum limit of induced
‘hypertension. A 20- to 100-mmHg increase in systélic
- arterial pressuré Qas maintained for‘L2}hours to 8 days.
Neurological 'deteriofépionA was .reversed in 81 % of-
‘patients and'perménenL improvement occurred in 74-%‘of
batients. ' Complicétions included pulmonary eaema,
hyponatremia," aheﬁrf;mal rébléeding,' coagulopa£hy,
hemothorax; and;ﬁ§0cardial.infarbtion;m They concluded
that intravascular VolUme., expansion ~ and induced
‘hypertension is,effective in‘;eversing 1schehic deficits
- from vagsspasm providiggghét tfeatment comqences,before
‘cerebral infarction, adéqu&ée pressures are mdintained\
for a sufficient period '(103232__E§§p 1 -‘week }if

:meticlequattention is paid to hemodYnamic,

IV,
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biochemical, and hematological parameters, and the
aneurysm has been successfully obliterated.

5

PROTECTION FROM CEREBRAL INFARCTION '

4
*

The . protective effect of barbiturates in focal

cerebral ischemia has been documented (160).' Selmah and

- Spetzler stress the value of intraoperative barbiturate

therapy for patients in whom temporary vessel occlusion

60

will be*}equgred. The.barbiturate therapy must be
started within 1/2 \¥\\,_‘after vessel occlu51on and

recirculation of'blood flow must occur-w1thin 6 hours

-

(160)., The mechanism of CNS protectlon is not precisely

'known, but may lnvolve reductlon in cerebral metabolic

-

rate, an lncrease in blood flow to 1schem1c regions,

scavque)free radlcals, and/or prevent.edema.
. * ¥

- o ' . : ‘ . -
The protective effect of barbiturates on cerebral
ischemia from vasospasm after -subarachnoid hemorrhaée

has hot'been demonStréted.v Kassell et al. (86)‘reported

the use 6f.'bérbiturates' in 12 patiéntS' with ciife-

threatening neurologlcal deflCltS. from vasospasm

i;refractory to other' measures. Eleven of the 12 patlents

ﬁdled desplte aggre351ve‘t

i

hypervolemla,' ICP1 momltg

,lr

. * .
o
o g

BN

hhypertensxon- and
iﬂtherapy w1th' CSF

ster01d5/~ and -~

Y S
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barﬁiturateg. The diécburaging results were most likely
a ;eflection of the severity of the‘éatients'~condipioﬁ
prior to initiation_of barbiturate therapy. | |

Anticipatioﬂ of 'ce;ebﬁal -isghemia prior to it's
occurrance is'possible in very ;Lw clinical sitﬁations.
'fntraoperative_ circumstances .of cerebral ischemia ;;e
the easiest to #hticipaté and implement protecti&e
barbiturate the&apy, as mentioned‘abOVe. S;nqe there'iq
a significant délayv'ih ‘the development of cerebral .
- infarction %olLowing“ ischemic deficits produced by
" vasospasm, this'dlipical situation may also bé one where
barbiturate therapy may be beneficial -if started early.

Ohta et al. - (125) réported the results of a
dliﬁicél tfial using; a new medication, nizofenong “on
subarachnoid hemorfhage patiénts.A Nizofenone has' been
éhown experimentally' to _have 45 greater efféct than
pentobarbital'in reducing infgrction size in cats witﬁ

middle cerbral artery occlusion (174). This medication

K : ;”__d’ﬁ:g . N . .
is an imidazole (thromboxan%~ sythetase. inhibiter)

derivative' and is thought to be a :freg radical
scavenger. This clinical study showed no signifiéant"
decréase in morﬁa}iﬁy,ncompared to.the'placebo control
' group. However, a higher pef;en;age of éur&ivors in the

nizofenone group exhibited a good outcome (82 % .vs.



52
:68 %). -No significant side effects were observed. This

. Y '
medication appears to be safer than bar".b_itur,ates and'. was
conside;‘efi' by the authors to be of clinical }valué‘-‘ in
patients who ‘are likely to -su;ffe; poor ﬁunctiénal

recovery from delayed ischemic deficits, despite it's

negligible effect on ‘survival rate.
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SUMMARY'
The preceding review shows clearly how extensive
the reseéarch has been into the etiology, pathogenesis,
and treatment of cerebral vasospasm, over the past 20 to

30 years. Numerous investigators have claimed success

in either discovering the cause or cure for vasospasm,

s
" L4

only to have these discoveries discredited by other

investigators. A complete understanding of the etiology

and pathogenesis of chronic cerebral vasospasm is not

yet available, nor is there an unequivocally effective
therapeutic modality. However, significant advances

have been made over the past 20 to 30 years.

As  investigators, we must maintain a «critical

_ feview of the literature, especially in this day of

individual promotion thféugh. quantity lof publication.
geports of clinical trials which are not randomized
and bl;nded, must be viewéd with gkepticism. Reports of
experimental stﬁdies using inferior ahimal models of
chronié vasospasm, muét also be viéwed with skeéﬁicism.
As 1investigators, we- éan only hopé to fiﬁa specific
éreas of deficiency with' potentiai for a beneficial

contribution of knowledge to this field.

~



One such specific .aﬂia. concerys tha use of
intrathecally applied calcium antagonists. Resﬁlts have
been reported in clinical and experimental trials which
suggest an effective tﬁerapeutic modality. " However,
clinical trials were not prospective and controlled;
experimental trials used inferior animal models; and the
safety ° of these 'agents when repeatédly applied
intrathecally has notvbeen verified in an animal model,
before cliniéal use. ;
Thé ‘study described in this thesis evaluates the

effect of repeated intrathecal administration of

g

-

nimodipine on the safety, prevention, and treatment of
chronic vasospasm in a reliable, reproducible primate

model.

64



CHAPTER TWO: THE PRESENT STUDY

OBJECTIVES

The present study described in this thesis was

performed in order to evaluate the efficacy of

\

intrathecal nimodipine therapy in a primate model of

'chronic vasospasm after subarachnoid hemorrhage. The
specific objectives included: 1. prevention of
anéiographic. vasospasn and bathoLogical chronic
vasospasm: 2. preventiQn of ‘deléyed ischemic
neuwrological deficits; 3. ~reversal of established
angiographic chronic vasoépasm; and‘ 4. safety of

repeated intrathecal administration of nimodipine.

The animal care and ;urgical procedures were
performed to .achieve the standards of the Canadian
Cbuncil_on Animal Cére. This'study wésAApproved by the

Animal Ethics Committee of the University of Alberta.
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MATERIALS AND‘Q@%HODS

RANDOMIZATION

\

¢ Twenty-four female cynomolgous monkeys (Macaca
fascicularis) weighing an average of 3.4’kgf1range 2.6 a ¢
to 4.0 kg) were divided by }estgicﬁed randomiéation
into 3 groups of 8; sham (Qpera:;vq control), clot

e ' (

placement (non-treatment control), and clot placement

plus intrathecal nimodipine therapy (tregtment group).

BASELINE ANGIOGRAPHY - . R

\

— e : o

o
T

!

All animals underwent baseline cerebral angingaphyf g
under general endotracheal anesthesia with conttolled:

. 4 g ]
ventilation using a variable phase animal respirator S
’ . . , - .
(Harvard Apparatus, Inc., Millis, Massachusetts). , - -
. : . o ? e T _’!
. o .7 o '
» Anesthesia was .induced by using ketamine hydrochloride‘ , e

PR
”

1

- ¥

(6-10 mg/kg, i.m.). Anesthesia was maintained by déingi:?.‘ﬁﬁ
NZO:O2 (Q:ltmi¥ture) and gallamine péraly;is (2 mé/Ké‘ f;;?y
q45min)_' ~The PaCO2 was maiﬁtaihed near §O mmHg -?Yiv‘ ii;
adjusting ;he éidal volume. . Body temperature Wag,' 3”;i

maintained at 37°C by a heating pad placed beneath the
animal and monitored by a rectal thermometer and
thermostat (Tele-the:mométer; Yellow Spfingsmfgstrumgnt

-

Corp., Yellow Spjlggs, ohio).
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Procaine penicillin (IOO,OOOV IU/kg) ~ wa&s .
A ] N
;administeréd ~ intramuscularly befdre any @ surgical
. ‘ * ‘ . .
procedure. The operative areas were shaved and prepared ’

v with Betadine surgical scrub solution.

The femora] artery ;Was surgically ‘exposed by a

o~

cutdown procedure under magnification. Topical lidocaine

¢

(2%)  was placed ‘on tﬁe artery ~ to prevent

.constriction. The femoral artery was then catheterized
. - : ’
by a 5-French, radiopague, polyethylene catheter through

an arteriotomy between . silk. ligatures. Under

fluoroscopic conﬁrolathe catheter was advanced into the”
A

. innominate artery and it's pcéition confirmdﬁ by . a 1 ml

~{ injection of iothalamate meglumine 60% contrast meqiug;

The catheter was used for ékter'al blood pressure

-

: . . . 4 '
and heart rate monitoring, %?Qalnlng arte
4 » 8 .

‘ . - .. )
samples, and. for angiography atency of
. )

ial blood gas

he catheter

¢4

was mein;ained by intermitient flushing

2

heparinized saline (heparin 10 IU/100 ml O.%

The catheter was connected to . a 3-way stopc and

~

;{' pressure ™~ transducer  for arterial blood pressure. .
; , - ) : , ;

monitoring (Statham P23dB pressure. ﬁﬁansducer; Spafham
. i . .

Instrument Co., Oxnard, California) and recorded using a

Beckman Dypogfaph R611 eight channelffecorder- _ e

One arterial phase, anteroposterior angiographic
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'k<\ w
Fs;‘obtarnedrrby‘ dnjecting'_lp ‘ml of. iothalamate
;e:;at“BOO‘ psi.: ;iag‘a ~Fordis vInjector '(Cordis
Wlaml, FloridaS‘ The X-ray beam was centered at

nal ] na31on and dlrected parallel to. the orblto—-

line. Radlographlc exposures of 75 KeVv. at 2. 5
, : . T
1/160 second were used, vMagnrtleatlon wa-s kept

68

t between anglograms by malntalnlng a table. to )

stance of 80 cm and a nasion to” fllm dlstance of

A radlopaque control standard was&used for

.

correction . to constant magnlflcatlon.
ST v . ) ' . Lo

tion angiographic films were‘made*on_all'animalsv

v

R | for anglographlc vessel callber measurement.,,

ter the anglogram,,the catheter was removed and

kt

A

ed-with bacitracin solution and the wound closéd .-

»

¢

Y

ioral artery ligated;. ‘The,groxn‘lnq1s;oq was

ﬁerrupted”Beo nonofilament polyethylene sntures {

&

anf Dav15 & Geck, New York,-Newaork) After the

\-.

re} paralySLS was reversed w1th prostlgmlne (o 07
.v ) and a@roplne (0. O2 mg/%g’1~v ) _ The anlmals

tubated follow1ng'returh of the gag retlex

L . Y . . B °
* w N7

o *

e subarachn01d hemorrhage 1nductlon procedure was

ed'_3 days<-after ‘basellnef anglography “. All

i
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i .
‘bl?fdlng from bonv wasgcontrolled w1th bone .wax. *'Th

"sphen01d rldge was ronguered to the base of the skull"f'n

-
(=20
O .

animals underwent general endotracheal anesthesia with
: N ’ . ' f .
»

. controlled ventilation and intra-arterial-monitoing as' -

performed for'baseline”angiography,rwith'the adaition of"
” L . ' T

sodlum pentobarbltal (26 mg‘/kg iiv.). The PaCoO, " was

2

. w‘L v

'malntalned at 30 mmHg. The anlmal s head ~was placed ln a
-

3-p01°nt fngjlorr v:Lse; SO '

ﬁ a-. . - R
U51ng ster‘f e. surglcal té‘chnlque, a -right fronto-

tempopal “ sem\l—Cchular scalp flap QWas reflected -

'anterloﬁr-ly 'using . @ cutting cau't_e_;:y. The tempo'r.alis'

.tmusclégwas incised with cutting cautery and Freflected

|
£

. . e . . ' S h g 5 ‘
posteriorly.. A 1.5 .cm craniectomy was then. ﬁer“tormed

using:’a trephi'rie and Cloward r'onglue’r. Bleeding from .

scalp an?d._‘ m"gscle was control-led with cautery, and

order to. fac1l-1ate brain retractl.on.- The dura was

»

_opened "'in ‘a semi-circular manner - and reflected

_'anteriquy. .. Bridging veins from the,Sy_liian f'iss_u'rg wa

. the dura, were c’oag‘__u‘lated with . bipolar c‘autery and

".d1v1ded The temporal, lobe was retracted posterlorly

5‘ua1ng’ a gapered 1 mm aelf retalnl,_ng Suglta retracto%

N

: B
- Cotton01ds were’ placed over the braln and under “the

- retractor in d‘rde*r ;»‘:o:

o

contuqlons (flg lm) s

ge'%tqu the braln frOm retractor' :

raln was achleved by
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» parbituate anesthesia, hyperventilation, and drainage of
e [} . . ]

<‘:_er'ebr?33pinal fluid - (csr) ' from the basal cisternsm:,

L]

' Arachnoid dissection of ‘the basal cisterns was performed

using .r?\icrosd’rgic':al techniqu‘e@% with sharp .and ~ blunt

_dissection‘ of the arachnos® membrane to expose ‘the

intracranial :blood vessels. The supraclinoid internal

carotid artery' was identified between ‘the optic chiasm -

‘. and = oculomotdr nerve (fig 1C). - The arachnoid wasiy

dissected tJd expose the internal carotid, anterior

.ce.rvebral', and middle ce;rebrahl arte_rie'i .‘ '(f‘ié 1B). - The, g
.y'po‘s'terior_ comlmtnlvni;ca‘.fi‘ng artery was ;follow"e'c‘i‘ from it's
origjtn at the : 'iix;xpefnal‘ ‘ ‘ébarotid artery to it's
S , W ' : ,
' trermii‘}:ation ét the “proximal- poster}o%ebral a:tei'y. '
?_L.illieé;.list'sfnembx_:ane was d‘pened,“’ exposing the proximal /
postgriigr cerebral artery and -the posterior J}ntracranial'

circulation (fig_lb). : Autologéus blood clot taken from .

the femoral ‘artery (4 nl) was then carefully  placedi
v , € ' N T ‘ " b

: o B o1 ~ & :
around the exposed vessels in the.clot. group animals
) ) . - .

(fig 2A,p7. Thevsham group animals had normal ‘sa_li'né

L4

instilled in the .dissécted subara ¥noid space in place
‘of bloed - clot.- An Ommaya’ r’e's\g\ii\r was placed on’ the
right side with the silicone catheter placed in’ the

s il

‘basal c‘:iss‘;ée'fns ' (fig 31&1),_~ --,broughtﬂ?jc')vuj‘: _ thr‘ough’ the 'd‘ura

(fig 3B), and -connected to the reservoir ~which -wds
: ‘ R . d%ﬁﬁ . i o - g ; ) . k . W

, . o : W .’ : ' BRI . ‘ Sl : .
. . A ‘ : R ‘ 'f%‘ﬁ’ : ¢ : s»

Ty .» - oo _ X _ ’ . S
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Figure 1 .

Arachnoid dissection of the? basal cisterns.

A: Thé- temporal lobe 1is being.‘;étraéted to

'éxpose}the skull base. B: The SYlvian fissufe-

, . N
‘has been opened exposing the middle cerebral

artery— C: The interhal carotid j¥ exposed

[ . ’

between the optic chiasm (below)( and the

oculomotor  nerve (above).‘ D: ‘Wiliquist's

i

Lmemﬁrane has been opened exposing the enpireﬂ'
- . s S : .

posterior communicating artery and t

éroximal posterior cerebral artery (below

oculomotor nerve).

.







| Figure 7.

Induction of sﬁbafach-nq‘il,‘ci pemdrrhage. A:
Autologous blood "clol“,:‘has been placed-ma“round
the exposed iritr.ac_'r:;&l v‘evsse];s'.' B: ‘The‘
niddlegitostBheis filled with 4 ml of blood

. 'ﬁ, [
A,
.

]
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. L Figure 3 ,‘ ' .

S | ¥
Insertion of Ommaya reservoir. A: The silicone

catheter is placed in the regioﬁ of the

exposed vessels. B: The catheter is brought

Out“%hfough the dura andf connected to an v

i ’ . - R
Ommayd reservoir (C) ‘which 1is sutured. o
. oL e _ [ . L ST %-:f“”*
super ficial to*th@ temporalis muscle beneath L
. . - L 9 - R w ::'_ ‘ v%“\fﬁ‘&ﬁ\;’-ﬁu N },' el m ;? \ o R @?N 4
w7 th& scadp flap., R

la R . kY
! .y

: -

it
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\

sutured to the temporalis muscle's fascia beneath the

'scalp flap (fig 3C). The dura, temporalis muscle, and

.

scalp were closed in separate layers. The same procedure ..
i ] s . . . :
"t was then’®repeated on the left side. However, the
:\m ) ) ) . . [
Ommaya reservoir was placed only on the right side. The.

anesthesia was terminated @in the same manner as

described for baseline ahgiography. . .yg 

2

INTRATHECAL 'NIMODIPINE ADMINISTRATION . e ™™

»

!

Postoperatively, animals “wegégﬁobserved daily for

the development of a delayed ische&}c heurological

. ’ L I i
deficit. - The  treatment group Q&@ceivéd intrathecal
_ ; : , ‘ - ad

nimodipine %hjéetfonéj 3 .times per day for 6 post-

operative days. Nimodipine -was’ administered by

percutaneous injec into the Omma<a reservoir over, a

5 minuté'time pério ﬁndgr light ketam;he sedation (3
- . 3 , - .
ﬁé/kg, i.m.). Each injection consisted of 1 ml (0.2 mg)
R . . ’ T .
-of soluble nimodipine [isopropyl - (2-methoxyethyl) -
’ X ’ e _ . . o
1,4-dihydro-2,6-dimethyl-4(3-nitrophenyl) <~ 3,5-pyridi- .
vnedicarboxylatéj (10 mg / 50 ml amphllesJ'polyethylene
’ . ‘ . ; . .
glycol 400 A ethanol solveh Miles .Laboratories Inc.,

. , .
“New Haven, Connecticut ). ‘ ' o ’
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N
DAY 7 - ANGIOGRAPHY

Oon day 7 post-SAH inauction,'éll animals underwent
angiography in the same manper as déécribed for the
ﬁaséline angiogram. .‘ibilowing the ‘day ’7 angiogram
under the same anesthetic, one-half of the animals in
each 'éréup received a 1 ml intr;theéal iniection of
Ommaya  reservoir gnd one-half of the

o

‘group received a 1 ml intrathecal”

nimodipine into

v

animals 'in eac

injection of p¥aghkbo solvent. Two ‘hours after the intra-

theca ions a repeat day 7. angiogram was
performed./ . o
@ . .
. ! . ha caon =y B}-"r.,.-‘;;» YR gy ,,:.w ’ \\:
SACRIFICE ’
4 ﬂ . ' ; C P By ‘

The sacrifjce was performed on day 7 pdst-SAH
.
induction under the same aneéthetic as the angivbgraphy.

—_—

sFifteen minutes prior to sacrifice, ~ hors&radish’
. . & . -
peroxidase (HRP)(80 mg/kg dissolved in:2 ml of normal

‘'saline) was injected into’the Ommaya reservoir in order
.to evafuate the distribution of) an intrathecaJZy
administered compound in this model. .

v ' ’

v Intraarterial perfusion was pérformed %ia a Lleft
ventricular cannula with the~ right atrium Opened:

widely and the descending aorta ligated. - Circulating

e
LS
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blood was was out 'With";ﬁwlitre of - normal saline
R ’ : '

solution under—llo‘@mﬁé pressdre:' This was followed by
a 500 ml perfusion of fixation solution (2% glutar-_.~
aldehyde aﬂd.jz% fofmaldehydefﬁ?;‘ Millonig's buffer,_‘
.0.12 M, pH 7:4, at 4OC). The brain waé removed an;
placed in fixative solutioﬁ for a minimum of ¢ houré.

The entire circle of Willié'wés.dissegted out under
magnification and incubated in 2 saturated solution.

of.3,3'-diaminobenzidinéf(oiOS M) ih’TrifoCL buffér, gH“F
7.6, and oﬂbl% H, é. The HRP :eactivéfpfbducts sE;{:ed
the vessels brown. Gross phofograbhs'ﬁé:eﬂ%ﬁ%gn and the
vessels then submitted foF electron micfégé;py. Qail
) , |

specinpens were fixed for 1 hour in 1% osmium tetroxide

)

~in M}llonig”s buffer, 0.07 M, and sectioned for scanning

electron microscop (SEM) . (Phillips 505 " electron

w

microscope;: N.V. ' P@illips wVGloeilampenfabrieken,';
T ' C | R 23—,

Eindhoven, The Netherlands) and transmission fflectron

microscopy (TEM) (Phillips Model 410). %7,

“ . : \ ’

DATA MEASUREMENTS AND ANALYSIS e .

:, Angiographiq vesss}
- points; bilateral cayé

W

N T 38
carqotid., arye

bilateral ‘supfacl.ino‘ig_ internal
e . - - - LR ‘\\, at
ICA)\\\fllateral ~anterior cerebral ™ %j@gr@e& (Aqé%h\

. R . Y
& t . » I 2 AN
o B . o '
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bilateral proximal mid ”*ereqﬁaL  artq&iésk (MCA),
es (VA), proximal 3pefi-

, ) |
the basilar artery in it's

bilateral vertébraﬂ%ﬁﬁ'
callosal artery (PCA)}
midsegment (BA). " éifeﬁent!’ of each vessel were
performed 6 ﬁimes‘ini‘ iinded fashion with a calibrated
optical micromete;\\Qéd mean’ Qalues' determined. é
radiopaque cdntrol standard‘was used for correction pf

measurements to constant magnification.
©

All. data were‘coded, ént red into a.compuﬁer, and
edited. Data were analyzed sing an analysis of
Qariance Qith significance at the p < OadS'lgvel unlgss'
Btherwise stated. ComparisbhsL were made between’

2

Yaseline and day an%éograms within each group (g;ired

2
t-test) and bé;wézg the groups. Groups were coﬁpared at

baseline to determine whether there was any difference

-

at the onset of the study.

s -



w

?

the nimodipine treatment group showed a transient

. adverse effect following the intrathecal injectiod of

”

— B - CHAPTER THREE: -RESULTS o, ’

»

[N e . R G' )
The animals in é&ach group did not differy
VP ‘

significantly in body weight, mean arterial blood '™
pressure, heart rate, or PaCO2 physiological ‘parameters
at baseline and day 7 measurements (Table -

Therefore no adjustments using baseline values .for

covariates were required.
NEUROLOGICAL STATUS

All animals entered into the analysis were in
excellent neurological EOndi;ion following the angio-

graphic¢ and craniectomy procedufes. No animal developed

a delayed ischemic neurological deficit: All animals in

&

ml of nimodipine under. ketamihe sedation (3 mg7E 7 ~Thifs™

A
)

was characterized by sedatlon and hypoventllatlon, o

-

much greater degree ‘than' that evident by Kketaml

sedation -alone., Within“%about 1 hour of the injecti

, e

the_am.mals regalned , alert: level of consc1ousne s

w1thout any further adverse effects However, 1 animal

. »

fsuffered a Tespiratory arrest.and died 2 hours after

an intrathecal nimodipine‘injection onreday 3 post-SAH |

 induction. This resulted in a 12.5;% mortality for the

RY

. - - : : K
" nimodipine treatment .group. Twepty-three monkey.s

.. n
-

survived to. the day 7 sacrlflce for complete analnys.

f ! ' s 78 E . "
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o . , ﬁ‘ TABLE 1 |

3

) _,MEASUREMENTS OF PHYSIOLOGICAL PARAMETEBé

«15.

K ‘ ., AND ANGIOGRAPHIC VESSEL CALIBER
PARAMETER PRE-SAH' 4, DAY 7 POST-SAH
Vo e S SHAM . CLOT , CLOT +
) ~ NIMODIPINE
. 'w o -,
no., of Jnonk ys ,24 7 ‘ 8. 8 . s -7 .
‘bpd¥ weight) (kg) 3.4+0.4  3.540 - 3.3+40.3. 3.3+0.2.
MABP (mmHg) 108+5%  108+6 105+3" 109+4
—/"HR (per mih) 145+¥19 - 148%15 = 151%0.6 142+14
- 'paCo, 39-7+0.7 39.5%0.4 . 39. 9+0.6 . 39.4#1.0
Vesséi‘Caiiberi(mm)i \
C3-ICK rt . ° 1.52+0.08 1.55+0.04 1.17%0.31 1.20+0.32
SRt 1.47+0.06 1.50%¥0:05 1.25%¥0.22 1.16%0,25
_ ' , , : o
C4~ICK rt 1.01+0.09 1,os+o .09 0.71+0.13 0.76+0.21
1t 0.97¥0.12 0.96+0.11 . 0.68+0.13 0.70£0.23
ACA . rt 0.76+0.08 0.78+0.08 0.48+0.07 0.51+0
. 1t 0.72%¥0.06 0.71%0.06. 0.50+0.08 0.50+0.09
.McA' Tt 0.96+0.10 0.88+0.10 0.51+0.10 0.55+0.06
1t 0.91%0.08' 0.93%0.09 - 0.50%0;10 0.52+0.10
, PCA ' /N 0.7950.06. 0.80+0.04 0.69+0.17 0.74+0,10
VA Tt . 0.80+0.09 0.79+0.05 ~0.71+0.13 0.69+0.16
T 1t 0.75%0.08 0.70%0.07 o<72+o 11 0.68%0..16,
¢ o - T :
BA - 1.01+0.09 0.95+0.05 0. 87+2‘l7 0.90+0%19
. R

values are means +/- standard error of the means :

)
MABP;

mean . arterlal bload pressure&HR heart rate

C3-ICA:
C471CA:‘-«
ACA:
MCA:
PCA:
VA:

v .
/// l ‘animal d;ed on day 3 followxng an lntrathecal
_ injection of nlmodlplne

cavernous internal carotid artery S
.supraglinoid internal carotid’ artery >
anterior cerebral . artery - e :
middle -cerebral artery. s -
proximal pericallosalxartery )

vertebral artery, BA: basilar artery“
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PREVENTION OF ANGIOGRAPHIC VASOSPASM

»

80 .

: o - . ‘ SN L
Mean angiographic- vessel caliber ”measurements ‘in

- ’ 'S

-mllllmeters with ‘standard dev1atlons are glven in table

S l.. Basellne éeasurements for. each vessel dld not dlffer5

£

\ ‘ t

‘Significaﬁtiyr between the spam, clot, and- clot plus

] M ‘ . , {

inimoﬁipinev(tid)~groups.< Measurements between the right'

v

and left sides raLso“'didf not differ significantly - for

each vessel at baseline or day 7.

s The sham group showed no significant change in

»

vessel caliber measdremente between baseline and day 7
post-SAH 1nductlon The cIot group developed a decrease

ln vessel gallber from basellne in all vessels neasured

flowever, statistical 51gn1flcance was not present for
. - P

-~
LN

. the xs;tegral and peficallOSai.arteriest The clot plus

nimodipine group also developed a decrease in wvessel

€

~caliber .in all vessels measured with significance

) ‘l A N N : ’ ‘ 3 .
"obtained in all vessels except the g vertebral and
‘ N -9

A . o N

pericallosal arteries. There was fTno significant

‘differerncle in;&he day 7LangiOgrams between the ‘clot and
: ¢ T » DS

~measurement between the three groups is illustrated‘id -

/

-

clot plus pimedipine grou?s.

. . . . : ) . »_ : ) )
Percentage change in’ vessel caliber from baseline

?

figufe 4. Thee_right-‘and left sided _data; have been

+
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1 : : s Coe _ C _ A )
combined: " There' was ho significant difference in
S : ‘ . X N ;

reduction of yessel caliber between the clot and the

-
»

clot plus nimodipine .groups. The greatest=feduction in.

-

_ vessel caliber occurred in the C4-ICA, ACA; -and MCA 1

vessels. in the Clot;andﬁclotQPlus ﬁimodipine groups (28
to 45 § reduction, p <t d‘bOl) .The C3-ICA- vessels
averaged a 20 % reductlon in vessel caliber from

_baseline in the clot and clot plus: nimodiéine‘ groups
,;(p < 0.01). -~ The. basilar arteries,developed an\é<jrage
)

reduotion in, vessel calioer of 13 & (p < 0.05 The

’ . .
vertebral and pericallosal arteries. were reduced in

caliber én'average of +10 %. _Figufe”4 also illustrates
. : ' . N 1]

theoabsehoe of a significant change from baseline tomdgy

. . : - ‘\\

7 in the sham.group veseels. _ o ﬁ\

: ) ’ i

The number of animals developlng vasospasm ‘of the

MCA vessel ln‘eébh group is shown in tableﬁz. thent of

vasospasm was graded as mild (11 - 30 % feduction

vessel oaliber); moderaﬁe (31 - 50 %v¢), end; séVereb
(> 50 % V). No animal in the sham group> developed
Qasospasm. Three an!lils in the clot group develOped
seQere.vasospesm compared to 4 anlmals in the, clot plus
nlmodlplne -g;opp. Eour 'anlmals ~in thev clot group
developed_ooderate spaSm_compared t°T3 anlmale‘;n the -

v

N o : /. ’ .
clot plus nimodipine group. - Significant vasospasm
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’ ——t—

L1
’

| _Figure.4 ?» _— "c

Bar é¥aph’ of percentége cha%ég{ in vessel
caliber - .from baée;iné .fog ;cdntrol and °
tfegémept groups. The left ana right sidqe’

-data hqbe been combined for bilateral vessﬁﬁs./

C3-ICA, caVvernous internal cafq;id; artery;

v
Coed . [

é4-ICA, supragfinoid internal carotid artery;

-

. : : ) hd .
ACA, antefior cerebral-”artery; MCA, middle

cerebral .artery; PCA, proximaf }perféallosa}

Y l j

artery; VA, vertebral ‘artery; BA, basilar .
artery. e C . :

4

- . . °
. . .
&/.(, o B 5 ' .
. ' -
. N . . !
v, . . . . '
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Vessel Caliber, % A
L
o

)
o

A
)
5

[

e

. [J sham (n=16)
M Ciot (n=16)

Clot + Nimodipine (n=14) -
- A | - /




- TABLE 2 ‘ . *

R} N

SEVERITY OF VASOSPASM;IN CONTROL AND TREATMENTS GROUPS

4 0

Number of Animals
Developing vasospasm (MCA)

GROUP S . MILD MODERATE  SEVERE

'SHAM (n=8) A .0 o -{o
CLOT (n=8) _ - 1 4 .- 3
. . o
CLOT + NIMODIPINE .(n=7 ) 0 -3 . 4

)

- MCA:-middle cerebral.artery . '

mild: 11¢- 30 % reduction in MCA .vessel caliber
moderate: 31 - 50 % reduction ’
severe: > 50 % reduction

o

. ' :
1 animal died on day 3 following an intrathecal
_injection of nimodipine :



P
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"Figure 5

_Cerébfal angiograms of baseline, control, and
treatment groups. @aée%ine angibgram (upper
left), day 7 a'ngiograms'of: shafn-operative\

-

| control monkey (bottom  left), clot-
nontreatme .contrdl monke? " (upper right),
and clot ptus nimodipine tid?treatmeﬁt monkey
(bottom .rigﬁt). Tﬁere is‘ no evidence of
basdhpash in the sham operated monkey. _Sé?eré

}asospasm is pfesént i;‘éhe'ihtracraniél and

7 extracranial cerebral arteries of the clot and

clot plus nimodipine animals. (arrows - middle

[
I

cerebral arteriesl
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(> 25 % ¢) was present in 100 % of “ahimals thh‘

subarachnoid clot.. Representative bas r*h& and day 7

angiograﬁs for the three. groups are illustrated 1in

figure 5.

¢

TREATMENT OF CHRONIC VASOSPASM
' 1
Figure 6 illustrates the changes™ in vessel caliber

measurements at day 7: before and after - an intraﬁhecal

injection of nimodipine or placebo solvent. No

significant differences were present between the ‘right

" and ieft sided measuremi;ts of the. baseline and day 7

angiograms, before anq a¥ter the .intrathecal injection.
The right and left sided data were théreférelcombine&.
No 51gn1f1cant dlfference9 were present between the dgy
7 post-SAH angiograms of, the clot and‘.clo; plus

nimodipine groubs agd therefore these. data were also’

w

combined. ,

©

Mlld redUctlon in vessel callber from baseline was

.

» present for the C3-ICA vessel (19 % Y. p < O. OOl) Twé

hours followiRg an intrathecal injection of nimodipine’

(1 ml - 0.2 mg), there was no significant dilation of
the C3-ICA vessel, The basilar artery also showed a mild

reduction 1in vessel caliber from baseline (21 % ¥,

p < 0.0l). However, following the intrathecal iﬁject;on

A
£



-~
~
v

oS . ans
-

oy

. » .
of nimodipine, significhnt dilation (p < 0.05) occurred

with the vessel.caliber returning to the baseline value.

\

Moré severe reduction in vessel'caliper from baseline

: .. .
occurred in the ACA,S$4—ICA, and MCA vessels (32-45% ¥,
. ¥, , :
ﬁ < 5:091). No significant dilation occurred in these

vessels after the intrathecal nimodipine injection. The

. . L]
placebo sblvent injection (1 ml) was .adminjistered to a

separate group of.animals ingtead of nimodipine and did
not rdsult in any significaht change in vessel caliber

from the day 7 post—gﬁﬂ angiogram.

The sham group showed no significant change in

86

.y

s

vessel caliber at baseline, day 7 post-SAH, day 7 post-.

- - . —~ -
intrathecal pimodipine, amd day 7 post-intrathecal

)

placebo solvent anglograms. The sham group vessels may

have been near maximally ‘dilated, detection of any
further dilation after intrathecal nimodipine was  not

possible ))y-&angiogr_aphy .

: -

Representative angiograms at baseline, day 7 poétj

. r~ ‘
SAH, and following the intrathecal nimodipine injection:
; . v

[

are shown in figures 7 and 8. Figure 7 shows severe
s

‘diffuse vasospasm at day 7 after SAH induction.  No

dilation +of vessels 6ccurqed after the intrathecal

nimodipine injection. This response was observed in 7

out of 8 animals with.sqbarachnoid clot. HoweVeEy 1

4

»



— B Figure. 6 . .
<‘Line graph of change in mean veé%el caliber
of ceresral arteries from basaliqé (n=30) to
day 7 post-SAH induction (n=30) and 2 hours‘
following - an l}\;;athecal injection of
,nimodipine (n=16) or placgb solvent (n=14).
. Measurements of baseline an#rday 7 angiograms
;or clot and clot plus nimgdip§ne groups have
been. combingd. ¢ Left and right sided data have
also been combined. C3-ICA, EEdernohs iﬁtern?ﬂ
carotid artery; BA, basilar artery: C4-ICA,

4

supraclinoid internal carotid artery; MCA,
‘e :

-

middle cerebral artery: ACA, anterior cerebral

\

artery.

— ./
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, Fig*re 7
Baseline angicgram pf a clot group \Eiykeyl
(upper), day 7 post-SAH an%}ogram (middle),
and day ’7 'p¢st-ihtrathecal nimodipine
injection (lower). Severe vasospasm 1is
present at day 7 post-SAH }nductibn wrth"no
dilation of vessels occurring after an intra-

thecal nimodipine injection. Seven out of 8

animals showed this response to an intrathecal

o

nimodipine injection. (large. arrows - middle
v
cerebral arteries, small arrows - Dbasilar

/ 5
.

arteries) ~
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/

. Basellne‘ anglogram , of e\ clot g'r[p/up ,monkey ‘

(upper), day #7 post -SAH anglogréo mlddle)
and  day 7 post—lntratheoel nlmodlplne.

injection (lower). Seveqﬁ vasospasm is
{
£

present at day 7 postqsxé lnductlon w1th

marked dilation of vessel?-énd almost complete
reversal of —vasospasm fafter an’ lntrathecal
inlmodlplne 1njectLon Only 1 out of & animals
‘showed this responee- (large arrows - middle

' cerebral arteries, small .arrows - Dbasilar
arteries) .//
' /

/

b
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Figure ’°s . '
,Day /7. post-SAH aagidgram_ of é clot group
monkey ~(uppé,f)“.and day .? pos;finprathecal
‘nimodipine 'injection (1ower)... - Severe
vasospasm- is preéengA in the middle cerebral
afteries (Large afrows) with no significant
. : , R S 2
dilation ' dhcurring' after\ﬁ an. ';ntrathecal
_nimodipine injeétién; - Mild vastbasﬁ is
present.in the‘basilar artéry,(smafl)ar;ow)
-w%th ,signifida;t dilation ‘occuyrring - aftér
i;trathecal dimodipine._ - ,Three - out of ‘8
animalé sﬁowed tHi; isol#tédvrespdnse 6f tﬁe

basilar artery to nimodipine.
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animal developed marked dlffuse vasodllatlén w1th nearly -

‘complete reversal of vasospasm follow1ng the intrathecal

injectiop of‘nlmodlplne (fig 8). Three other animals in
c_

this group develaped only dilation of the basilar artery

K .
. l-‘.. .7 ( '

with complete eversel of mild spasm in " this vessel

)
-‘r'

after the intra;hecal nxmodlplne lnjectlon (fig-‘g).

Vessels .im/ moderate - and ~severe spasm did not

signiﬁicantly dilate in these animals.

PATHOLOGY - T e -
A-U'_.‘ o . ‘ ‘, ’ . . Ty v

Horseradlsh peroxldase reactive products stained
P .
'tne .entire circlte of Wlllls brown in all - groups

.

following administration 'of HRP. into the. Ommaya

reservoir (fig 10?,

Scanning' and transmission'<electron microscopy

showed pathologlcal changes of chrfnxc vasospash in the

- Jeres

clot and clot Pplus nlmodlplne groups- cﬁaradterlzed by
vessel wall’ thlckenlng,- a‘ convoluted endothellal
surface, dlsruptlon of endothellal tlght junctiens, and
mvonecrOSLS of. the . tunlca medla. " Dramatic contrast‘to

the sham—operated normal vessels 1is. evxdent -3n flgures

A

11 to 14. - . o N

Adverse gross and light micfoscopic " cerebral

.

abnormalities different from those noted in the control-

-

animals were. not observed in thefanimals treated with -

intrathecal nimodipine postoperativelv;



Figure 10
Cerebrai veséel'gtaining'by HRP. Tﬁé cifqle
of Willis in a'monkey with subarachnoid blood
clot' is diffusely stained brown (left)
following administration of‘intratheéal horse-
radi;h peroxidase - (HRP) via = the Ommaya °
resefvoir. ControltVessels:(right) of another

- monkey without HRP administration.
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Figure 11
Scanning electron .microscopy showing the
middle cerébrallarteryllumens of éham (upper),
ciot (middle), and clot plus n;modipine
(lower) monkeyé. The a:tgrial wall of the
sham monkéy is normal. Ve;sél‘wall tHickening :
rand a cohvoluﬁed_ endothelial Sﬁrface is
-pfesent in the vesselé.of the clot and intra-

. , 2
thecal nimodipine groups. X36 '
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Figure 12
Histological sections of vessels from sham and

—

nimodipine groups. Marked contrast is present

« 13

between the two groups with regard‘ to the
thickness of the ;essel.wall, and folding of
v£he internal elastic lamina. (1 micron thick
sections ehquded in epoxy'resin and stained

with méthyiene plue) X 100






Figure 13

Histological sections of vessels from sham and
N s

nimodipine groups at higher magmification than
fig:. 12. Note the linear éhape of tﬁe smooth
muscie cells and i'n'ternal elastic lamina of
the normal sham vessel, compared to the more
circular shape of the smooth muscle cells and
convoluted 'internal elastic -lamina in the

contracted vessel ..0of the nimodipine group.

X 250

”
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Figure L4 

Transmission electron microscopy of sham. and

" 'nimodipine groups. Note the normal endothelial
cells with ‘an intact tight _junctioh between

Ehe,celIQ of the sham vessel, in contrast to
fﬁhe disrdpted;%iéhtxjunctiOn<be£weén damaged
endoﬁﬁelial  éelis of the ‘nimbdipﬂﬁ;g'group:
X, 12,320 L : . ¢ |
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'CHAPTER FOUR: DISCUSSION

The.éresent study was Qnable to show any benefit ofA
‘intrathecel nimedipine-.therapy‘.in _preyenting! angio-
.grabhic ;asospasnl or §ethelogicel change%A<mf chronic
vasospasm - in ;'the primate. model of sqbaracﬁnoid
hemorthageu"“ Reversal of ° estabLished angiogfaphic
vasospasm .die not occur.%ip vessels . which were 1in
moderate or severemsﬁasm'(87.5 % of enimals). bnly 1
animal ‘in 8 tWith subarachnoxd blood ciot showed' a
sxgnlflcant dlffuse vasodllatory respoese to intrathecal
n;medlplne. Only the basilar artery showed reversal of

mild angiographlc vaSOSpasm‘ln 37.5 % of animals.

Consideration of the \reasons for the negative
;find}hgs in this study should include: *possible
inadeqﬁate dosage of intrathecal nimddipiﬁe- lack“of_
vpatency of the Ommaya reservoir delivery system llmlted
extent of nlmodlplne dlfoSlon in the CSF and lnadequate
contact with the,; eerebral vessels; fallure of
~penetration ef nimodipfie to the vessel medie- and
nlmodlplne s possxble lack of effect on vessels with the
. pathological changes of chronlc vasospasm and the
degree of Qasqspasm p;oduced in tbis model.

Although : doseeresponse —curves ef 'intfatﬁecal

nimodipine are not available, the dosage chosen in this

97



- a prompt and complete reversal of cerebral vasospasm in.

J0

study (0.2 mg/ 1 ml) was based on the: same dosage.used in

3

Auer s "clinical study which showed a _positive response

in 9 of 12 patLents (16) . However, only‘4‘bf those 9v
.~ ’ [ ) 4 B
patients showed evidence of angiographic vasospasm prior

o

to the intrathecal nimodipine  treatment and no patient .

was symptomatic~fromivasospasm. The degree of vasospasm’
in th;sﬁ clinical study must therefore— be considered
mildr Gioia_et al..(soi used a higher concentration'of
intrathecal n;hodipine;jOL4l9 mg/nl) in the single‘and'

two-hemorrhage canine model of vasospasm. This produced .

e

°

all groups. The” maximum dilating effect appeared to

»

occur _at 2+ hours. after nimodipine treatment -but

_dlsappeared by 24 hours A concentration of 0.0419'mg/ml

was without 51gn1f1cant effect and these lnvestlgators

’con51dered the 1ntrathecal threshold dose to be between

the: two dose ranges tested. The degree of vasospasm
produced in the above canine models ranged from 25 to -
40 % reduction in basilar artery caliber, l to 5 days

after SAH ‘;nduction. Inﬂ«the multi—hemorrhaoe canine

" model, Zabramski et al. (202) produced more severe
: : B ” . ’ ’

vasospasm (average 71 3 reduction in basilar artery

'calibEr from baseline to day .7 post-SAH: lnductlon)

This was only partially reversed by an 1ntrac1sternal

B rd
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injection‘of nimodipine (0.1 mg/ml), in 4 out of 6 dogs
(average 15 %_dilation from post—SAH angiogram). It is
réagonablé.to consider that an-optimal dosage”ofiintra—
thecal nimodipine exists, howeverz the _rgsﬁlts of the
previous Studies-;uggeSFJthat seyerity of vasospasm was
' a more important factofﬁin detérmining=posi%ivity=ofra
reSpoﬁée‘to intrathecalvnimodipine., This was éuggeéted\
in our studyr ianhiCh vessels in modérate“or severe
spasm (C4-ICA, ACA, MCA) did not. diléte,'unlike vesfels °

in mild spasm (basilar artery).

Déépite a partially blocked catheter in somd cases®’
and a subarachnoid spéce packed with blood'clot, HRP was

still able 't .rculate in the 83? and contact all.thg“

 blood vessels in a diffuse manner, since they weré all .
stained brown. This provides indirect evidence for the

" adequate distribution of intrathecal nimodipine in this
' ) ' ! .

t
study, since nimodipine -is a much smaller molecule

" (molecular wéighti 419) than HRP _(mblecular weight:
40,000) . ’ R

'Zervés et al. (264)'and Espinosa et al. (44), have
noted an absence of vasa:vaéorum of‘intracranial vessels
in expgrimenthwstudies. Adventitial . stomas have . been
identified on normal int;ac: nial artg}ies' which. may
'provide a:morpholoédcal-commuﬁication oflsSF with smooth

L
I3
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» v .

muscii.ceils of the tunica media and provide a pathway
- in the adventitia for ' nourishment of cerebral vessels,
analogous to systemic vasa vasorum. Espinosa et al.

" (44) have idéntified blocked stomas by well-organized

-

blaod clots on the adventitial surface and suggest a
disturbance of vessel wall nutrition which may aggravate
A ’

vasospasm. Vessel wall ‘penetration of an intrathecally

administered compound may also be impaired in a similiar
A - : . .

Y

manner.
N A ) , . -

** In vitro studies on reactivity;of cerebral vessels
to = vasocontrictor substances (5-hydroxytryptamine,

-~

norepinephrine, and potassium chloride) hawe shown a
4 e . ' C

"highly significant reduction in reacﬁivity for vessels

in chronic vasospasm (91,181). Intrinsic reactivity

y R 3 “ o . )
' disturbances to vasodilator substances may also exist in
these vessels. ~

o . . ‘ :
Pathological - evidence of adverse effects of 'intra-

‘thecal nimodipi such as extensive leptomeningeal
_ P _ _ : .

fibrosis, meningitis,- cerepral infarction, etc. were not

-present in this study.. The transient adveérse clinical’
r . , .
effects appeared related to a potentiation of - the °

s€dative effect of ketamine. Intrathecal injections of
nimodipine were performed under light ketamine sedation

A .

(3° mg/kg._)' using‘a' small volume of nimodipine and, a

1
. -
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v ‘
iy

prolonged injection time (1 ml over 5 min){ Pupillary

"abnormélit{;s were not observed and recovery ‘from

sedation ocurred within 1 hour, except for the one

animal whiéh 'developed excessive hypoventilation and
died from a respiratory arrest. Therefore, raised intra-
‘cranial pressure complicating the intrathecal injections

, .

appears unlikely. A direct sedative effect on the brain

appears more probable.



--CHAPTER FIVE: CONCLUSIONg AND RECOMMP:'NDATIO&&
‘ - 1 4

g Vasodilator ‘medication has received the .most.

'

exten51ve 1nvestlgatlon for therapy of chronig’ Eerebral-

¥

vasospasm compared to all other treatment modaﬁltles. A

consistently effectlve vasodllator has not '‘been found to

’f
4

prevent . or reverse chronic ,anglographlc cerebral
vasospasm, despite the fact that potent cerebral
selective'vasodilators have been tried. Various dosages |

and routes of admlnlstratlon of these vasodilators have

f\!f‘

Peen tried w}th no conSLStently nef1c1al effect on

angiographic vasospasm. This has/ been the experience of

the neurovascular .laboratory which ‘the present study

was performed uSLng Lntrathecal n;modlplﬂe ' Previous to
“this study, sYStemlc ‘adm}nlstratlon was not found to
bé effective at escalating dosages of nimodipine in the
érimete model (43,1&3). | " ,
Pharmaéological vasodllatlon of ehronic cereb:’ail.'"‘f

vasospasn has obviously beéh a very difficult thlng to

accomplishAand the questlon of whether ~or not‘chronlc

vasospasm -'is a- - :awersible remains unanswered.

B -~ - ' ~ . > .
Controversy st. .1 ~:u*q 38 tO the nature of chronlc‘
vasospasm. I8 .. = chrowic contraction of smooth muscle

cells or a prolif=rar ~a vasculopathy with constriction .
» . ) L .

of the vessel wall? : Héwever, v the. fact that
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morphological damage to thé{vessel wall does occur in

chronic vasospasm is undisputed. Also, the fact that
subarachnoid clot causes ' chpgpnic. vasospasm is
undisputed. Perhaps it is time to focus much less

attention on the search for a specific.vetiolégical

vasoconstricting substance in the subarachnoid clot and

pharmacological antagonism of that substance(s), and
focus more attention on studying safe, effective

modalities, of subarachnoid clot rémovalw

y and cbmplete éurgiéal removal of subarachnoid

clot has been shown to prevent éngiographic vasospasm in
T ‘ .
the primate model (66,124). Perhaps adjunctive therapy

with intrathecal fibrinolytic agents will facilitate

clot lysis and Qashout'in the clinical situation where
coﬁp}eﬁe mechgn@sal clot  removal is more difficult} " An
experimental tr;al in the primate model 1is warranted
before. clinical investigation in view off;he potential
adverse effects.

Anéiographic vaséspasm does hot necessarily

indicate that cerebral infarction and a poor outcome

will occur. Prevention and treatment of symptomatic'

- vasospasm (ie. delayed ischemic neurological deficits)
with early aneurysm operation, volume expansion, induced

hypertension, and/or systemic nimodipine therapy
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improves clinical outcome/(7,15,87,96). The mechanism
of nlmodlplne s beneficial effect is unknown, bht may be

related to a protective effect on the braln by[dllatlng
small arterioles (not angiographically v1suble) and

improving collateral cerebral blood flow during cerebral .

A
ischemia. A_direct-neuronal-protective effect during
cerebral ischemja 1is also a possibility. Further

investigation with advanced technology for quantitating

.

cerebral Dblood flow and metabolism is therefore
warranted for calcium antagonlst medications despite the

fact that a significant effect On anglographlc vasospasm

has not been shown with these agents. fMany neuro-

suigeons have stopped worrying, about angiographic

-

vasospasm . and have concentrated their ‘efforts .on

vsymptomatic vasespasm.

- Although the primate model of chronic vasospnsm is
the best animal: model, it .has not produced delayed
“ischemic deficits to the same degree that is observed

clinically. Extension qQf the unilateral clot placement

over .the ' anterior- circulation to a bilateral clot

placement over the anterior and podsterior circulations
P ‘

increased the incidence of delayed ischemic deficits to

25 % in one study with 8 control'animals)(124). However,

the present study using‘ the same Dbilateral clot

o



¢
!

plazement model resulted in no delayed ischemic deficits
in another} 8 <control animals. Moré research on
improving the primate model therefore appears indicated.

/

Advénczs in knowledge of chronic cerebral vasospasm

have been o?er the past 20 years. However, the
. 4 .

advances have not been rapid. The literature 1is muddled

with. poor clinical  and experimental  studies.

Uncontrolled clinical trials and experimental studies on
inferior animal models have repeatedf§ suggested variéué
etiologies and efféctive treatpent modd&ities thch have
béen disputed in other studies. Multi-centre,
controlled clinical trials‘and exéerimental studiés on
prihgtes are considered .gold' standard studies. The
proporgion of these studies in the literature compared

to ° uncontrolled clinical  trials and non-primate

experimental studies is surprisingly low. The most
important recommendation of this thesis is for
proportionately more gold standard “studies on chronic

#

cerebral vasospasm.

105
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