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ABSTRACT BN

Cerebral vagospasm is a complication -which may follow a
subarachnoid hemorrhage. The resulting morbidity and moytalit¢ mAQ
approach\BO% in those patients suffering from rupture of an ancurysm.
These studies were designed to characterize further the primate
model of chronic cerebral vasospasm Qeveloped in this laboratorv-nnd
to evaluate two modalities of treatment: use of the calciunm

antagonist, nimodipine, and earlx surgery’ during which an attempt i

made to effect complete evacuation of the subarachnoid hematoma .

Study A

b

[ 2

o
Using microsurgical procedures, an autolegous hematoma was

.

placed directly against the major anterior cerebral vessels in the
right\\hasal subarachnoid spaces of 24 cynomolgus monkevs . The

monkeys weré distributed at random to one of 4 groups and were

treated orally q8h for 7 days with nimodipine (3, 6, or 12 mg/kg) or

with placebo. Two additional monkeys '~ underwent the surgical
. N \ '
prodedure 3ﬁchout clot placement (sham-operated animals). Indices

monitoré& before and after induction o! the subarachnoid hemorrhage
inclﬁdéd: neurological status, angiographic éerebrgl vessel caliber
and cerebral blood flow.

Significant vasospasm was present on day 7 in 83% of the animals
(p < 0.001). There was no sigpificant difference in the ingidence of
vasogbasm or reduction of mean vessel caliber among the 4 groups.

Sham-operated animals had no vasospasm on day 7. Two animals in the

\ : . v



group receiving thé highest dose of nimodipine suffered delaved
ischemic deficits.
High dose oral nimodipine is not effective in reducing the

chronic cerebral vasospasm, or delayed ischemic
-

rachnoid hemorrhage in the primate model.

Animals were assigned at random prior to sacrifice to either
pathology or pharmacology subgroups. The pathologv subgroup
underwent in vivo cerebral fixation and the cerebral vessels were
examined using élec;ron microscopy. There were no differences in the
'Pathological changes between treatment groups. The middle cerebral
arteries of animals in the pharmacology subgroup underwent in vitro
evaluation of contractility to norepinephrine, 5-hydroxytryptamine,
and potassium chloride. There was a significant redu;tién in the
response of the clot-side middle cerebral artery relative to the
non-clot-side to all three agonists. This was not influegced by
nimodipine treatment at any of the four doses tested. The non-clot
arteries of the 12 mg/kg treatmemt group demonstrated enhanced

A
reactivity to the agonists,

In vitro evaluation and comparison of dose-response curves of
normal cerebral arteries from monkey, dog and human to
norepinephrine, potassium chloride, prostaglandin an,
>-hydroxytryptamine and hemoglobin, with and - without nimodipine
blockade, revealed that-‘mogkey vessels are less sensitive to
nimodipine with respect to norepapephrine and’ 5-hydroxycryptamine.
The responses to pfostaglandin F or hemoglobin were not

2a

significantly antagonized by nimodipine at any concentration tested.

4



In vivo infusions of nimodipine, (2 and 5 uﬁ/kgﬂnh\y

significantly enhanced cerebral blood flow in the cynomolgus monkeyv. <

- Study B
‘Sixteem monkcys underwent induction of bilateral subarachuoid
: N\
hemorrhage . The hemorrhage was extended from the previous study
to . include the posterior circulation. Eight additional animals

underwent sham procedures. At 24 hours post-hemorrhage, 8 monkeys in

the clot-placement group underwent complete removal of the

L1

subarachnoid clot (clot-removal group). On davy 7, significant
vasospasm was present in all untreated animals. No significant
wasospasm was evident in the sham or the clot-removal groups .  Two

untreated animals developed delaved ischemic deficits documented by

magnetic resonance imaging and pathology.
Removal of the hematoma 24 hours after a subarachnoid hemorrhage

significantly decreases the incidence of chronic vasospasm in the

primate model. .

In wvitro radioimmunoassay analysis of the basal levels of
thromboxane A2 and prostaglandin FZ& as thelr stable métabolites
thromboxané 82 and 6-keto»prostaglandin an in the cerebral vessels
of these monkevs revealed no differences in thromboxane B levels

2

among the groups. The 6-keto-prostaglandin F20 levels of the clot

group were significantly lower than the clot-removal groug (p <
0.01).
Decreased prostacyclin production within cerebral arteries may

contribute to the etiology of chronic vasospasm after subarachnoid

hemorrhage in ‘the monkey.

vii
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PREFACE ’
The onset 31"\(ospasm brings with it a poor prognosis for the

patient who has survived the initial insult of an aneurysm rupture.

In spite of extensive research, the successful treatment and

prophylaxis of vasospasm has remained an elusive goal.  Propress ha;

been hindered by the lack of an animal model which closecly mimics the

clinical experience with subarachnoid hemorrhage .

Tﬁe last twelve years in the Cerebrovasculqr Researcp Luhora;orv
at the University of Alberta have seen a steady progression towards
the development of a reliable, reproducible primate model of the
chronic ocerebral vasospasm which often follows a subarachnoid
hemorrhage. The work of each of the successive research fellows has
served a§ a building block for the research of ghe gext. Over the

-

last four years, the primate model has developed to the stage at

which vasospasm can be consistently produced in 90% of the animals: i

which a subarachﬁoid_hemorrhage is induced. Mote recently, a
incidence of delayed ischemic defiéits resulting from vasospasm has
been achieved. This exciting advance promises the ability to conduct
more definitive studies into the ecioiogy, prevention, and therapv of
chronic vasospasm and delayed 1schemic deficits than have previously
béen possible. _

The first part of the work presented in this thesis is directed
at furthering the study done by Dr. F. Espinosa on the effect of thg

calcium blocker nimodipine in preventing vasospasm. The sgqonddpfrt

A

——
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looks at the question of the role of attémpted complete, earlv

removal of the clotted blood after a subarachnoid hemorrhage.

4
i

It is hoped that'these studies will serve as a stepping stone
for future fellows in the laboratory And that the model will continué
to be developed and refined so that‘proﬁosed new therapies will have
a forum for rigorous evaluation. Continued research in this vein

’

will eventually relegate vasospasm to a place in the past.
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CHAPTER ONE: CEREBRAL VASOSPASM

AN OVERVIEW

Cerebral vasospasm is a term which has been used to describe an
angiographic and clinical condition which may follow a subarachnoid
hemorfhnge. While it has been described as occurring after head
injury (107, 146, 213), ruptured arteriovenous malformation (151])
hypothalamic-pituitary surgery (24, 110), and intracranial infection
(IOQ), it most commonly féllows a subarachnoid hemorrhage due to
rupture of a cerebral aneurysm (30) 

Chronic cerebral vasospasm may be defined as a 9oversible
exaggereted constriction of ‘che cerebral vessels in response to
perivascular blood in the subarachnoid space. After the rupture of a
cerebral aneurysm, focal or  diffuse ‘harrowing of one or more
intracranial arteries, proximal or distal to the site of rupture, may

be seen by angiography. This was first described by Ecker et al. in
1951 (34;. The spasm mayA be mild, moderate, or severe, and,
notwithstanding any of the above, may or may not be symptomatic.

Vasospasm usually develops between days 4 and 12 after the first
subarachnoid hemorrhage and the peak incidence is between davs 6 and
%; it then generally resolves over 1 to 2 weeks, although it can
persist for longer periods (32, 108, 146, 200, 204).

Approximately 76% of all primary subarachnoid hemorrhages resulr
from ruptured aneurysms  (129). The incidence of aneurysmal

-subgrachnoid hemorrhage varges from 3.5/100,000 population to a high

of 25/169,000 population (129, 136, 163).



In Camada, approximately 3,000 new cascs of subarachnoid
Ahemorrhage due to ancurvsm rupture present cach vear 1. 100 000
opulation: (33, 8y, A similar incidence in the United States

~.E§ts in 28,000 new cases per year (82).

b

S

9w’ The mortality rate from @heurysmal subarachnoid hemorrhage fis
é'f Within the first 24 hours after hemorrhage. between 8% and 20
of patients die. At 48 hours, mortality rises to 20-25%: at 14 davy

44-56%: and at 2 nonths. 66% (85, 102, 136, 169, 203

, 208y -

+

Approximatel onc third to one half of the 60% of paticn: - who
survive the initial dctus will experience a detevioration in

neurological st in the two weeks follﬂwing the  subarachnoid

hemorrhage (451,

s represents about 10,000 patients across North
. .
<

Americea. While ¢!

.« principal causes of this delaved morbidity and

mortality include  vasospasm, roebleoding, hyvdrocephalus, and

post-operative complications, the most significant cause is chronic

cerebral vasospasi (74, 82, 141, 202). While some have questioned

) ~ .

the significance of angiogrqphic vasospasm (142), it is generally
\

agreed that the narrowing in arterial diameter can be sufficiently

severe as to result in focal cerebral ischemia and infarction (30,

46). After rupture of an aneurysm, symptomatit vasospasm occurs in
-
25-37% of patients. Permanent neurological deficit or death occurs

in 7-17% (7, 62).

Decreased ‘cerebral blood flow, neurological status
post-hemorrhage, delayed neurological deficits, general prognosis,
and pathological findings have all been posif}vely correlated with

angiographic findings of severe symptomatic vasospasms (1, 63, 66,

74, 113, 137, 141, 158, 201, 202). One study demonstrated that 85%



L\ :
of cer;braf hemispheres with vasospasm had ischemic damage in. the
distrfbution of the affected wvessels, showing a significant
relationship between angiographic vasospasm and delayed ischemic
deficits (64). However, such infarctions do not invariably accorpanv
anglographic reduction in vessel caliber (30).

The evaluation of the size of the subarachnoid hematoms as seen
on CT scans, shortly ;fter the hemorrhage. appears to be the most
reliable method of predicting the occurrence and y of
vasospasm (88, 161, 215). 1In a prospective study, 20 of 22 patédents
who demonstrated thick hematomas in the subarachnoid space after an
aneurysm rupture, developed severe vasospasm. Only 5 of 19 patients
showing little or no subarachnoip blood developed severe vasospasm.
It was thus concluded that the development of severe vasospasm could
be predicted with a reasonable degree of accuracy (88) Another
stgdy confirmed these data, reporting‘;hat'the presence or absence of
vasospasm positively correlated with the quantity and distribution of
subarachnoid blood as seen on CT scan (161).

The development of delayed ischemie deficits due to vasospasm is
a phenomenon which occurs over g gé;iod of time. The onset involves
a reduction in consciousness, mild pyrexia (38° to 39°C). followed by
:i—is of ischemia in the t;zrritory of the spastic wmrtery ™ "While the
onset may occur within 4 to 5 days of the hemorrhage, the deficit
tends to progr?;s/yntil it is completed 2 to 4 days after onset. It
may, however, peak as early as 24 hours (45). Approximately 50w of
the deficits are potentially reversible, or of only a transitory

nature. Progression of the ischemia can lead to single or multifocal

infarcts or massive infarction causing mild to severe neurological



debilitation or, in extreme cases, causing death (15, 46, 66, &7

L

113, 143, 146, 201, 202). Heros et al. performed a study of 86

patients with ruptﬁred ‘aneurysms . Eleven patients who died

pre-operatively demonstrated severe vasospasm and pathologically’

proY'n ischemic {Infarction. Post-operative vasospastic ischvmiz
developed in 14 patients, of whom 4 died. 1n their experience, the
incidence of vaSospasm was not affected by size or location of
aneurvsm, age. hvpertension., arteriosclerosis, or intraopvxhtiv«
hypotension (73)

Fisher et al determined that in patdents who had suffered
svmptomatic or severe vasospasm, the angiographic vestel caliber
returned to normal in 70% within 28 days (46).

v

Etiology of Vasospase

Many agents have been purported to play a role in the genesis of
vasospasm, These include, but are not limited to- whole blood,
ervthrocyte breakdown products, hemoglobin (112, 119, 127, 185, 187,
220), fibriq degr;dation products (52, 53, fb3). prostaglandins (18,
25, 1&9: 191), thromngane AZ, S-hyArq*ytryﬁtamino’(159, 174, 175,
195),' potassium, catecholamines (98, 159, 174), histamine (94,

vasopressin and angiotensin (60). It has also been suggested that

vasospasm is a multifacforial phenomenon (188).

Svendgaard et al. produced experimental subarachnoid hemorrhage
' 4

in rabbits by inject4mg autologous blood intracisternally. They -

found that at 3 days after the hemorrhage, the basilar artery of the
animals showed an increased reactivity to norepinephrine and

5-hydroxytryptamine relative to untreated control animals (174) . A




-communicating arteries. , Angiographic evidence ,of vasospasm was

simflar series of studies {n cats by Lobato'ef al. demonstrated a .
dramatic supersensitivity to norepinephrine and 5-hydroxytryptamine
that peaked 3 days following the intracisternal injection of blood,
and gradually disappeared over 30 days. .
Similar effects have been obsorvod after gangllonecgyny or v

-

treatment with 6-hydroxydopamine. These authors suggested\ that

vasospasm may result from a supersensitivity of the cerebral art;thé i
to catecholamines (100 The majority of these studies, hOWeverf\\
fail té demonstrate the existence of vasospasm in the eXperimemgal \“

~ .

\/ \

animals’ Toda et al. (186) obtained an opposing result. Using a dog v

o

model. subarachnoid hemorrhage was induced by removing a previously
placed needle which transfixed ‘the interna{_ carotid-posterior

‘».
obtained at “various time intervals after the induction of thev
hemorrhage. In vitro analysis of Athe contractility of middle
cerebral artery strips led the authors to conclude:that the’artery on
the side of the juduced hemorrhage ‘was much less sensitive to all 6f
the agonists tested and that supersensitivity was,-therefq;g‘_ﬂﬁé the \
primary mechanism of vasospasm secondary to subarachnol™® hemorrhage .
They also observed that the afterial contractile response was much
less for X norepinephrine than to other agents, inclﬁéing ‘
5-hydroxytryptamine , -histamine, and p;tassTﬁm chloride.

Cerebrospinal fluid from patients who have suffered an
aneurysmafvsubarachnoid hemqrrhage is known to cause ;asoconstriccion
of isolated cerebral vessels. Studies which have {nvestigated the
contractile properties of hemorrhagi? ceiébro§§fﬁal fluid have failed

— - 1

to conclusively identify the vasogenic substance or Bubstances, but



\ ,"o’

5-hydroxvtryptamine, »_hi;tamine, norepinephrine, epinephrine,

acetvlcholine, angiotensin 11 and potassium were ruled out as
possible causes of chronic vasospasm (19, 12¢> Similarlv. a4 stude

-
which evaluated the concentration of S-hydroxytryptamine in

- .

cerebrospinal fluid ~from subarachnoid henorrh;gev patiemts and

conerols could find no correlation between the cerebrospinal flufd

———

5-hydroxytryptamine concentration and. the 1 clinical grade  of

subarachnoid hemorrhage, or the severity or incidence 'of vasespasm

Clinical studies evaluating the efficacy of the\ 5-hydroxvtryptamine

antégonists reserpine and kanamycin have also failed to demonﬂﬂxnte

any beneficial effect of suppressing serum 5-hydroxytryptamine levels

»

on the development of vasospasm (16, 195). Further studies by Sasaki

et al. (195) ’suppor;ed the exclusion "of S-hydroxvtryptamine,

v

norepinephrine, acetvlcholine and histamine from playing a role in
) .
the production of vasospasm. They ~ydetermined that the

vasoconstrictor activitv of hemorrhagic cer!brospinal fluid was not
- ) .r

-
)

reduced by the addition of neurotransmitter antagonists methysergide,
mepyramine, phenoxybenzamjine, propranolol, or atropine. However. the
activify was significantly reduced by the féducing agents
dithiothreital and ditnioervthrital which reduce disulfide bond;,
such as  those contain;d in prostaglandin receptors , (54) .
Furthermore, the{antagonism of the vasospastic activity was reversed
by ‘he oxidizing agent ’5-5'-dithiobis-2-nitrobenzoic acid. These
fi?lings led the authors to spe‘rlate that prostaglandins,

~ ) e
hemoglobin, and lipid hvdroperoxides may be the vasospastic agents in

hemorrhagic ce®ebrospinal fluid. e

b
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Xanthochromia has been demonstrated within 4 hours of a

subarachnoid hemorrhage (109). In general, subarachnoid clot 1lvsis

begins within 24 hours of the hemorrhage and peaks around 5 to 7 days
\

po§t-hemorrhngo (91, 153). Hemoglobin is known to be a

f

vasoconstrictor, but pure hemoglobin is not as potent as its

- | i
hemolysate (69). S:udies}gf intact and lysed erythrocytes have shown

that lysed ervthrocvtes are more vasospastic than intact cells and
that  the  vasogenic activity  is directly correlated to «&he

C 124, 125, 1460 .

concentration of oxvhemoglobin (10, 81
It has been suggested that a combination of oxyhemoglobin, lipid

peroxIdes and prostaglandins mav be the .cause of chronic vasospasm

(146). While oxyhemoglobin itself is a potent vasoconstrictor (164),

it has been shown that oxyhemoglobin is rapidlvy oxidized to

s {

methemdﬁrobin in . the subarachnoid space. Interestingly, the

spasmogenic activity of oxyhemoglobin can be reduced by the action of

superoxide dismutase or. catalase (80). The oxidation reaction of
oxvhemoglobin produces superoxi@e radicals which peroxidize fatty
acids 1in the cell membranes (10, 153, 154). Lipid ?'droberoxides
have been shownr ta-cause a biphaﬁic cerebral vasospasm which follows
a similar time course to human chronic vasospasm (154) . .

\ .

Whigle superoxide radicals do not appear to have any vasogenic

5

J S P - . :
activity of their own (597), the production of lipid hydroperoxides
¢

kg

can cause myonecrosi555f the'vascula: tunica media and can induce
degeneration of the endothelium. The state of integrity 'of the
endothelium is well known to have an effect on the in Qitro
reactivity of cerebral vessels (57). The arachidonic acid cascadé

takes place within the endothelial cells of the cerebral vasculature.



While many products of this system are s.\'nrhosi:uyﬁx cerebral

arteries, including prostaglandin F

\

Ao Fooo D, and thromboxane A
Ja la R .

(67), the predorinant -prostaglandin  synthesized appeared  to be

{
prostac_v:clin (18, 106, 152). Prostacyclin is a potent inhibitor” of

C . : : -10 -6 .
cerebral~vasoconstriction in concentrations of 10 to 10 "M A

¢

. -5 . . . .
concentrations ablye 10 "M, it acts as a vasoconstrictor itself.
v

costacyclin  abolishes the in  vitro contractile reenonse  of
ostaglandins F,, D,. [P H2; thromboxane A?; norepinephrine;
. . 4 - oy - 1

s-hydroxytryptamine: and angiotensin (9, 20, 20, 23, &5 170, 1a1,
196, 216) . Upon duncpe to the vascular endothelium, as can oceur
with lipid peronidition, the svnthesis of prostacvelin s redaced

. s . . . : . 4
while the svithesis of other products of the arachidonic acid cascade

appear unaffected (),

o
Ny

In'virro exposure of canine cerebral
.

vessels to blood for 3 to 8 days decreased the synthesis of
. N .
prostacvclin from control levels, but had nd effect on the synthesis

’
of “vasoconstrictor prostaglandins (152). In vivo experimental

subarachnoid hemorrhage studies with canine cerebral arteries
demonstrated a decrease of prostaglandin F1 synthesis  and  an
a

increase in  prostaglandin E2 synthesis on days 2 and

post-hemorrhage (105, Several studies  have  evaiuated the
concentration of wvasoconstrictor prostaglandins in the cerebruspinal
fluid of normal patients and patients who had suffered an aneurysieal
-subarachnoid hemorrhage. The general findings are in agreement that

the cerebrospinal fluid concentration of prostaglandin F, , E and

2a 2’

thromboxane B2 are increased in the subarachnoid hemorrhage patients

(56, 90, 197). In a ytecent study, cerebrospinal fluid levels of

.plrostaglandin D2 and 6-keto prostaglandin F were monitored with

2a



serial lumbar pumitures. In patients with radiogra; . asospasn.

prostaglandin 02 cencentrations  paralleled the extent  of  the
vasospasm, whereas prostacyclin synthesis appeared inhibited. When
there  was  no  evidence of vasospasm, arachidonate metabolite

concentrat ions appeared stable (12).

L
In vitro studies, using human cerebral arteries which had been
~obtained within 10 hours of death, evaluated the effects of

leukotrienes C, and DA’ prostacyclin, and thromboxane A_ (196). The
4 -

2
leukotrienes had no vasoconstricting or vasodilating effect on the
human basilar artery strips. Thromboxane 'A2 had a powerful
vasoconstriction effect in a dose-dependent manner at concentrations
of 0.03 nf to 0.15 nM.  The prostacyclin effected a dose-dependent
\
relaxation at concentrations of 0.2 nM <to 0.8 nM. Furthermore;
prestacyclin had an inhibiting effect when given concurrently with a
vasospastic substance’ An In vivo study in cats evaluated
intravenous infusion of prostacvclin inte animals in which prolonged
-¢ctrebral vasospasm was induced by continuous application of an
oxyhemoglobin solution around the basilar artery. Vasospasm was
reversed in all animals at a dose of 50 ug/kg/min.  No significant
hypotension was produced at this dosage (139). Other studies have
not corroborated these findings. Vertebral artery infusion in dogs
24 hours after hemorrhage failed to reverse the acute Vasospasm.
Similarly, intravenous infusion in cats (25-75 ng/kg/ml) 5 days after
i ction of subarachnoid hemorrhage failed to reverse the chronic
. - - » i ‘o .
vasospasm, but did cause significant hypotension (55, 211).8

While a role for the clinical use of prostaglandin manipulators

Is still to be realized, the general belief is that prostaglandins,



\

and possibly thromboxanes, do plav a, role in the genesis o

vasospasm. Free radical release upon the oxidation .of oxvhemoplobin
B .

to methemoglobin after subarachnoid hemorrhage  enhances the
peroxidation of arachidonic and linoleic acids. Endoperoxid

production is thus ir-reased which appears to stimulate the svothesis

of constrictor prostas.andine. Thromboxane A, is  produced  in

abundance in platelet: .- since platelets aggrepate to an area of
3

damaged endothelium, :his  source may - he  sufficient to  prodac

vasospasm. The vasodilator, prostacyclin, however. is produced by

the vascular endotheliur _ipid peroxidation damapes the endothelial

cell walls, causes mvonec:. sis of the tunica media, and may sefrcrely

inhibit prostacvclin svnthesis. Therefore, " vasospasm conceivably

results from the combined action of oxyhemoglobin, lipid peroxidcs.
an increase in vasospastic prostaglandins gnd a decrease in vasolvtic
prostacvclin.

The final common pathwav of all vasospastic substances i the
contraction of ghe émooth muscle cells of thq tunica ‘media.  These
cells have receptors for a wide variety of agon;sts. There are at
least 5 known receptors for prostaglandins which appear to  he
separate from the adrenergic and cholinergic receptors as thev are
not blocked‘ by  propranolol, hexamethonium, phenovaenzamine,
mepyramine, méthysorgide, or atropine (75).

While the exact physiology of‘the events of membrane receptor
coupling, transduction and activagion of the contractile mechanism of
smooth muscle is still unclear, an understanding of the basic

interactions is required in order to have a basis for the rationale

of treatment. -

D
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Muscular contraction, whether skeletal or smooth, is dependent
upon intracellular calcium levels. Calcium is present in the body

either as a freec ion or bound to protein complexes. The serum

concentradfbn of free calcium is approximately 1.15 x 10'3M. Total

intracellular calcium levels depend on the type of muscle cell.

Intracellular free calcium concentration is dependent upon the state

of contraction of the muscle cell and varies from 1.8 x 10 'M in a
_5',. .. . )

relaxed state to 1 ¥ 10 "M in a maximally contracted state (4, 206).

A}

The process of smooth muscle contraction is set in motion bv one
of 2 mechanisms: stimulation of one of the many tvpes of receptors
an the smooth muscle cell membrane, or by depolarization of the
wembrane . ) . C— \

In order to initiate smooth mu#cle cell confractioﬁ? 4 molecules
of free intracellular calcium must bind to &4-divalent binding sites
on the protein calmodulin, which is a regulatory enzyme. This now
activated caicium-calmodulin complex binds to the inactive myosin

4 - .
light ‘chain kinase (MLCK) to form a catalytically active holoenzyme.
Actixfted MLCK then acts as a catalyst to enable the phosphorylation
of the myosin light-chain subunit.  The phosphorylated light chain
stimulates the actin-myosin interaction with free intracellular
calcium forming bridging links between the two molecules. This gives
rise to the constriction of the smooth muscle cell. The energy of

"
constriction is provided by the dephosphorylation of adenosine
tripho@ygate to adenosine diphosphate by the enéyme adenosine
triphosphatase (ATé-ase). As the intracellular concentration of

calcium increases, so does the contractile tension and the activity

of ATP-ase which achieves a relatively steady state for calcium

11



transfer between the intracellular pool and the extracellular space.

As calcium influx decreases. membrane Ca-ATP-ase¢ removes cvtoplasmic

.
-

)
decreases, the myosin P light chain is dephosphorylated and the

\
contractile apparatus disengages (162, 192

. L] . N
calcium and as the concentration of free 1ntracel{E}yr calcium

, 209). Thus the degree of
contraction is controlled by regulation of the concentration of free
intracellular calcium. Calcium is extruded from the cell by several
transport systems. The most active appears to be a Ca-ATP-ase which
activelv transports _free calcium across the cell membrane. The
contrél over free intracellular calciué'levels seems to be affected
by cyclic adenosine monoph;sphate and cvclic guanine monophosphate .
The conversion of adenosine triphosphate to cyclic adenosine
maogophosphate decreases free calcium and increages protein hased
calcium, ultimately stimulating relaxation of the smooth muscle. The
conversion of guanine triphosphate to cyclic guanine monophosphate
antagonizes thignxeact{;n (89, 209). Cyclic adenosine monophosphat e
phosphodiesterase iﬁhibitots such as aminophylline and papaverine are

'capable of decreasing smooth muscle tone. Similarly, dibutyryl
cyclic adeno;ine monophosphate can also decrease smooth muscle tone.
Cyclic gwanine monophosphate levels are decreased by the vasodilators
sodium nitropru;side and nitroglycerine. These data provide support
for cyclic adenosine monophosphate and cyclic guanine monophosphate
being the secondary messengers for receptor stimylated relaxation and
contraction respectively (3, 47, 134).

There are two sources of free intracellular calcium. It can be

reledsed from the bound intracellu}ar stores,"or it can influx from

the extracellular pool. The phospholipid bilayer cell membrane of

€



the smooth muscle cell separates the intracellular pools from the
extracellular spacg. Within this mémbgane are channels through which
ions may pass bidiréCtionally. There are at least two types of
influx calc‘:ium'ch.anﬂel»s In smooth muscle cells: potential dependent
channels; which are Osened by membrane depolarization, and'receptor
operated channels which aré/Ppened when the appropriate receptor is
activated. This t¥O channel -system has been demonstrate by
selectively blocking POtentjial dependent channels with Qerapamil and
thus preventing contfaction due ééb'Lhigh ‘extracellular potassium
concentrations. Such cells are still capable of contractioﬁ upon
exposure to norepi®®bPhrine which stimulates receptor operated
channels. There is a8 third pathway for calcium to gain accesg to a
cell, and that is by Ppassive leakage. This continuous leakage i;
résistant to blockade and is present at all times inclhding when tﬁe
cell is in the restiM® state and potential dependent channels and
receptor operated chanffels are closed (14, 192). It is probably this
continual leakage which is‘resﬁonsible for the resting tone of the
smooth muscle cell. Two types of intrinsic smooth muscle tone have
been found. The first is a rhythmié¢ pulse which is d;B%ndent upon
calcium induced actiof potentials and thus is sensitive to calcium
channel blockade. 7The second tone is a constantly maintained tone
indep%ndent of calciuM channel action' pot&ntials. This maintained
tone is independent of innervation, prostaglandins and angiotensin,
but is dependent on eXtracellular calcium concentrations. It is for

these reasons that IiNtrinsic ‘maintained tone is believed to be
-~~~
-~ ,

y 3 : K3 > :
sustaindd by the passive intracellular calcium leakage.

13
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Contractions due to membrane depolarization are highly dependent
on extracellular calcium and therefere are relatively easy to block.
Receptor activated contraction is less dependent on extracellular

o

calcium in that it appears to pfocéed when all extracellular
RS

calcium has been removed, Receptor activated contractions must
therefore be able to draw on intracellular calcium stores. The main
storﬁge site for bound intracellular calcium is the sarcoplasmic
reticulum and, to a lesser extent, the plasma mgmbfane. Mitochondria
also contain large stores of calcium, but whether this site is
physiologically important for cellular contractions has been argued
(165, 166).

Smooth muscle celi contraction&has been found to be partiallsy
affected by ambient temperatures, Muscle tone increases as the
temperature increases from 34°C. At 42°C, muscle contraction becomes
independent of extracellular calciﬁm. Since subarachnoid hemorrhage

KPR
has been associated with pyrexia, it is conceivable‘éhat_the fever

may contr-ibute to post-hemorghage vasospasm (14, 143, 209) .

Prophy! ~atment of Cerebral Vasospasm
e sphylaxis of cerebral vasospasm is the prevention
of the v subarachnoid hemorrhage which causes 1it. At

present."no diagnostic tool which is sufficiently sensitive,

specific, or cost/benefit effective for the routine screening of the
general populatioﬁ, Cerebral pan-angiography is at present the only
modality which reliably determines the presence of a pre-rupture

aneurysm. This technology is too costly in both a morbid and a



\ -

financial se¢nse to screen even a limited number of the at-risk

.

general population.

¥

The‘focus must therefore shift to the prevention‘of vasésp;sm
once the subarachnoid hemorrhage has occurred. A review of agents
which have been used in an attempt to prevent, or to relieve,
established cerebral vasospasm revealed that over 80 different
regimes have been tried, and none has been consistently successful
(212).

Attempts to suppress the activity of supposed vasoconstrictor
nerves with high dose hydrocortisone initially showed some promise,
but clinical studies were inconsistent (72). Combined therapies
using a variety of Alpha and beta blockers and agonists such as

A\ .
phenylephrine with sodium nitroprusside, or phentolamine with
propranolol, have also met with varying success (5, 198).

Stﬂdies have been‘designed in attempts to lower the cerebral and
plasma levels of circulating monoamines. Reserpine and kanamvcin
received much attention in this regard. Zervas observed that
treatment with these agents could prevent vasospasm in dog and monkey
models of subarachnoid hemorrhage (219). Clinical trials have been
less eﬁcouraginé (15).

The discovery of the potent cerebral vasodilator prostacyclin
and the vasoconstrictor thromboxane A2 has led to research to find
ways of promoting and inhibiting their actions. Prostacyclin
predictably dilates cerebral vessels in vitro and in vivo, but its
short half-life hinders clinical trials. Inhibition of thromboxane

A2 synthesis may also have a role in vasolytic“thergby (118, 176).

Pyridine and imidazole have been shown to inhibit thromboxane A2

15



production. More recently a pyridine deriva;ive Sodium- (EY -3- (&
(3-pvridylmethyl) phenyl) -2-methy1;?-propenoate (OKY-1581) was found
effective in preventing experimental vasospasm (155) .

The development of hyponatremia and hypovolemia which often
precedes the clinical vasospasm syndrome (74) has led to  the
suggestion of hypervolemia‘and arterial hvpertension as therapeutic
agents (43, B4, 214). The principle involved is to attempt to

«
maintain cerebral perfusion pressure in spite of significant cerebral
arterial constriction. Expansion of the intravascular volume may be
accomplished with whole blood, packed cells, albumin, or low
molecular weight dextran. Vasopressin and fludrocorti:onv mayv assist
in maintaining the hypervolemic state. Dopamine and atropihr
maintain hypertension; In the presence of disturbed cerebral
autoregulation, this therapy mav ‘considerably affect cervebral edems:
Pulmonarvy edema has also been a complication of this treatment
modality. The most serious drawback is the risk of re-hleeding ot an
unrepaired ruptured aneurysm. Aggressive therapy of this nature must

be restricted to patients who have already undergone successful

repair of the aneurysm.

One of the most promising groups of therapeutic agents to bhe

investigated recently is the calcium antagonist. If cerebral.

vascspasm is initiated, and possibly maintained, by the sustained
contraction of the medial smooth muscle layer, then precluding the

contraction of the vascular smooth muscle cell should prevent the

development of the vasospasm regardless of its primary etiology.

Several potential methods for this type of intervention have been

.

summarized by Towart (188).
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The calcium entry blockers are a chemically heterogenous family
.of compounds that have been available commercially for the last 20
years (49, 199). 'Various subgroup$ operate at predominantly
different sites. The phenothiazine antipsychotic agents function at
the myofilament level by blocking calcium-calmodulin interactiops.
thus inhibiting the contracgile process.  Another group, the
dihydropyridines, appeﬁrs to inhibit calcium influx through the

.

smooth muscle cell membrane, thereby preventing the initiation of an
increase in intracellular free calcium required for contraction to
occur. This discussion will focus on this second class of calcium

entry blockers.

There are presently three classes of calcium channels recognized

in the smooth muscle cell membrane (1l4): potential dependent
’
chanmnels which are responsive to changes in the potemtial difference

across the cell membrane; receptor operated.channels which open in
response to stimulation of a reéeptor by some agonist: and stretch
.

dependent channels which are responsible for the slow inward calcium
leak and the maintenance of tone.

Depolarization induced contraction of smooth muscle cells can be
inhibited by calcium entry blockers,n Calcium antégonists added to
the bath of potassium depolarized coronary artery strips were able to

-

inhibit the contractions. It has been shown that depolarization
4

contractility is proportional to the ‘extracellular calcium

concentration (50, 51). Potassium depolarization induced contraction

is readily inhibited by 1low doses of most of the calcium blockers

(205). Towart et al. studied the effect of nimodipine oﬁ isolated

—

17



strips of rabbit aorta (189). Nimodipine was able to block potassium
induced contractions, but not those induced by norepinephrine. The

reverse was noted when the alpha-blocker phentolad&ne was used. The

results of these studies indicate that the dihydropyridine calcium

J

blockers inhibit the 1ﬁf1ux of c4lcium through potential dependdent
channels, but do not inhibit intracellulay calcium pools. Receptor
stimulation by norepinephrine probably re}ease§ stored intracellular

- - -

calcium to initiate contractions, Similar results have been obtafned

with 5-hvdroxytryptamine induced contractions (177).
Studies of nimodipine action on different wvascular specimens

have wWelded varving results.  Contractions induced by agonists such

as 5-hydroxytryptamine, histamine, catecholamine, thromboxane and

P
blood constituents were more potently inhibited on basiltar arteries

than on saphenous arteries (188). Varhoutte demonstrated simllar
findings with the calciu@ antagonist phenarizine on basilar versus
gastrosplenig,véoronary, or tibial arteries (193). Allen et al. have
suggeséed that cerebral arterial smooth mustle is solelv debendent on
extracellular calcium for contractions induced by alpha-adrenergic,
5-hydroxytryptamine, or prostaglandin F?u receptor stimulatio;
intracellular calcium (8).

Allen suggested that cerebral arterial ;mootb muscle cells may
have a greater dependence on extracellular calcium ;upplies than
‘other types of smooth muscle (6). Others have come to similar
conclusions (111, 121). This would render cerebral arterial
contraction more susceptible to interference by calcium antagomists.

Studies supporting the cerebrovascular sp;cifidity of thesé

calcium blockers have been numerous. Pé;;cg and Benson found that in



vivo infuslons of diltiazem, 30 ug/kg/min, dilated cerebral
vasculature without affecting peripheral systemjc resistance,‘cardiac
output, mean arterial blood pressure, of cotebral metabolic . rate

(131). Voraﬁnmil, another calcium blocket, has been found to inhibit

potential dependent contractions in all blood vessels tested, but it
also inhibits receptor dependent contractions in cerebral arteries
(48). Kazda and Towart found nimodipine to be effective in

preventing 5-hydroxytryptamine induced contractions of rabbit basilar

-

arteries but not systemic arteries (87).

Nifedipiﬁe and nimodipine have been found to be 10 and 6 times

more effective, 'respectively, in preventing 5-hydroxytryptamine

induced contract{s’s of basilar over mesenteric arteries (120).

19

N&moéipine has. also been  found to inhibit basilar artery

contraction to carbocyclic thromboxane, but not saphenous artery

contraction (19051 Thromboxane A2 productioﬁ has been found to be

increased during periods of cerebral ischemia (59). Thromboxane A2's

powerful  wvasoconstrictor éffect midy set up a cvcle of

vasoconstriction/increased production. Nimodipine may be effective
. .
in inhibiting this cycle.
Many of ‘the dihydropyridines in¢rease cerebral blood flow. In

dogs, intravenous injection of diltiazem, 0.1 mg/kg, increased
»

. . €
cerebral blood flow 30%. Infusions of 30 ug/kg/min increased

cere§;al blood flow by 168, decreased cerebrovascular resistance by
248 and had no effect on total peripheral resistance, mean arterial
blood pressure, or cardiac output. Increasing the infu;ion to 100
pg/kg/éin did decrease these I;CCer variables (156). Intra-arterial

injections of ~nimodipine, 0.0l mg/kg, into normal dogs increased




p )

cexebral blobd flow by 708 without affecting other hemodyhami ¢
variables (86). Nifedipihe, QW5 mg/kg, increased cerebral blood f]ow
338 in-rats (145). N{modipine caﬁses a dose dependent in;rense ig
cerobrnl'blood flow in the range 0?01‘- 1.0 mg/kg while causing only
a slight increase in mesenteric and renal blood flow (86). Prlma;;
studies have demonstrated that 1ntravenog§ infuston of 2 ug/kg/min
increased c;rebral blood flow by up to 27% while decrea;ing mean
qrterial blood preSSQre up to 12% . Intracarotid {nfusions of O &
ﬂg/kg/min increased cerebral blood flow by 57% in the normal animal
and by 87% following” hyperosmolar blood bragn barrier disrupdion
(733. Another primate study indicated that residual bigod flow
following occlusion of the middle cerebral artery was enhanced by
nimodipine, but that at doses above 10 wg/kg/min, cerebral blood flow
returned to control levels and mean arterial blood pressure fell.
Furthermore, at the most effective dose for increasing cerebral blood
flow, cerebrovascular responses to PaCO2 and hypotension were reduced
(71) . . . ,<

Cerebral blood flow was measured in 10 patients who had suffered

an acute ischemic stroke. Patients were g{;pn nimodipine. 15 or 30

e e

ug/kg. intravenously. All patients expe%ienced a dose dependent
o
increase in hemispheric cerebral blood flow. There was only one

adverse reaction of hypotension and bradycardia which resolved
spontaneously after a few minutes (61).

O;él doses of AOT’60, or 80 mg of nimodipine given to patients
suffering an acute subarachnoid hemorrhage resulted in a mean

increase in cerebral blood flow of 14% with no significant

hemodynamic changes (58). Ott and Sechner showed that oral



nimodipine given to patients with cerebral infarction causcd s
redistribution of cerebral blood flow within, the infgrcted he&??phé}e
with regional cerebral blood flow increasing in the infarcted area.
There was no cQange’in blood flow in the contralateral hemiééherq
(128) .

The exact sites of action of nimodipine with respect to the
cerebral blood f}o;.have not been conélusively determined. Studies
indicate however, that it is the“smaller resistant arterioles which
tend to be.tho most affected (181).

B Topical nimodipine has also been evaluated clinically.- Auer et
al. applied a 2.4 x 10_5M golution to the exposed cerebral vesseis of
pacioh:s operated on within 42 to 72 hours post-subarachnoid
hemorrhage. In 13 patients, post-operative application was continued

by means of & plastic ¢annula inserted intraoperatively (11).

Vasodilation occurred in all patients and was relatively greater in

v

the smaller wvessels, Severe vasospasm was absent on day 7
&
post-subarachnoid hemorrhage 1n" all cases. The authors concluded

that  topical application of nimodipine intraope{atively and
post-operétively decreased the probability of symptomatic vasospasm
a}ter early surgery. The experimentél ;videnée that nimodipine could
be an effective treatment for ce;ebral vasospasm and delaved ischemic
defiﬁits led to d multi-center, prospective, randomized, double-blind
placebo-controlled trial of the drug (7). ‘One  hundred and
twenty-fiQe neurologically normal patients were started on oral
nimodipine (0.07 mg/kg load{ng dose; 0.35 mg/kg q4h for 21 days) or a

placebo within 96 hours of having suffered a subarachnojd hemorrhage.

A persistent deficit that was severe or caused death before the end



of treatment occurred in'8 of 60 patients given placebo but in onlwy |
of 56 giQen nimodipine. Since angiography was only repcated if
neurological deficit developéd, the effect of nimodipine Ann the
incidence and-'everity'of vasospasm could not be ascertained.  The
results howe ‘ did provide strong evidence for a reduction in the
incidenc; and seve}ity of.delayed neurologic deficits in good pgrade
patients given oral nimodipine after subarachnoid hemorrhage .
. .

Espinosa et al. studied the effect of oral nimodipine aftoer
subarachnoid hemorr%age in primates (41). In a randomized,
placebo-controlled, blinded trial, 30 monkevs underwent subarachnoid

. . N 2
hemorrhage induction and were then started on a lg=dav regimen of

nimodipine, 1 mg/kg q8h, or placebo. Significant vasospasm developed

B

Jdn 87% of the animals and its incidence was slightly higher in the

placebo group. One monkey in the placebo group developed a delaved
ischemic  deficit which lasted until sacrifice. The effect of
. > n : -

nimodipiné on an&iokraphic'vessel caliber reduction at this dose was,
however, not significant. Since there were 1o serious side effects,
and nolclear beneficial effects, it was:suggested that higher doses
of nimodipine be evaluated.

Recent, work by Zabramski et al. (218) in a multi-hemorrhage dog
mo#l evaluated high dose oral nimodipine and nifedipine given for 7
days following subarachnoid hemorrhage induction. This group found
no significant decreage in the severiﬁy of angiographic vascspasm at

ot
anv of the doses tested.
A clinical study eyaluated intracarotid slow bolus infusion of

nimodipine (0.068 to 1 mg) given within 2 to S hours of angiographic

demonstration of vasospasm in 6 subarachnoid hemorrhage patients

»
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(65). Repeat angiography failed to show an immediate change in
vessel caliber and the patients were started on constant intravenous
infusions of'nimodipine‘ Three patients died, 2 had major infarctQ
and‘l"made a good recovery. The authors suggested that intracarotid

infucion of nimodipine in cases of established vasospasn

post -subarachnoid hemorrhage does not cause angiographic or clinical

improvement.

Ljunggren et al. (95) also found no significant effect on the
incidence and distribution of rterebral vasospasm following topical
application (2.5 x lO-SM) and intravenogs infusion (2 mg/hr for 7 to

-
12 days) of nimodipine in 60 subarachnoid patients operated upon
*
- .
within 5 days of hemorrhage. Permanent delayed ischemic deficits
occurred in 4% of patients as compared to 13% of a retrospective’

v

control group. The authors speculated that nimodipine must exert its

. : 9}
anti-ischemic effects by some mechanism other than preventing or
reversing angiographic vasospasm.

A more recent study by the same group (157) found that topical
and intravenous administration of nimodipine did not prevent delayed
ischemic deficits in patients operated upon early for an anterior

. . \ . :
communicating artery aneurysm. They did, however, find a decrease in

permanent neurological sequelae in patients with a ruptured internal

carotid or middle cerebral artery aneurysm. : i

Clot Removal

c
The suspected presence or radiographically demonstrated presence

of cerebral vasospasm after subarachnoid hemorrhage is considered bv

many a contraindication for surgery to repair the offgaging aneurysm.



Surgerv may place additional stress on cerebral tissue which has

compromised circulatfon. Deldy in definitive treat of a ruptured

aneurysm increases the risk of a second and possi$~y fatal re-blecd.

The optimal method of avoiding a secondary bleeding episode with its
. s L]

inherent increase in morbidity and mortality is to operate as early

‘as possible after the initial insult.
The value of early surgery in the -rshwagement of rupturec
aneurvsms has been stressed in several studies (31, 83, 96, 47, 115,

148, 172

I3 - - ’ s - .. N . .
) . 182, 215y A preliminary report oh the findings of tiw
%

cooperativesstudy on the timing of aneurvsm surgery also demonstra: vd

‘ . .

an improved. prognosis when ruptured aneurvsms  were operated  upor
» . .

quickly. While the¢ risk of re-bleed with its subscquent morbid{f

and mortélity is greatly reduced after .definitive clipping of the
aneurysm, the problem of chronic vasospasm is still present . The
theraptes previously discussed for established vasospasm are more
safely applied when the source of the bleeding has been clipped.
Cerebral perfusion préssures can be increased through the use of
pressor agents and volume expansion, and increased intracerchral
pressure can be treated without increasing the risk of a re-bleed
from an unclipgsd anéurysm. The optimal method of treating ce}ebra]

vasospasm would be to prevent its initiation. As has been discussed,

the etiology of vasospasm is presently wunclear, but the general

\

consensus 1is that it results from some components or by-products of
the extravasated blood. Osaka suggested ' that if vasospasm is
produced by the breakdown products of erythrocytes, then its

prevention should be the complete removal of erythrocytes from the

subarachnoid space (127). The possible. role of mechanical removal of



blood frof the basal cis%grns in the prévention of chronic vasospash
wat first suggested in 1958 by Johnson (78) and in 1959 by Pool
(138).

Suzuki et al. (173) considered that femoval of the clot from
around the cerebral arteries in the basal cisterns withinVZQ hours of
a subarachnoid hemorrhage greatly reduced the incidence .of
post-operative vasospasm in the 413 cases of hemorrhage from
aneurysmal .rupturé that they studied. Takahashi et al. (179)
demonstraged a positive correlation between the results 6f early

operation performed within one week after the hemorrhage and CT

findings. Symptomatic vasospasm developed in 4dll, cases in which the

CT scans showed high density areas»in the ventricles or cisterns. 1In
cases with no blood clots evident within the ventricular systeT or
o
the basal cisterns, those patients operated on within 2@ hours of the
hemorrhage had a 0% mortality and a 16% morbidity; thoséAoperated
upon between days 2 and 7 post-hemorrhage exhibited a ;ortalicy rate
of 38% and a morbidity rate of 15%. The authors advocated surgery
‘yithin 24 hours of the subarach%oid hemorrhage,.5remova1 of blood
élots from the basal cisterns, and enhancement of cerebrospinal fluid
drainage by placement of ventriculocisternal drains.

)

In a series of 64 subarachnoid hemorrhage patients, Mizukami et

al. (117) operated within 4 days of hemorrhage. The surgiecal.

approach was guided by CT findings in order to remove as much blood
clot as possible. In 90% of cases, successful removal of clots from
the basal frontal interhemispheric fissure, Sylvian cisterns, and the
anterior insular «cisterns wasl achieved. Angiography - performed

between days 6 and 15 post-hemorrhage revealed no or only mild

£
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vasdspasm in the patients from whom clot was successfully removed as
shown by CT scan. Similarly, these patients suffered no'nourologicnl

deterioratlon, Permanent neurological deficits :due to vasospasm

. -t

occurred in 8 patients from whom co%plete clot removal was  not
accomplished, as demonstrated by post-opérative CT scans.

Another series of 239 patients studied by Taneda lent further
support to a belief in the beneticial effecf of complete clot removal
(138). Delayed ischemic deficits occurred’in 25% of patients in whom
surgery was delayved more than 10 days and in 28% of patients who
vnderwent aneurysm clipping but incomplete clot removal. Only 11% of
LH? patients who-were operated upon within 48 hours of the hemorrhage
and who underwent apgressive rémoval of subarachnoid clot developed
delayed ischemic deficits.

Taneda et al. (183) repogted a gingle case in which the patient
was;operated upon within 24 hours of the subarachnoid "hemorrhage .
Extepsive removal of clo; was performed on -the side of surgery.
Delayed'ischemia devéloped'8 days afte: the subarachnoid hemorrhage
“on the ipsilateral side to surgery. This resolved with hypervolemic

therapy. On day 16 post-subarachnoid hemorrhage, following complete

recovery, vasospasm occurred on the contralateral side to su!’*y

where the clot higvnot been evacdated. Massive infarction ensued and

the patient was left with a severe deficit.

Clinical studies of the efficacy of clot removal are difficult

Ay
to compare. . Differences in surgical expertise, bias in interpreting
outcome, and inability or unwillingness to randomize clot removal and

non-removal strategies: have inhibited the conduct of a definitive,

prospective, randomized trial.



In the event that thorough clot removal cannot be accomplished
at the time of surgery, alternative methods of removing residual clot
h;ve been devised. Subarachnoid éisternal lavage, both as a means of
primary clo£ removal and as an adjunct to surgical clot evécuacion.
have met with varying success (68, 78, 115, 123, 147, 1485. A recent
study by Alexander et al. (2) evaluated the effect of cistern;I
lavage 24 hours after subarachnoid hemorrhage in the 2-hemorrhage dog
model. While lavage wasneffective in removing the ﬁajority of gross
clot, it was not effective in preventing vasospasm. The authors
suggested that any postulated interaction of clot and cerebral
vessels resulting in vasospasm must occur within the first 24 hours
following the hemorrhage. Some clot did remain in contact with the
cerebral vessels following the‘simple 1avage and this may have been
.sufficient to initiate the vasospasm at a time later than 24 hours,

In an effort to facilitate mechanical washout of clotted subarachnoid

blood, Yoshida et al. (217) added the plasminqgen activator urokinase

to the 1lavage solution. Patients underwent irrigation of the

subarachnoid space for 5 to 7 days with 2,000 mllof a solution of
urokinase, VA8 IU/ml. On CT scan, high densities in the
premesencephalic cistern disappeared within 7 days while they were
still present in patients irrigated with physiological saline only.
In one patient who was treated by pooling 10 ml of wurokinase
solution;. 1,200 1U/ml, in thg subarachnoid space for 10 minutes,

.
followed by irrigation, high CT densities disappeared by 4 days.



Summary

The development of cerebral vasospasm in a patient who has
survived the initial devastation of a spbarachnoid hemorrhage is o,
frustrating and discouraging problem. Successful repair of .
ruptured cerebrél aneurysm. and the lack of neurological deficit
post-operatively are no guarantee that the patient will not have a
poor result two weeks post-hemorrhage. Infarctions causing severe
neurologic deficits or death are not rare. While much effort has
been expended attempting to find ‘the specific agent Eausinp
vasospasm, there have been no definitive results. The numerous
therapeutic modalities that have been tried attests to the lack n;
success in finding an effective treatment. -

Experimental and clinical trials showed promise in the use of
the colcium blocker nimodipine in treating vasospasm and delayecd
ischemia. More recently, its effectiveness has been questioned.

Primate studies at low dosaﬁs failed to giVe definitive results.

The role of aggressive clot removal has also been examined.

. ~ 3

Similarly, conclusive evidence of its effectiveness has Eeen lacking.

The studies described in this thesis were designed in an attempt
to shed some light on these two areas. The roles of both higher oral
dose nimodipine and aggressive early clot removal were examined in a

primate model of chronic cerebral vascular spasm after subarachnoid

-

hemorrhage.
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CHAPTER TWO: THE PRESENT STUDIES

I. Objgctives and Experimental Design

The basis of this thesis rests in two experimental studies:
A: effects of nimodipine on chronic cerebral vasospasm, and,
B: effects of early clot removal on chronic:. cerebral
vasospasm.
Each of these investigations includes 2 or more studies which
evaluate separate areas of the problem.
All of the experimgnts reported herg @ere evaluated and approved
by The Aniﬁal Ethics Committee of the University of Alberta. All
animal care and surgical procedures cAnformed to the standards set

out by the Canadian Council on Animal Care.

STUDY A: Nimodipine and Chronic Vasospasm

I. Clinical, radiological, and "xological findings.
Ii. Pharmacological in viéro studies of vegssels in
spasm,
iii. Pharmacological studies of in vitro effects on
cerebral arteries of monkey, man, and dog.
iv. Nimodipine infusion and cerebral flood flow.
Objectives
1. Evaluate the efficacy of oral, high dose nimodipine
[isopropyl - (2-methoxyethyl) - 1,4-dihydro-2,6-dimethyl-4

(3-nitrophenyl) - 3, 5-py¥idinedicarboxy1ate] in the
i

29
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4 ‘. .
prophylaxis of chronic cerebral vasospasm and delaved

ischemic deficits.

2. Evaluate the effects of oral nimodipine and chaniv
vasospasm on hemispheric blood flow.

3. Examine the extent of structural and morphological changes
in cerebral arteries in spasm at 7 aays.

4. Examine the reactivity of cerebral arterial sepments  in
the presence or absence of vasospasm and deCTermine whethe
chronic adrinistration of nimodipine can influence  the
coritractilicy.

5. Compare ,the reactivity of cerebral arterial segments  of
monkev, maﬂ,‘;nd dog both with and without nimodipine to
various standard agonisgg‘

6. Examine the effect of intravenous nimodipine infusions on

cerebral blood flow in the monkey.

Design.
sStudy A(Z) - This study was designed as a randomized, blinded,
placebo-controlled trial. Restricted randomization was performed
“
within 2 groups of 12 animals to minimize the, effects of bias duc to

improvement of surgical technique over the course of the experiment .
Three pilot animals underwe;t the surgical procedures to allow
refinement of the technique prior to beginning the experiment.

Thirty female cynomolgus monkeys (Macaca fascicularis) were
entered into the study and were subjected to subarachnoid hemorrhage
induction. Six animals died within 24 hours post-operatively and

were excluded from the study. The 24 survivors were randomized to

one of 4 treatment groups of 6 animals each. Each treatment group
3

30



recejved one of nimodipine 3, 6, or 12 mg/kg q8h for 7 days, or
placebo q8h for 7‘days. The randomization code was not broken until
all data had been analyzed. Two additional animals underwent the
surgical procedure except for the actual placement of the bloéd clot.
They thus acted as sham controls for the surgical procedures.
Variables measured or observed at each stage included general
physical and neurological status, mean arterial blood bressure,

cerebral blood flow, size of induced subarachnoid hemorrhage and

angiographic cerebral vessel caliber. After 7 days of treatment. the

A
animals underwent repeat evaluation of parameters and were then

randomized within groups to one of two subgroups: pathologv or
pharmacology. The pathologv subgroup underwent in vivo fixation of
the brain for pathologic examination of the cerebral vessels. The

©
pharmacology subgroup was sacrificed by exsanguination for in vitro

evaluation of the contractile responses of ~the cerebral vessels

9.
(Study Aii).
Study A(ii) - The pharmacology subgroup’'s middle cerebral

arteries from study {déqpéf prepared for in vitro evaluation of their
o0

contractile respohifif to potassium, norepinephrine, and
5-hyvdroxytryptamine . Preparation was performed in a single-blind
manner in that the nimodipine treatment regime was unknown when the
isolated tissues were examined. Three replicates were studied for
each .artery and three animals were examined from each
nimodipine/placebo treatment group.

study A(jji) - To further characterize the primate model, and to

determine the direct in vitro effect of nimodipine on cerebral

arterial contractions, middle cerebral and basilar arteries were



obtained from healthy normal monkeys, and mongrel  dogs Humag)

arteries were also obtained at autopsy within 18 hours of death tron

A
causes other than subarachnoid hemorrhage

Arteries were prepared for in vitro analysis as in studv A,
. v ’

with the addition of testing the agonists prostaglandin F;a and
hemoglobin. The samples were then randomized to one of two groups

. oo . . -10
One group had nimodipine in concentrations of 10

-7
to 10 'M added to
"the organ baths and werc then allowed to equilibrate for one hour

Dose effect curves were then ng-determined using the second grouy

d"

time controls.
Study A(iv) - In order to determine the effect of intfavenou

4
nimodipine infusions on cerebral blood flow, 6 female monkevs We T
. , .
randomly allocated to one of 3 groups nimodipiner ¢ pug/kgrmin,
kg/kg/min, or placebo Each animal was evaluated for its cerchra)
blood flow response to PacCo, Infusions of the appropriate dose of
“

-

nimodipine were then ™started and cerebra! blood flow was measured
every 15 minutes until it remaifed unchanged for 2 consecutive
determinations and until the animals had received the igfusion for at
least 1 hour. The animals were allowed to recover post-operatively
for at least 1 weck and were then returned to the operating room to
be retested in an alternate group. This was repeated until all

animals had been evaluated in each experimental group.

-——



STUDY B: (Clot Removal
i Clinical, radiological, and pathological findings.
11. In vitro evaluation of cerebral arteries from B(i)

for basal prostacyclin, thromboxane A2 and

~

’

lgukotrtene Sa synthesis .
Oblectives
1. Evaluate the role of clot removal 24 hours post-subarachnbid
hemorrhage’ in the prophvlaxis of cerebral vasospasm and
.delaved ischemic deficits.
2 Develop the primate model of subarachnoid hemorrhage to

increase the incidence of delayed ischemic deficits.

()

Evaluate and compare the basal production of prostacvclin,
thromboxane A, and leukotriene CA of monkey cerebral vessels

e

in spasm and not in spasm.

Resign

2tudy B(i) - The efficacy of complete clot removal 24 hogrs
after subarachnoid hemorrhage in the prevention of chronic cerebrgl-
vasospasn. evaluated in monkeys in a blind, randomized, controlled
trial. TQenty-four female cynomolgus monkeys (Macaca fascicularis)
were randomized to one of three groups: sham, clot, or clot-removal .
The major cerebral vessels were dissected free of arachnoid
bilaterally. An average 4.97 g autologous hematoma was placed around
the vessels in the subarachnoid spaces in the clot and clot-removal
groups. Saline was instilled in the subarachnoid spaces of the gham
group. All animals were re-operated upon 24 hours after the first

procedure. The clot-removal group underwent complete evacuation of -

the hematoma. The sham and clot groups were simply re-closed after 3 /i%:&)r
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hours of anaesthesia. Indices monitored before *nr‘}]" 'sqvh' er el
. o ] hd .

- e Y0 . .
subarachnoid hemorrhage induction included ?%gpblég}p stath

D . . Dot
. .

angiographic cerebral vessel caliber and art\r.-h'l'/,t;loozi pressure " *}
. A .

All animals were evaluated with magnetic " resonance fmaping. ;‘f
(2

representative animals were evaluated with CT brain scans. . e :%

Animals were sacrificed by exsanguination on day 1. The Ly

cerebral vessels were rapidly removed and were used in Study B(ii).
- e
tud (i) - The cefebraP vessels from Study B(i).were rapidlv

remgved from the animals, cleaned of connective tissu® and blood, cut

into.1 mm sections, placed in weighed vials, and fro’zei at -7

until  processed. Measurement “( the stable‘iemboli

© A
) and  thromboxane ~* A,

prostacyclin (6-keto-prostag1andl’ Fla

(thromboxane 82) was done by commercially available radioimmunoassav

4

kits. Testing was carried out in a blinded manner and was performed | S

on individual, unilateral main arterial trunks (left and right middle
cerebral and posterior cerebral arteries, as well as anterior
cerebral and basilar arteries).

Preliminary testing of monkey cerebral arteries revealed that
leukotriene Ca levels were below th'e limits of detection (< 25 pg)
and . therefore this portion gf the s;tudy was dropped from the main

testing sequence .



I1 - MATERIALS AND METHODS
' Preparations were similar for both series of studies with
respect to tre surgiéal and pharmacological procedures, so the

techniques wil. be described together.’ Differences in procedure

between the ser.es willisbe noted where appropriate.

4i.imal Prepa:.ation

Adult female cvnomolgus monkevs (Macaca fascicularis)(Charles
River Primate Research Corp., Port, Keshington, New York) with an

average weight of 3.4 kg (raﬁg672;84;p ALZ%kg) were used in the
L s IR o
studies. Anaesthesia was induced with ketamine‘hydrqphl
~

mg/kg i.m. for baseling: and sacrifice evgiuations or with sodium

.
2N
+

2
y

pentobarbital 26 mg/kg i.v. for subarachnoid hemorrhagéjinducﬁion and

oride 6 to 10

Lol

. e
clot rgméval. Animals were intubated with a 4.5 to.5.5 mm uncuffed
endotracheal tube and wete ventilated with a 2:1 mixture‘of~N20;%2

¢ [

administered with a ~variable phase anlma”gh Tesplratorg'(Harvard
Appdratus, Inc., Millis, MaésachuSetts)f Ventilation was adjusted by

volume to maintaifﬁ;PaQOQ near 39 mm Hg (30 to 35 mm Hg during

> .
a2 L]

craniotomy) or as ipéﬁéa%ed for cerebral blood flow studies.
Iq}ravenous infusions wérg Egdministered through a percutaneous 22
gauge catheter in a saﬁhenou? or cephalic wvein. Paralysis was
induced and maintained with éallamine 2 mg/kg i.v. q45 minutes.
. i

Procaine penicillin, 100,000 IU/kg i.m? was given 30 to 60 minutes

before any major procedure. Body temperature was maintained at 37°C

by a heating pad placed beneath the animal which was monitored and

(e
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controlled by a rectal thermometer andrthermostat (Tele-thermmometer:
Yellow Springs Lostrumen: Corp., Yellow Springs., Ohio). The
operative areas were shaved and prepared with Betadine surgical scrub
and solution.

v - .

With sterile techniqug, the femoral artery on either side was
exposed by cut dowp and was catheterized with a S-French radiopaque
polyethylene catheter (39) _through a transverse artériotomy_betwvcn
two ligatures. Xvlocaine 2% was injected subcutaneously and into thu
femoral sheath to prevent femoral arterial constriction. The
catBeter was advaﬁéed under fluoro§copic control until the tip was in
the innominate arterw. Posiﬁiﬁn was confirmed by the épacificat{yu
of both common carotid arterics following a 0.5 to 1.0 ml injection
of contrast.medium (iothalamate meglumine 60%) . This catheter was
also used for periodically obtaining arterial blood samples for
determination of blood-gas a alysis: pH and hematocrit values. The
patency of the catheter wgs“mantained by period flushing with 1vto 2
ml of 0.9% saline with heparin, 10 IU/ml, to prevent clotting. The
catheter was connected by way of a 3-way stopcock to a pressure

. i J
transducer for monitoring arterial blood pressure (Statham .P23

e 3
pressure transducer; Statham Instrument Co., Oxnarq,‘Californi@)q;F
Cordis injector for administexing {othalamate meglumine, 603 (Cordis

| . -
Corp., Miami, *Flerida), and %n automatic injector to administer
. . ¥

Xenon-133, for cen@brél blood déggddeterminaﬂion (Xenon injector,

built at the,Univera(Ey of Alberta). A Beckman Dynograph R611 eight

‘ K4
channel recorder was used to recqerd arterial blood pressure. This

was calibrated against a mercury manometer immediately prior to each

°

o d
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experiment and was checked periodically throughout each experiment
o -~

. B /}
for drift. . ~

At the termination of each chronic experiment, the catheters

-~
were removed and the ligatures tightened. No attempt was made to g

maintain patency of the femoral artery. All surgical incisions were

irrigated with topicgl Bacitracin solution. Paralysis was reversed
with prostigmine 0.07 mg/kg i.v. and atropine 0.02 mg/kg i.v. was

given. The "animals were ventilated with 100%- 0, until breathing

2

spontaneously. They were extubated upon re

Y

tyrn of the gag reflex.

Study A: The animal’é :v- :

.

. i
vise with the right side up. A< t /fronCOCemporal skin flap,

centered at the pterion, was created with a cutting cautery. A

T -

sigmoid incision was made, beginning at the anterior zygoma, curving -

»

posteriorly and superiorly, then terminating anteriorly parallel to
the sagittal suture about midway along the supraorbital ridge. A
U-shaped muscular flap was then turned posteriorly using cutting
cautery. A 1 cm trephine and a»Cloward rongeur were used to create a
1.5 cm craniectomy. Care was taken to ensure the inferior portion of

the craniectomy was on the floor of the middle fossa and that the
* -

A
sphenoid ridge was adequately removed. Bone wax was applied to stop

the bleeding from the diploic veins. The middle meningeal véssels
were cauterized and—cut as thé dura was opened in, a semicircular

fashion with the concavity toward the sphenoid ridge. The dural flap

37
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was sutured open to the subcutaneous tissues. The tempdx#f lobe was 4

-« ) S o
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gently ‘retracted posteriorly with a‘§elf-retaining rezraﬁtnr unt il
the origin of the Svlvian fissure was visualized. U;hmpkﬁcnrp and
blunt dissect{on‘ the arachnoid membrane over the intradural internal
carotid arterv., posterior 6dmmunicating arifry. anterior cerebral
artery and the sphoenoidal segment of the middle cerebral arterv wa
opened widelv. A autologous blood clot averagigg 6.4 ml was ther

carefully placed around the exposed arteries in the subarachnoid

space. The dure was then closed in a watertight fashion with (-0
Al : ‘

s$ilb.  The ‘mMyscular flap was replaced and the galea was closed witl,

R

N

¢ siir was sutured with 3-0 monofilament polyethyvlenc

2-0 silk an
(Dermalon: Davic¢ & Geck, New York, New York) using  vertical,

interlocking, matiress sutures . '

Sham animals underwent identical procedures except that in place

of an autolorius blood clot, -6 ml of normal sal_'ho were instilled

into the subarachnoid space.
AN

Study B - The basic subarachncid hemorrhage induction in Studv B

‘was similar to that in Study A.  Following the initiai opening of the

arachnoid, retrac:ion was shifted posteriotly to raisc the tempora!l

lobe superiorlv.  The 1 mm Sugita tapered retractor was used (o
expose the posterior communicating artery along its length
Liliequist's membrane was incised and the arachnoid over the tip of

the basilar arterv and along the posterior cerebral artery was
‘ L]

opened. The autologous b}ood clot was placed to include thesec

vessels as well, and the incisions were closed as described'(Fig< 1)




Fig. 1. Photomicrographs of the subarachnoid hemorrhage induction
procedure. A, initial dissection of the internal carotid, anterior
cerebral and middle cerebral arteries. B, the dissection is
continued posteriorly to the posterior cerebral and superior
cerebellar arteries. C, initial placement of small, autologous blood
clot fragments. D, blood clot in situ. a, anterior cerebral artery;
c. blood clot; i, internal carotid artery; m, middle cerebral artery;
o, optic chiasa; p, posterior cerebral artery; s, superior cerebellar
artery, I1I, oculomotor nerve.

39



The animal was then repositioned and the procedure was repeated
on the left side. Total bilateral ¢lot placed averaged 4.97 grams in

wéight.

Clot R oval

\

Study B only . Twenty-four hours after the subarachnoid
hemorrhage induction, the animals were returned to the operating
room. The incisions were reopened. The animals in the clot-remeval
group underwent meticulous removal of the previously placed
hematomas. All fragments of removed hematoma were $aved for
weighing. The subarachnoid spaces were {lushed with copious amounts
of normal saline until all tracés of bpood were remoqu. The
incisions were then closed as previously described.s

The sham and élot groups were merely opened and closed with no'
manipulation of the hematoma or cerebral vessels. They were
maintained under anaesthesia for an average of 3 hours to duplicate
the experience of the clot-removal group. )

v

Cerebral Angiopraphy

The radiographic equipment used for the cerebral angiography has

been described elsewhere (140).
9]

a)

Retrograde cerebral angiography was performed through the

>-French sigmoid tip catheter which was inserted in the femoral
artery. One arterial phase anhteroposterior film was obtained as a
baseline prior to subarachnoid hemorrhage induction. A second film

was obtained 7 days after the hemorrhage was induced.



The X-ray beam was' directed parallel to Reid’s baseline and was

47

centered at the nasion. Exposures of 70 KeV at 2.5 mAs and 1/180

second were obtained. The angiograms were obtained by injecting 10
ml of {othalamate meglumine, 60%, at 300 psi which required

approximately 1 second time. Subtraction films were processed for

—

L] .
each angiogram taken. Magnification factors were kept constant by

maintaining a table to film distanc® of 78 cm and a subject to film
distance £8F 18 cm. As well, a radiopaque magnification control
device was used to correct for any variation in film, exposure, or

develophent (140) .

Vessels were measured bilaterally at &4 points: the extradural
internal carotid artery proximal to the cavernous sinus; the
intradural internal carotid artery between the posterior

communicating and ophthalmic arteries; the enterior cerebral artery;
and the proximal sphenoidal middle cerebral artery. The proximal and
distal pericallosal artery was also measured. Caliber at each of the
arterial sites was measured 6 times with a calibrated optical

micrometer. A mean value was éalculated for each site. Sérial

' .

measurements were recorded as percentage change from baseline values

in individual animals and by group. Degree of spasm was graded as

follows: 0% to -10% = no vasospasm; -11% to -30% = mild vasospasm;

-31% to -50% = moderate vasosﬁasm; aﬁd > 50% reduction = severe
vdsoséasm.

The angiographic appearance of collateral circulation on Day 7

was also graded as follows: O = no collateral circulation seen;

+ = appearance of small new channel or dilation of a collateral

channel detected on baseline angiography; ++ = one or more

L4
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medium-sized new channels; and +++ = one or more large-sized new

channels. »
Cerebral Blood Flow *
tudy A(J - Cerebral blood flow was measured twice before

cerebral angiography at basélkne and on Day 7 post-hemorrhage.
Bilateral cerebral blood flow was determined by injecting 1.0 mCi
Xenon-133 intpﬁ-arterially through the femoral catheter .
Radiocactivity was recorded from one 2.5 cm diameter Nal-T1 collimated
scintillation detector placed over each dorsolateral—froﬁtoparietnl

brain region. The PaCO2 was maintained at 40 1 mm Hg. The

cerebral blood flow was calculated by the initial slope index method

and was corrected to a PaCO2 of 40 mm Hg.

Study A(iv) - Xenon-133 was administered as above, however,
isotope clearance was measured by four 1 cm diameter Nal-Tl
collimated detectors arranged around the coronal suture on the skull.
As well, bilateral neck dissections were performed and temporary

. 1]
clips were placed at‘the origins of the external carotid arteries.

The methods of dispensing, administering and detecting the

Xenon-133 as well as for calculating cerebral blood flow as performed

in this laboratory have been reported in detail elsewhere (17, 135,

142).

Drug Administration

The nimodipine and placebo were prepared locally (Dr. J. K.
Rogers). Nimodipine is sensitive to white light, especially in

solution (27), therefore all preparations were performed and

»
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dispensed under gold light (F-15T8-60-gold, Westinghouse Electric,
Pittsburgh, Pennsylvania). The drugs were stored in amber bottles,
at 5°C, until immediately prior to use.

The animals were lightly sedated with ketamine 4 to 6 mg/kg'énd
the drué was administered via awe nasogastric tube. The druyg
administration foom was equipped with gold light. This served to
protect the. administered drug from white 1light and prevented
identification of the given drugs. The randomization code was not
broken until all the data had been analyzed.

Serum and cevebrospinal fluid samples were drawn from all
anima;s receiving nimodipine or plac;bo just prior to sacrifice.
Nimodipine 1levels were determined by high performance liquid

chromatography.

Neurological Assessment

Each animal wunderwent neurological assessment prior to and
within 8 ﬁours of subarachnoid hemorrhage induction. They were then
examined at least daily until sacrifice on Day 7. A five division
neurolﬁgical grading system was used for evaluation.

Grade ;: active, vacal, nofmal

Grade 2: léthargic, upright, but wunsteady, 1less active or

—_—
vocal, but no significant neurological deficit
(paresis, paralysis) N
Grade 3: no spontaneous attempt to stand upright but responding

to stimulation, moderate neurological deficit

(monoparesis, hemiparesis) '
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Grade 4: severely obtunded, no response to stimulation, severe
neurological deficit (monoplegia, hemiplegia,
quadriplegia)

- ’

Grade 5: moribund, failing vital signs, no response to

stimulation.

Computed Tomography and Magnetic Resbnance Imaging

Computed tomographic (CT) imaging was performed either on
f -

Picker SSO03 or General Electric 9800 CT scanner. Magnetic resonance
imaging}(MRI) schns were }erformed on a Bruker BNT 100 NMR imaging
svstem obtaining proton images at 100 MHz. A spin-echo technique was
emp}oyealusing a repetition time TR=3s. Eight echoes were obtained
at intervals of TE=32msec for each slice imaged, allowing careful
comparison of affected and unaffected regions of the brain at the
sgme location at the various stages of the study.

Animals were sedated for all scans with sodium pentobarbital,

¢

i.v., titrated individually to achieve light anaesthesia, and
supplemented as required. Animals were intubated in order to assure
alrway patencv during the period of neeck flexion required for MR]
scanning. All animals received MRI scanning on Day 7 prior to
sacrifice. Animals were chosen at random from each group for
baseline, post-subarachnoid hemorrhage and post-clot removal MRI and
CT scans. Any animal demonstrating a clinical neurological deficit
was scanned, with the exception of monkey #125 which died before
scanning could be performed.

Animals in Study A(i) received CT scans if and only if they

developed a neurological deficit.



Pathology
Study A(j) - Animals randomized to the pathology subgroup

underwent intra-arterial cerebral fixation following the Day 7
angiogram. Under general anaesthesia and mechanical ventilation, a
left thoracotom“was performed, cutting through the fifth intercostal
space. Heparin (3,000 1.U.) was injected i.v. to facilitate washout
of the blood. The ascending aorta was cannulated througg a purse
strfng suture in the left cardiac ventricle, the right atrium was
widely opened, and the descending aorta was ligated. Normal saline
was infused through the aartic cannula at 110 mm Hg pressure and 23°C
until the atrial return was clear (this required about 200 ml of
saline). The perfusion solution was immediately changed to a 2%
glutaraldehyde, 2% formaldehyde in Millonig’s buffer, 0.12 M, pH 7.4,
at 4°C. Approximately 1 litre of this solution was infused over 5 tn
10 minutes at 110 mm Hg.

The brain was immediately removed and placed in the fixation
solution for a minimum of 24 hours. With the aid of an operating
microscope, the cerebral arteries (basilar and bilateral middle

cerebrals) were carefully resected and each was divided imto 3

segments. Each segment was placed in a separate labelled vial of
fixative and was processed for scanning electron, transmission
electron, or 1light microscopy. The brains were sectioned and

prepared for light microscopy.
tud i - All animals were exsanguinated under general
anaesthesia. The brains were immediately removed, the vessels

resected for pharmacological study, and the brains placed in 10%

>4
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buffereq,formayjnf' The brains were allowed to fix for 2 weeks after
fa ST

. 3 .
which they we‘iﬂ!.etioned and prepared for light microscopy.

Light Microscopv

After fixation, the tissues were dehydrated through a graded
ethyl alcohol series and cleared in xylene. Tissues were transferred
to an incubator (58°C) and were moved through 2 changes of paraffin
(Tissue Prep embedding pellets:; Fisher Scientific) at 56 5°C. The

blocks were sectioned at 8 um on a steel knife in a rotary microtome ,

~

floated onto inized slides, and allowed to dry overnight at

40°C. The A

were  stained with Harris’ hematoxylin and
counterstained with 4lcoholic eosin Y. Photographv was done through
a Zeiss microscope (Standard 14 laboratory light microscope. mode!

D-7082: Zeiss, Oberkochen. West Germany) .

Electron Microscopy P

After fixation, the tissues were washed for 45 minutes Fhrough 3
changes of Millonig's buffer, 0.13 M and were re-fixed in {% osmium
tetroxide in Millonig’s buffer 0.07 M. They were then washed for 30
minutes through 3} changes of distilled water and were dehydrated
through a graded series of ethyl alcohol.

Samples for scanning electron microscopy were transferred in

absolute ethanol to a CO2 critical point dryer (Seevac Inc

Pittsburgh, Pemnsylvania) to be dried. They were mounted on aluminum

stubs and sputte? coated with gold (model S150B; Edwards:; Crawley,

West Sussex, England). They were examined in a scanning electron
v
,
L wn)
. "7;13-.) AN
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microscope at 25 kV (Phillips model 505, Cloeclampenfabrieken,

thoven, The NetheYlands).

Samples for transmission electron microscopy were transferred in

absolute alcohol through 3 changes of propylene oxide -for 30 minutes.

+

They were fixed in propylene oxide: aryldite (CY212) epoxy resin;
1:1, for 4 hours and were then embedded in resin blocks. These were

allowed to cure at room temperature for 24 hours and were then

A
polymerized for 48 _hpurs at 60°C. Sections were «cut on an

3

ultramicrotome (Reichert-Jung Ultracut) and were mounted on 300 mesh

copper grids. Specimens were counterstained with uranyl acetate and
]
lead citrate. They were examined in a transmission ®lectron

mzrroscope at 80kV (Ph*ﬂlxgs model 410).
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- ggre ;acrt{1ced¢ vlﬁex‘?nguination undez general anaesthesia, the
v, 2 - ’,;" - I3 ‘y' .
.mtddln cetebral and hasflar arteries were immediately resected and

b “‘ “_,“:L‘“‘
placedﬁin oxygenaved Krebs' b1carbonate solution of the following

G@mpésigjon:‘;Naf, 132 mM; K+, 5.9 mM, ua++, 2.5 mM; Mg++, 1.2 mM;

i o] -'.. - . T -
cL;, 1‘2.7 mM; . HCO,". 25 mM; SO, ", 1.2 m, HyPO, ", 1.2 mM and

‘dextrose, 11 mM. Each artery was cut into ring sections 3 mm in

4
-

length which were:suspended in organ baths of 10 ml working volume on
staihiessasteel wires. The Krebs’' solution was maintained at 37°C
and was gagsed with 95% O2 and 5% 002. Contractions were recorded

isometrically using Grass FT03 strain gauges connected to a Grass 7D

~ polygraph.

v
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The arterial rings were placed under 1 g tensfion and were
equilibrated for 2 hours during which time the bathing solution was
changed approximately every 15 minutes. Dose-effect curves were

determined for tke agonists b-hydroxytryptamineﬁ-ndrcpiﬁephrine, and

potassium chloride.

-

These studies ware conducted in a blinded fashion su¢h that the

. &
nimodipine dosage regime was unknown when the isolated tissues were

examined.

The two middle cerebrd"qrteries were distinguished by a letter
v

only, and the data wére w‘ned only when the study had &ee
- gl - ‘
completed. Three repli were studied for each artery, and three

L3

- animals were used from each nimodipine treatment group.
R

-— Stuay A(ii1) - Similar techniques were used as described above

with the addition of deg and humyn arteries. Dogs of either sex

weighing 16 to 20 kg were first anaé?theLized‘with a phenobarbital
’.
(32 mg/kg), and the basila® and middle cerebral arteries were *removed

and prepared as described. Human arteries were obtained at autopsy
within eighteen hours of death from causes other than subarachnoid

hemorrhage . The wviability of the postmortem human tissues was
(2]
demonstrated by the development of cow&ractions ot at least 2 g

s

tension to all agonists tested.

K4

C?ntractions were recorded to various doses of norepinephrine,

5-hydroxytryptamine, potassium chloride, prostaglandin F2Q and

hemoglobin.

Samples were then ramdomly divided into 2 groups. Nimodipine in

concentrations of 10-1QH to 10.7M was added to the organ baths of the

first group and allowed to equilibrate for 1 hour. Dose effect



3
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_gurv'es were then repeated fér each‘of ‘the agonists tested with both
sample pgroups. The second gréup’ acted as time controls. for the
nimodipine treated samples. Nimodipine solutions and baths
containing nimodipine were protected from light to prevent any

¢

inactivation of .the compound. Contractions were recorded in grams
tension. 39veloped and were converted to percantages of maximal
baseline tension developed. |

Drugs wused in this study were all obtained from the Sigm:
Chemical Company, except nimodipine which was kindly supplied by
Miles f’harmaceuticals, West Haven, Connecticut, U.S.A.

Study B(ii) - After sacrifice by exsanguination under general’

anaesthetic of the animals in the clot-removal study B(i), the brains

were immediately removed and the cerebral arteries were resected

under an operating microscope. The vessels were cleared of
Lol .
connective ssues and blood. Each main branch of the circle of

Willis wak cut }nto 1 ®to 2 mm segments which were placed in a

v

pre-weighed micrgcentfrifuge tube, re-weighed to detgrmine ner wet

-
vessel weight, and were stored - at -70°C until use. Storage times
varied from 72 hours to 6 weeks.

- Frozen "arterial segments were allowed to thaw to room

temperature and 1 ml of Ca++/Mg++ free phosphate buffered saline (pH
7.4) was added_ to each tube. The tubes were tpen incubated f‘or 5
minutes at 37°C in a shaking water bath. The tubes were placed in an
ultracentrifuge ‘and spun for 1 minute at 8,000 g. The supernatants
were discarded. One ml of pre-warmed Hank's balanced, salt solution

with 20 mM HEPES (N-2-Hydroxyethylpiperazine -N'-2-ethanesulfonic

acid, pH 7.4, Gibco, Burlington, Ontario) was added to each tube and

.
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the arterial segments were incubated for 30 minutes at >37°C with

(3

agitation. Foilowing incubation, the tubes and segments were
centrifuged for 1 minute at 8,000 g and aliquots of the supernatant
were removed and frozen at -20°C for subsequent radioimmunoassay.
Basal levels of prostacyclin and thromhoxane A2 were measured in
the arterial segments as their stable hydrolysis products,

6-keto-prostaglandin Fla and thromboxane 82~ respectively, wusing

commercially available radioimmunoassay kits (New England Nuclear,
Lachine, Quebec). Separate standardization. control curves were

constructed for each series of sp®cimens analyzed.

Activated charcoal was used to separate free and antibody beund
: ‘

’

fractions. The limits of detection for 6-keto grostagland;n;Fla and

thromboxane 82 were 10 pg and 5 pg respéctively.

Data Analysis

v

Physiologic and Radiographic Data - Data for al)l variables were
»

! - - * - . .
coded, entered into a computer and edited. Descriptive statistics

and frequencies were computed for each variable at each time period.

Angiographic vessel caliber and hemodynamic variables were compared

- with student’'s t-tests and relationships between variables were

determined with Pearson’s correlation coefficients. Intergroup

comparisons and comparisons. between Day 0 and Day 7 wére by an

‘

analysis of variance or by an analysis of covariance if adjustments
for different baseline values were need*.

The level of significance for all tests of comparison was p <

(]
“

0.05 unless otherwige stated. ?i

S
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, .
Pharmacologic Data - Contractions were recorded in grams tension

’

developed. Data were coded, entered into a computer and edited.-

Comparisons between groups and within groups over time were done by

an analysis "of variance facilitated by a ‘specifically designed

compute;\$rogram for handling dose-response analysis (28).
i
Data for the radioimmunoassay study was compared between groups
' v
by an analysis of variange. -

The level of significance for all ‘tests of comparison was p <

0.05 unless otherwise stated.

51



CHAPTER THREE: RESULTS . B
Bl .
s

Stﬁdy A - Nimodipine and Chronic Vasospégm

)
-

Study A(Ji) - Clinical, Radiological and Pathological Findings

»

Twenty-three ¢f the 24 animals assigned to treatment groups

survived to the end of the study. One animal in the placebo‘gﬁgﬁg

I 2N

- h

died on Day 4 from septicemia after an isolated wound infection. *
. w

Comparisons within each group and across the four groups showed

no significant’ differences in baseline values for body weight,

d

measured ph&siological indices (pH, PaCOz, PaOQ, hematocrit, mean
arterial blood pressure, heart rate), cerebral blood flow, or
. I

cerebral vessel caliber. The groups were therefore combined for

v

baseline statistical analvsis (Table 1).

-

‘n

Day 7 values for body weight, measured physiological indices, or

cérebral blood flow. Comparisons across groups between baseline and

Day 7 showed a significant decrease in mean arterial blood pressure
with the nimodipine dose of 12 mg/kg (p < 0.01).

Comparisons within each group between baseline valuesYand Day 7

values showed no significant differences for body weightx measured

physiological indices (except hematocrit and mean arterial blood

pressure), or cerebral blood flow.

) There 'wgs a decrease in hematocrit in each group from Day O to

L3

Day 7,(mean:} SE, 37 + 1 to 27 + 1) with p < 0.01. However, there

were no significant differences between groups.

.

Compar&sons between groups showed no significant differences in



\ | . TABLE I
Nihodipine and Chronic Cerebral Vésospasm

Values for Measured and Observed Indices (§ise)T
For Each Treatment Group

Day.7 Post-SAH

Parameter Pre-SAH
Placeho 3. mp¥ kg 6 mg/kg 12 mg/kg
No. of Monkeys 24 5 6 6 6 ¢
Body Weight 3.320.4 3.120.4 3.230.4 3.1%0.4 - 3.020.4
MABP (mm Hg) 102+18 92+22 94113 83*13 80+26
HR (per min) 203%23 199422 196131 203+12 ©  175+18
PaC02 (mm Hg) 3841 38+1 38+1 38+1 40%1
Vessel Caliber g
Ica 1 1.420.1 1.130.1 1.310.1 1.310.1 1.320.1
P 2 1.440.1 1.220.1 1.320.1 1.310.1 1.420.1
ST3 0.920.1 0.8%0.1 0.840.1 0.810.1 0.840.1
. i & 0.920.1 0.9120.1 0.940.1 1.020.1 1.040.1
ACA 5 0.7%0.1 0.610.1 0.610.1 0.6%0.1 0.6%0.1
6 0.8%0.1 _. 0.710.1 0.8+0.1 0.8+0.1 0.810.1
MCca 7 0.7+0.1 ® 0.620.1 0.610.1 0.6%0.1 0.6%0.1
8 0.840.1 0.8%0.1 0.810.1 0.920.1 0.940.1
pPca 9 0.8%0.1 0.940.1 0.940.1 0.910.1. 0.940.1
-~ 10 0.8%0.1 0.910.1 1.0£0.1 1.010.1 0.9%0.1
Hemispheric CBF
(ml/100 g/min)
Right 4812 42+2 494 453 40+2
Left 47%2 5012 53%4 ' 54%3 e 45%3
Size of Hematoma o
(ml})(Day 0) n/a# 6.0+1.0 6.420.7 6.530.5 6.7%0.5

S—

TMABP, mean arterial blood pressure; HR, heart rate; 1, right
extradural internal carotid artery; ‘2, left extradural internal
‘carotid arCefy; 3, right supraclinoid internal carotid artery; &,
left supraclinoid internal carotid artery; 5, right anterior cerebral
artery; 6, left anterior cerebral artery; 7, right sphenoidal middle
cerebral artery; 8, left sphenoidal middle cerebral artery; 9,
proximal pericallosal artery; 10, distal pericallosal artery; CBF,
cerebral blood flow.

¢

not appﬁcable

@ : ’
a 1] .



e S,
-,
. A ' @ .
- g

’
A

There was no significant-d&tferehce betyeen groups, in the size
B I

4 of the hematoma. - : K T o

-

All animals developed persistent moderate to severe diarrhea |

to 2 days after treatment was begun.

Cerebral Vasospasm

»
——

Vasospasm was defined as a 10% or greater reduction in chseb
caliber from the baseline value (39,. 140, 142). Vasospasm was
present in 23 of tﬁe 24 subarachnoid hemorrhage animals at Day 7.
4¥He ?1 animal in' which vasospagm igid not develop was from the-
nimodipine, 6 mg/kg group.

Moderate vasospasm (31 to 50% rgduction in vessel caliber) was
present in three of five (60%) of the placebo group; four of six

N\ e
(67%) of the ntmodipine, 3 mg/kg group; three of five (60%) of the
nimodipine, 6 mg/kg group; and three of six (50%) of the nimodipine,
12 mg/kg group. Severe vasospasm (>50% reduction in vessel caliber)
was present in one of six (17%) of the 12 mg/kg group g No vasospasm
was present in the 2 sham-operated animals (Table IE, Figs._2~6)‘

The difference in vessel caliber between clot side and non-clot -

side was“statisfically.significant within each group (p < 0.001). .
‘The dif er%nce in vessgl caliber between clot s%de and non-clot side
was not significant between groups (p > 0.05) (Fig. 7).
Comparisons between groups of the mean percentage change from -
" baseline of the clot versus non-clot véssels (defined as th§ grouped’
average vessel caliber of the intradural internal carotid, middle
!

cerebral, and .anterior cerebral artery of the respeetive sides)
PO 2

5 showed norsignifigﬁnt differences (Fig. 8).

t
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TABLE II

DEGREE OF VASOSPASM DEVELOPED BY

TREATMENT GROUP: STUDY A(i)

? Nimodipine Number of animals developing vasospasm
Treatment Group Mild Moderate SevereT
Sham . 0 0 0
S (n=2)
Placebo 2 3 0
(n=5)
3 mg/kg p.o. q8h 2 4 0
(n=6)
6 mg/kg p.o. q8h 2 3 0
(n=6) ‘
. 12 mg/kg p.o. q8h 2 3 1
(n=6)

O

Tmiild,Y 11% to 30% reduction in vessel caliber:
to 50% reduction in vessel caliber:; severe, > 5
in vessel caliber. '

moderate, 31%
0% reduction

. ) 2 . v \
Shoy - , - ;b ‘;" : . . . . .
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g Fig. 2. Cerebral angidgrams of a sham-operated animal (right side

: dissection). Top, baseline.
hemorrhage.

Bottom, 7 days post subarachnoid

by
o
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Fig. 3. Cerebral angiograms of a placebo-group animal (right side
dissection). Top, baseline. Bottom, 7 days post subarachnoid
hemorrhage. )
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Fig. 4. Cerebral anglograms of a nimodipine, 3 mg/kg p.o. q8h
group animal (right side dissection). Top, baseline. Botrom. 7 days
post subarachnoid hemorrhage.
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Fig. 5. Cerebral angiograms of a nimodipine, 6 mg/kg p.o. q8h
group animal (right side dissection). Top, baseline. Bottom, 7 days
post subarachnoid hemorrhage.



hid

Fig. 6. Cerebral angiograns of a nimodipine, 12 mg/kg p.o. 148!)
group animal (right side dissection). Top, baseline. Bottom, / davs
post subardchnoid hemorrhage.
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Compﬁ&iséns between groups for the presence of developed
collateral circtdation shiowed no signifiéant difference (Table 111).

" Cerebral Blood Flow

.

Mo statistical differences in pre-subarachnoid hemorrhage or Dav
. . . '

7 post-subarachnoid \iTof'Adge cerebral blood~flow wvalues wex

o . b p -9
devected within or “Otwii? the ‘ four treatment groups. ,
PR
L]
h a X i‘
- . » : E
Neurclogical Assessment o _ ’ : '

[ ] 13 C
One animal receiving nimodipine, 12 mg/kg p.o.. q8h,” déveloped a

.

delaved left-sided hemiparesis (contralateral to the “side of clot
\ .

v L3
placemént) on Dav 5. Over the course of 36 hours, the ' onkdy
. i "5‘ Ces v (]
: : o \ - g A
developed progressive weakness of the left leg and‘arg,-whicngagf. -8

v

» 1

still present at sacrifice. Angivgraphy on Day 7 revealed sed%fe
f ‘'spasm of the right middle cerebral and internal scarotid arteries -
(Figs. 9, 10 . They wére, however, patent.%~?main sections clearly
" ™gemonstrated an infarct ih the territory of the right middle cerebral
o ‘ ' ' .. x *
artery (Fig. 11), Ce :
‘ .
Another animal. also receiyﬂng nimodipine, 12 mg/kg p.o. q8h, - .

developed a weakness of the .left leg beginning on Day 4, progressing
: . ; o .
,until Day 6, and resolving by Day 7. Angiography on Day 7 fevealed‘
R . » ',

mild ‘and moderate spasm of the right middle cerebral and internal

carotid arteries, respe¢tively. Brain sectioms, did not dembnstyate,
4 - - - — . I . ,‘- ™

v
i

—TH;_, remaining 22 treatment and 2 gham-operated animals
W ) S » > N '

4 % '
demonscratedeno‘focal neurological deficits. -

’ A | .

.

an infarct. -Mﬁ(

t
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« “ < - . , » -
DEVELOPMENT OF COLLATERAL CIRCULATION
< L
BY TREATMENT GROUP e
”
—— NN U
- Number ot animals «‘n?.;.«‘m:—.;::‘;‘z!i!\.}g
Nimodipine collateral circulation )
Treatment Croup _—_O_"‘A“;'—”i “;’* _A__,. . "
- ——— . — o, R )
Shamy 2 0 0w 0

, -

Placebo . 1 VAR 0
3 mg/kg p.o. q8h . 1 2 ¢ 2 1
6 mg/kg p:o. q8h 2 2 : 1 1 A
- Lo - . - "‘
, g - . 1
g -~ 12 mg/kg p.o. q8h 1 ) 2 3 -
4 . M.} ——

+

‘0, no collatcral Mrculation detteCCed +, @ppearance of

small new channe? or dilation of a collater& channel
R ~ detected on basehneﬂanglograph), ++, oné or more medium-
sized new cKannels; +++, one or more, large-sized new,
charmels : ' )
Vb vl i

Y

/
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%‘Fi %9, Cerebral angiograms of Monkey No. 36 which developed a
d

delaypd neurological deficit on Day 5. Top, baseline. Bottom, 7
days st subarachnoid hemorrhage. Note the severe vasospasm of the
right {elot side) cerebral vessels which extends down the right
intérnal ﬁgpcld artery. ‘
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Fig. 10. Percentage change in angiographic cerebral vessel calxbc
from baseline of Monkey No. 36 (nimodipine, 12 mg/kg p.o. q8h). A Ber
represent “standard errors (6 measurements).



Q

Fig. 11. : Axisl brain section (hematoxylin and .eosin stain)
demonstrating infargetion- within the territory of the right middle
cerebral artery of Monkey No. 36 (nimodipine, 12 mg/kg p.o. q8h).
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Nimocipine Levels ¢ :

r

’

Serum and cerebrospinal fluid nilmodipine levels at time  of

“

~

sacrifice are shown in Table 1V. There were no statistically

. »
significant differences in levels between groups.

ww

*Pathology
N Pathological changes were, yith few exceptions, not seen in
on

@ ' o
control side aPteries. Pathojogical findings Present in'tie middle
cerebral arteries on the clot side in 23 of the 24 animuls included
longitudinal endothelial convolutions, endothelial protrusion and

areas of detachment, disruption of ‘tij’,ht junctions, subgndothelial “

swelling, vaquolization of endothelial and muscle cells. hnd muscle

. . 1 ]
cell necrosis. There was no evidence of an adventitial inflammatm‘y &

.

reattion. TheYe was nd diffeMence in the ineidence of pathological
findings émon‘g the four treatment groups (Figs. 12-14).
The gnimal that did not demonstrateé pathological findings in the

clot side middle cerebral artery was the animal in which vasospasm

was not evident angiographically on Day 7 (Fig. 15).

. ~

. - o )
g o Study A(ii) - Pharma’c&logi;al Studies of Vesséls in Spagé-/

Responses of ¢lot side and non-clot side arteries to
N ’ ' "~ . 2 ) ’ N '
) 5-hydroxytryptamine, norepinephrind< \'.)i potassium’. chloride, hy f

freatment group, ‘ar"e shown-in Figures 16 to' 19 Ineach case there
was a significant reduction in the response of the clot side Jniddle
A 4 o

: .- : : ' i
¢erebral artery relative to the non-clot side artery. The maximal

LN .
T . M

- responses “to 5--hydﬁ>xyt;_rypt:ami,pé, norepinephrine, gnd p‘otassium‘

s chloride did not differ significantly in either the clot or the

= 1
AR



TND = none detected

¢

~- = not done
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. . " TABLE IV,
P“’, - (’s‘ vtr* 4“’4‘ 'v
Serum Nimodi ine Assays . -
- ‘ High Performance*; ui’ Chromatography ‘
Treatment Monkey No. Serum Level' Mean
Group ' : (ug/1) (ug/l)
r Placebo © 08 ) NDT
| 19 -3
o ° 21 ND -
! 29 ND . )
R .30 - ' ‘II‘
. ( : 35 ND ND -
v ‘ : ‘ :
Nimodipine 10 12
¢ . 3 mg/kg 24 . 10
\ . 31 celL 2 b
32 \" np
e g . '
p - 17 = 7
* Nimodipine . 04 % 13
\ 6 mg/kg .—07 . 5 ,
| . * ND - ‘
L 0 27 . ‘
mv\‘ ) 10 :’ ’/\
. 20 15 %9
“h ) — :
Jimodipine 09 14
%2 Qg/kg 14, : sy
’ ‘ 28 99 .
; 34 ND
36 83 PG
37 : 12 . 52 * 45
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Fiff 12. Scinning electron micrographs of the middle cerebral
a)poriu (MCAs) of a ‘monkey from the:placebo treatment group. Top,
- left MCA (noh-clot side) (x110) d.mttatin; a mild, degree of spasa.’
Botto- y‘ht MCA (clot side) (XI‘IO) showing marked vasoconstriction.
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Fig. 13. Scamniag elestren micregraphs of e middle cerebral
arteries (MCAs) of & menkey treated with nimodipine, 6 mg/kg p.o.
q8h. Top, left MCA;(mem-clet side) (x101). Bottom, right MCA (clot
side) (x212) demonstrating severe vssospasm. MNote the relative
nagnifications which further eaphasize the degree of constriction

present. .
DY .
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Fig. 14. bpt‘uncqtin frtn-iuion electron micrographs. Top,
right

normal left middle cerebral artery (nmom-clot side). .Bottom,
middle cerebral artery (c&ot side) desmonstrating marked convolutions

of the intima and media.
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rig. 15. Ses " e}octron micrographs of the middle cerebral

arteries (MCAs) of denkey in the nimodipine, 6 mg/kg p.o. q8h

treatment group which didé not develop anglegrapittic vasospasa. Top.

left MCA (nom-clot 8idy) (x78). Bottom, right MCA (clot side) (x75).

Note the absence of dence of vasospasa. i
’ : » . an
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non-clot side. 1In arteries from the clot side, the" contractility was
not influenced by treatment with nimodipine at any dosg..‘eszed,

rega%dless of -the contractile agent examined (Fig. 20). In th-
non-clot side arteries, there was a significantly enhanced reactivity

of vessels from aéimals that had ~received the largest dose of

nimodipine, whereas arteries from all other animals did not differ
N .

signfficantly. This enhanced reactivity occurred for each sagoniist

mostbd (Fig. 21).
: ) ] '
Monkey #36, which in study A(i) had developed the . delaved

ischemic deficit had ~the least reactibe arteries to any of the

agonists tegted of any of the morkeys (Eég: 22). »

-

Study A(dii) - In Vitro Affect of Nimodipine ’

Nimodipine 1is an eXtremely effective agent in inhibiting the
contraction caused by doses of potassium chloride up to 40 mM or, in
the case of arteries from the monkey, up to 60 mM. Conceﬁtraciéns ot
10-§M and Bigﬁer effectively abolish the povassium-induced
éonFractions in 511 species tested ‘(Fig. 23). There was no
significant difference between ghe species ;in £he sgnsitivity to
nimdﬁipinei of ‘the potassium chloride response. In the caée of
S-hydroxytryptamine-induced. contractions arteries lfrom the monkey

were much less sensitive to nimodipine (Fig. 24). At a concentration

of 10-8M nimodipine ghe response of arteries f;om’the dog was reduced

to about one third of the control value while human arteries are even

more sensitive. At this concentration there was no significant

attenuation by nimodipine of the response to 5-hydroxytryptamine

%4
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Fig. 23. Effects of different concentrations of nimodipine on the

responses to potassium chloride of middle cerebral arteries of man.

monkey, and dog. Logarithm of molar concentration of potassium
chloride (KCl) as abscissa; percent maximum initial response as
ordinate. Bars rgpresent standard errgrs. O, time control;

®, nimodipine 10 'M; m, nimodipine 10 M.
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in the monkey. Similar results were observed in the case of
norepinephrine-induced responses (Fig. 25). Low doses of nimodipine
easily inhibited the response of human and dog arteries to

pinepﬁrine whilew*n the monkey, the responses were diminished by

dipine. Larger doses ®Md not seem to

produce any further

. In the case of prostaglandin an there

was much less attenuation of the response in the species tested (Fig.
26) . It actually appeared that in monkey and man, low doses of
nimodipine enhanced the response, but this did not reach statistical

significance. The responses to hemoglobin were wvaried. No

7,\

[y o -
significant effects of nimodipine even up to concentrations of 10 M

could be determined (Fig. 27).

Study A(iv) - Intravenous Nimodipine and Cerebral Blood Flow
Changes in PaCO2 values affected changes in measured cerebral

blood flow at a rate of approximately 3% per mm Hg change in PaCOZ‘

Continuous intravenous infusions of placeth at a fixed—F;C02 of

40 mm Hg effected no changes in cerebral blood flow.
¢

Continuous intravenous infdsions of nimodipine 2 pug/kg/min

caused detectable increases in cerebral blood flow at the first
post-infusion measurement time of 15 minutes. Cerebral blood flow
peaked at 22% increase over bafal flows at 1 hour after starting the

infusion. No further increase was detected over the next 45 minutes.

There was no statistically significant effect on mean arterial blood

-

pressure or heart rate (Fig. 28).

84
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!

responses to norepinephrine of middle cerebral arteries of maan

monkey, and dog. Logarithm of molar concentration of norepinephrine
(NE) as abscissa; percent maximum initial response as ordinate. Bars
represent stangdard errors. O, time control; @, nimodipine 101 @,
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Fig. 28. Cerebral blood flow (CBF), heart rate (HR), and arterial
blood pressure (BP) responses of the cynomolgus monkey to intravenous
infusion of nimodipine, 2 ug/kg/min. Bars represent standard errors.
n=6. ‘
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Coptihuous 1infusions of nimodipine 5 u;/ﬁg/m(n caused an

| : ' .,
increase '1nd/5’februl ‘blood flow-of 348 over control flows which

Y [ ] "
peaked at 45 mlnutes after th¥'start of the 1nfusion. Therer was no

8o

further 1ncrease over the next hour. |. Mean nrterinl blood pressure .

'folf ln?hcart Tate 1ncruud over the fPrst 30 ninucu but both

recovered to near‘basellne values by one hour (FigA(;9).
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Cerebral blood flow kCBF), heart rate (HR), and arterial

blood pressure (BP) responses of the cynomolgus monkey to intravenous
infusion of nimodipine, 5 pg/kg/min. Bars represent standard errors.

n=6.
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Study B - Early Clot Removal And Cerebral Vasospasm
4 /' ’ ) . ‘

;

/

Study B(j) - Clinical, Radiological, and Pathological Findings
{

Twenty-three of the 24 animals itarted in the study survived to
. ) v/”"
the time of completion. Ong animal in the clot group (No. 1o

developed a progressive qui hemiparesis on Day é. On Day 7, the
‘,’; »

right hind limb was 3lsggparetic. Another animal in the clot proup
(No. 125) died on Dayfz frem a massive cerebellar infaretion. One
animal in the «clot group (No. 111) suffered an inadvertcnt
intramuscular in‘sction of pentobarbitgl when an intrgvgn0u5 it
went interstitial while the animal was in the magnetic resonance
imaging cylinder. The leg  became gangrenous on Day b
post-subarachnoid hemorrhage. The animal underwent surgery for an
above kiuee amputation under general anaesthesia on Dav 4 and survived
to comgietion of the experiment without any adverse signs.

Statistical comparisons within each group and across the 3

groups showed no significant differences in baseline values, Day 7
values, or between baseline and Day 7 wvalues in body weight or

measured physiological indices (pH, PaCn PaOz, mean arterial blood

)
L]

pressure, heart rate). The baseline data were therefore grouped for

9

the statistical analysis (Table V).
LY
Comparisons between the clot group and the clot-removal group

4

\revealed no statistically significant differences in the weight of
the clot placed.” The difference between amount. of clot placed
T4.7 g) and amount of clot removed (1.5 g} on Dav 1 in the

clot-femoval group was statisticaliy significant (p < OfOS).

?

()l
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TABLE V
Clot Removal and Chronic Cerebral Vaso;asm

Values for Measu:. ' and Observed Indices xise)?
Fo: Fu.h Treatment Group

]

? Day 7 Post-SAH
Parameter Pre-SAH ;
Sham Clot-Removal Clot’
No. of MSnkeys 24 8 8 7
Body Weight 3.640.4 3.2¢0.4 . 3.7%0.4 "3.940.4
'MABP (mm Hg) - 10918 110+3 112%6 110%10
HR (per min) 156*18 159412 157417 152415
PaCQz (mm Hg) "~ 39+1 39+1 3941 39+1
Vessel Caliber
ICA 1 1.52+0 12 1.4140.22 1.51%0.17 1.2740.25
C 2 1.5020 .11 1.38%0.25 1.49%0.15 0.26%0.33
3 1.18+0.09 1.1320.17 1.18+0.19 0.93+0.17
. 4 1.09+0.09 1.01%0.19 1.11120.13 0.87+0.17
ACA 5 0.83%+0.08 0.64%0.18 0.8340.15 0.56+0.13
6 0.8510.08 0.83+0.12 0.83+0.11 0.52%0.14
MCA 7 1.01120.07 0.95%0.15 " 0.97+0.12 0.51+0.11
8 0.96+0.07 0.87+0.20 1..03%0.18 0.50+0.22
PCA 9 o,, 0.84%0.08 O.7lt0.1¢‘”7‘;0.88i0.16 0.72+0 .15
. 10~ 0.80+0.08 0.72%0.21 0.82%0.15 ®.81+0.18
Size of Hematoma *
Placed (g) n/a , n/a 4.7+0.4 5.310.5
‘Removed (g) n/a n/a 1.5+0.2 n/a

1MABP, mean arterial blood pressure;’ HR, heart rate; 1, right
extradural internal carotid artery; 2, left extradural internal
carotid artery,; 3, right supraclinoid internal carotid artery; 4,
Aeft supraclinoid internal carotid artery; 5, right anterior cerebral
artery; 6, left anterior cerebral artery; 7, right sphenoidal middle
cerebral artery; 8, left sphenoidal middle cerebral artery, 9,
proximal pericallosal artery; 10, distal per1ca110sa1 artery.

-

*1 animal of the clot group died on Day 4.

* (2)
n/a = not applicable
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Cerebral Vasospasm

Vasospasm was defined aséa 103 or greater reduction in vessel
caliber from the baseline value. Vasospa;m was nbt present on Day /
in the sham operated animals (Fig. 30).

Vasospasm was present in all 8 animals of the clot group on Day
7. Moderate vasospasm (31 to’§0% reduction in vessel caliber) was
present in two of eight (25%) agimals of the clot‘group. Severe
vasospasm (> 50% reduction P vessel caliber) was present in five of
eight (62%) of the clft' animals (Table VI,  Fig. 31). Day /
angiography was not available on th? one animal that died on Day 4.

Mild wvasospasm (10 to 30% reduction in vessel caliber) was
present on Day 7 in a limited number of vessels in two of eight (25%)
of the clot-removal group (Fig. 32) .

The reduction in vessél caliber betweenvbaselino and Day.7 in
the clot group animals was statistically significant (p < 0.01). The

difference_ in vessel caliber between baseline and May 7 in the sham

group and the clot-removal group was not statistically significant (p ///

-

> 0.05).

Intergroup comparisons of Day 7 vessel calibers reveélod no
statistically significant differences between the sham group anE‘tho
clot-removal group.

Intergroup comparisons of Day 7 vessel -calibers reve-led
statistically significant differences between the clot ~group and the
sham group and between the clot group and the clot-removal group in

all measured vessels except the pericallosal artery (p < 0.05) (Fig.

33).
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Fig. 30. Cerebral angiograms of a sham-operated animal (bilateral
dissection). Top, baseline. Bottom, 7 days post subarachnoid
hemorrhage. ' Note the absence of any angiographic vasospasn.
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TABLE VI
DEGREE OF VASOSPASM DEVELOPED BY

TREATMENT GROUP: STUDY B(.)

h
Number of animals developing vasospasm
Treatment Group ~ -
Mild Moderate SevereT
Sham ' 0 0 0
(n=8)
1 Clot : -0 2 5
(n=7%) ‘ . ‘
Clot-removal 2 ; 0 0
(n=8) . N ™
L ] U cman e

+'

A : e SR SR
Tmild, 11% to 30% reductiaon in vesse}.galibeﬁ:'ﬂbderate,m31%
to 50% reduction in vessel caliber; severe, >.50% reduction
in vessel caliber. ' -

#Day 7 angiography was not available on the animal which
died on Day 4. .

)
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Fig. 31. Cerebral angiograms of a clot group animal (bilateral
dissection and clot placement). Top, baseline. Bottom, 7 days post
subarachnoid hemorrhage. Note the marked vasospasa which extenc.
down the extracranial internal carotid arteries. '
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Fig. 32. Cerebral angiograms of a clot-removal group animal
(bilateral dissection; clot Placement; and clot removal at 24 hours).
Top, baseline. Bottom, 7 days post subarachnoid hemorrhage. Note the
absence of any anglographic vasospasa.

97



EDICA  IDICA /CA MCA PCA
101

0 3 N\ X — < :
N \ N
N LR \
5 N R
NN
3 -20+ % s ,\
N
) W
' * 35 VIR
W\ \
40t ] N \
Csham (n=16) % §
Bl Ciot removed (n=16) §
dciot (n=14) s
-SOL * p<0.05, s
| *

Fig. 33. Percentage change in vessel caliber from baseline of the

bilateral major cerebral vessels (x*se). EDICA, extradural internal
carotid artery; 1IDICA, intradural internal carotid artery; “ACA,
anterior cerebral artery; MCA, middle cerebral artery, PCA,

pericallosal artery.
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Mignetic resonance imaging defined the extent of hematoma placed

subarachnoid hemorrhage induction. Similarly, complete

f hematoma was demonstrated by imaging on Day 1 h\ the

Val group (Fig. 34). While CT imaging produced similar

Y

;”_Jiimngos were not as clear. as magnetic resommce fmages

qﬂy'er amount of artifact present.

- Areas of infarction were clearly evident in the magnet ic
resonance imaping slans of monkey #100 (clot group). A large area of
“increased signal could be seen in the territorv of the rigpht middle
cerebral arrc%y. A smaller infarct could be seen in the left
¢erebral hemisphere which accounted for the mild right leg deficit
detected on Dav 7. Tho)large, right-sidd infarct was also detected
on CT ,scan, although mugh less clearly. The smaller, left-sided
infarct could not Po seen on the CT (Fig. 39).

Surprisingly, a small- area of incréased signal _return was
detected in the right pallidail a;éa of monkey #105. This was a
clot-removal group animal and there had been no evidence of
neurologic dysfunc.ion. The histology and location indicated that it
had occurred ag the time of subarachnoid induction and was likely to

i
have been the result of operative damage to a smalk. perforating
artery (Fig. 36). *
Areas of ischemia were much more cl;arly delineated by magnetic

~

resonance imaging than by CT scan.

(Y2%)



Fig. 34a. _Top, representative magnetic resonance image (MRI)
obtained immediately after subarachnoid hemorrhage induction. Blood
clot is depicted by areas of low signal intensity (arrowheads).
Bottom, MRI obtained immediately after removal of achnoid
hon\tou (24 hours post-hemorrhage). The DMT&:;;‘:ccupied
by clot is now filled with cerebrospinal fluid (arrowheads) which
returns a high intensity signal.
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Fig. 34b. Magnetic resonance image of the same animal in Fig. lua
obtained 7 days after the subarachnoid hemorrhage. The brain has now
re-expanded to fill the area left after removal of the blood clot

The high intensity signal of the cerebrospinal fluid is no lonper
promainent.
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Fig. 35. Top, magnetic resonance ge of Monkey No. 100
demonstrates ‘the bilateral infarction which correlates with the
clinical findings (arrovheads). Bottom, hematoxylin and eosin
stained brain section which confirms the pathology (arrowheads).

a

B}

1



oy

A [ A

Fig. 36a. /}op, magnetic resonance image of nkey No. 10, .hich
reveals a Sl{nically unsuspected infarction of the right globus
pallidus (arrowhead). Bottom, hematoxylin and eosin stained brair

section confirms the pQ{hology (arrowhead) .
&
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Fig. 36b. Microscopic saions of the areas of infarction depicted
in Fig. 36a demonstrate & degree of histiocytic infiltration and
vascular proliferation consistant with an infarction of 7 days of
age. This suggests that the infarction was the result of surgical
manipulation and not vasospasm. ‘ , .



1()\

Pathology

Pathological examination of the brain of monkey #100 fshowed

multifocal areas of infarction, consistent histologically wyfiﬂ~n

A
duration of approximately 3 to 4 days. THe largest area of necrosis

was situated inf the gight pariefofrontal area and involved both
. ’

cortex and subjaifnt white matter. Recent infarction unaccompanied

by glial or histiocytic reaction was also present in the lefit "taudate

nuclen

-

- n~athological examination of the monkey which died on Dav .

~de : 4 a large area of recent infarction within the superior

cerebc.lar artery distribution to the right hemisphere (Fig. 37).
L]

The brain of the monkey which had demonstrated the clinically

unsuspected infarct of MRI revealed a discrete area of necrosis, 2 x

3 mm, in the right globus pallidus. The reactiVg cellular response
|
in this lesion was consistent with a period of .7 days. This would

indicate that the infarct occurred at the time of subarachnoid
(N

hemorrhage induction, and was not the result of vasospasm.’
4

Study B(ii)} - Basal Prostacyclin and Thromboxane A2 Production

The results of the basal production level testing, of

prestacyclin and thromboxane A as their stable metabolites

2

6-keto-prostaglandin Fla and thromboxane B2 are given in Figures 38

and 39; Statistical analysis demonstrated no difference among the
groups or the individual vessels for levels of thromgoxane BZ'
Levels of 6-keto-prostaglandin Fla were found to be ‘significantly
different between the clot and clot-removal groups for the middle

cerebral arteries.
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Fig. 3;\\a?op. pathological section of the cerebellum of Monkey No.
125 revealed-a large cerebellar infarct in the territory of the right
superior cerebellar artery (*). Bottom, enlargement of the margin of
the infarct fails to reveal any histiocytic reaction, suggesting that

death occurred soon after the infarction.

o
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Fig. 38. Basal levels of 6-ketg-prostaglandin Fla by artery and by
treatment group as determined by radioimmunoassay. ACA, anterior
cerebral artery; MCA, middle &erebral artery, PCA, posterior cerebral

artery, BA, basilar artery. Bars represens\izi:dard errors.
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Combining all aiifries in each group and comparing against the
other groups raised

the statistical significant of clot versus

clot-removal to p ~ 0.01.

No differences were detected between the sham and clot groups or
a4

between the sham and clot-removal groups. y \\d);



CHAPTER FOUR: DISCUSSION
\

Previous study of this model in this laboratory indicated that
it reliably reproduced chronic cerebral vasospasm that closely
paralleled the human clinical condition after the induction of a
subarachnoid hemorrhage (39,204). Furthermore, to our knowledge, it
is the only model that has produced pathologically proven delayed
ischemic deficits due to. vasospasm. It is necessary to ®onsider
whether the surgical manipulations necessary for the induction of the
subarachnoid hemorrhagé may bef;.féctor'in the resulting vasospasm
+ and delayed ischemic deficit. Studies by other investigators using
both cat (93, 168) and primate (94, 133, 167, 194) models of cgrebral
ischemia and infarction with middle cerebral artery manipulation have
shown that, when neurological deficits occur, they dP so immedigtely
after the arterial manipulation. 1In oné study with squirrel monkeys
(167), the middle cerebral artery was occluded with a Mayfield clip.
Those animals in which the artery was permanently occluded uniformly
developed.a dense hemiplegia'immediately after the occlusion Qr they
died. Those animals undergoing temporary occlusion (6 hours) either
developed a deficit immediately or remained normal. RT& animals were
followed for 7 days. We have found no evidence that severe
manipulation or temporary or permanent occlusion of the midéle
cerebral artery has produced delayed ischemic deficits in animal
models. We therefore believe that this is not a_factor in ouf
primate model, particularly when it is considered that great care was

taken to ensure minimal manipulation of the arteries involved.
LR
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Furthermore, animals 1in which a sham procedure was perfotmod
demonstrated no evidedce of vasospasm at 7 days after operation.

Cerebral vasospasm with this model reaches a peak at 7 davs
post-subarachnoid hemorrhage (41). The animals in this trial were
examined on Day 7 to evaluate the efficacy of nimodipine at the timc
of expeeted maximal vasoconstrictiog. i

Espinosa et al. used nimodipine in a dose of 1 mg/kg p.o. g8h
with this mo&el and found no improvement in the incidence or Qeveritv
of chronic vagbspasm on the clot side when compared to placeho.
"There was a smafl dilatational effect observed on the ngh‘élot side
(41). The present study used dosages of 3, 6, and 12 mg/kg given
orally every 8 hours. These doses are well above the reporrea
clinically utilized dose (0.35 mg/kg p.o. thl(7). In spite of what
may be considered massive dosages of nimodipine, there were no
significant differences in the degree of vasospasm among groups,
including placebo, on the clot side. Similarly, there was no
difference observed between baseline and Day Z éerebral s%gfsel
caliber among groups on the non-clot, control side, alt%ough there
seemed to be & - re- toward dilacién. There was n6 significant
difference among - ~ respect to the development of cocllateral
circulation.

Individual 3’ , 4 vasospasm were occasionally noted on

N the non-clot side*‘ expected due to the proximity of the
* “clot to the midline. e diffusion of vasospastic agents across the

midline could occur. The hemorrhage, however, was induced with
clotted blood, not 1liquid. This would tend to inhibit extensive

diffusion of vasospastic agents throughout the subarachnoid space and
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ensure that maximal vasospasm would occur in tLose vessels in direct
contact with the clot.

One ﬁonkey receiving nimo&ipine, 12 mg/kg p.o. q8h, suffered a
delayed ischemic deficit on Day 5. ’This animal showed no development
of collateral circulati;n on the clot side, ‘but’ did ;how mild
dilation of vessels on the non-clot side.

A second animal, also from the nimodipine (12 mg/kg) group,
suffered a reversible neurological deficit on Day 4 post-subarachhoid
hemorrhage. The monkey developed a monoparesis of the left leg dver
2 days. Function of the limb had markedly improved by late Day 7.

These data strongly suggest that the cerebrai .ischemia is
delayed 4 to 5 days post-subarachnoid hemorrhage and is not the
result of acute manipulations.

Both affected animals were from the highest dose nimodipine
group. This group demonstrated a statistically significant drop in
mean arterial blood pressure from Day 0 to Day 7.‘ This may have been
a factor in the development of the ischfhia and infarction. However,
other animals suffered greater decreases in mean arterial blood
pressure, but sustained a lesser degree of vasospasm and did not
suffer ischemia. Therefore, we think that the presencé of vasospasm
was the most significant factor in the development of the ischemia.
In our previous studies with the same model (39, 42), the delayed
ischemia gnd infarct that developed in one monkey did so in a placebo
recipient.

The cerebral blood flow measurements showed no significant'

difference among groups or indeed between clot and non-clot cerebral

hemispheres. This was probably the result of the large size and



parieto-occipital location of the scintillation detector
]
Fecause orly one detector was pla~ed over each

eqguipnont
hen i 5.‘\1x¢'1'.-(. s bl
changes in cerebral blood flow may not have been detected Further,
the development of collateral circulation in the clot side cerebral
hemispheres probably negated anv focal decrease in flow due to
vasospasm. The next study (Aiv) wused multiple., smaller area
detectors in an attempt to detect regional variations in cerebral
blood flow. '

There was no difference among groups in the drop in hemat ocrit
from Dav 0 to Dav 7. This decrease was therefore most likely
result of blood removal for clot formation and surgical losses
Diarrhea wa® a consistent finding in all groups, including placebo,
and was therefore rost likely due to the solvent. polvethvlene glveol
400,

The morpholegical changes within the corebral vessels of those
animals studied with electron microscopy confirm the findings ot
Espinosa et al. (42, Some studies however, suggested that chronic
cerebral wvasospasm is not the result qf sustained medial . smooth
muscle contraction$, but rather results from histological changes
such as subendothelial proliferation, intimal  cellulofibrous
thickening and organization of luminal thrombi (29, 30,.76, 116, 132,
171) . The extent of the wvascular morphological change s
proportional. to the amount of time after subarachnoid hemorrhage
Electron microscopy in studies of experimental subarachnoid
hemorrhage have revealed vacuolization and fibrosis of the media,

myonecrosis, thickened elastic laminae and rounding of endothelial

cells (26, 44, 79, 92, 180, 184, 194).
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Eldevik et al. (38) studied brain vessels obtained at autopswv
‘UT,
and vessels from a dog model of vasospasm and could not confirm an-

A}
-/

mérpholog&cql chipges asqribgd to vasospasm.

In a previous primate study, Espinosa et al. (42, found
pathological changes such as endothelial ballgoning and o
"fish-scale" appearance of the eAdothelium. However, no ﬁast cells
were detected in‘the media, there was little inflammatory reaction,
there were no intraluminal thrombi in spastic vessels, and there were
no erythrocvtes or debris. evident in the media ;r Jntima. These
authors concluded that vasosé@sm és the resutt of sustained
contraction of the media smooth muscle cells in response to blood in
the subarachnoid space. The present studv of vessels in vasospasm at
Day 7 post-subarachnoid hemorrhage confirms those findings. While
the degree .of spash was preater 1in the present_ study (maximun
vasospasm occurs on Dav 7, Espinosa’s study looked at the vessels on
Day 14), there was no evideﬁce +of inflammatory response or
'intré}uminal thfombi sufficient to cause angiographic narrowing of
the vessels.

Furthermore, o€§1 nimodipine at the dosages tested did not
affect the incidence or severity of the changes observed.

The high performance 1liquid chromatography analysis ' of

.

- N 13 A : : 2 I3 .
cerebrospinal fluid and serum nimodipine levels was inconclusive for

determining definite dosage/level relationsqtgs. This was in part

due to the large volumes of sample required for adequate analysis.

This necessitated delaying the sample collection until just prior to
sacrifice by which time the animals had received large volumes of

intravenous fluids which were not necessarily consistent among the

-
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‘animals . It was not ;o;slble to obtain sufficifent volumes of
cerebrospinal fiutd to enable measurement of cerebrospinal fluid
nimodipine levels. Nevertheless, the levels do" suggést that
nimodipine was present in the serum of all animals reéeiving oral
nimodipine. .It has heen-ge;onstrated that nimodipine giveé‘orally to
humans {s detectable in the cerebrospinal , fluid within 2 hours of
administration (13). Therefore it {is proﬁable that nimodipine was
present in the cerebrospinal ffuid of'thg animals in the nimodipinec
treatment groups No nimadipine was detected in any of the
placebo-group animals’ sera or cerebrospinal fluid.

The cardiopulmonarv hemodvnamics of the animals in this study
were also extensively evaluated. The results and conclusions are
reported elsewhere (122). -

The in vitro portion of this study was designed Cb’resolve the
question of whether arteries in vasospasm show enhanced reactivity as
suggested by Svendgaard et al. (174) and Lobato et al. ?101) or
decreased reactivity as suggested by Toda et al. (186). It seems
clear from our studies that, at least in the monkey, vessels in spasm
show a reduced ability to contract to norepinephrine,
5-hydroxytryptamine, or potassium chloride This presumably arises
because there is a ma*imal force that can be exerted by the artery,
and contractions to pharmacological agents are measured from a
baseline that is elevated by the existence of vasospasm. In one
animal that developed a stroke as a result of intense vasospasm, the
arteries were almost devoid of any response and were the least

reactive of all arteries tested. If some means of relaxing the

arteries could be found, reactivity might be approximately normal or
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even enhanced) Th}(;eportcd greater nctivify to biogenic amlneg of
cat and rabbdt arteries might arise from {immediate relaxation of th;
arteries on removal from the animal, which would enable such enhanced
activity to be observed (101, 174). However, in each model in which
angiographic evidence of vasospasm {s avallable,« spastic arteries
showed less lctﬁllty. It i{s possible that, despite the correlation
between development of supersensitivi§y and tpe expected time course
of cerebral vasospasm, neither the cat nor the rabbit model actually
produces this condition. It is also possible that species
differences make the cat and rabbit unsuitable models of vasospasm in
humans .

Two other issucs arose from this aspect of the study. First,
the middle cerebral artery from the monkey is much more responsive
than that of the 9pg to norepinephrine in the control situation and
yet its activity ;; depressed to the same extent by the other agents
in the experimental situation. In both EDSO and the relative
responsiveness with respect to other agonists, monkey artery seems to
-resemﬁ&e human artery. This underscores the conclusions of Toda et
al. that supersensitivity is an ;nlikely mechanism for cerebral
va;ospasm (40, 186). Furthermore, it seems that there is some
lasting damage to the irtery; even after prolonged washing,
relaration did not occur. This provides additional evidence against
the‘idea that vasospasm arises irom a normal artery either responding

to the continued presence of an agonist ‘in high concentration or

becoming supersensitive to an agonist present in low concentration.

It {s important to note, however, that the decreased contractility of

the spastic vessels may . have been an artifact due to their
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pre-contracted state at the time of in vitro testing. If che vessels
could have been relaxed prior to evaluation of their contractile

response, the results could copceiy%?ly have been different.

Relaxation could possibly have been achieved by topical application

”~

of nimodipine .{n the organ bath‘(lli. - '

| The data with nimodipine are sutprising in view of the partial
suc;ess reported ‘in the clinfical trial by Allen et al. (7).
Nimodipin® seemed to reduce the incidence of severe neurological
deficits in these patients, but all patiengs did not undergo repeat
angiography. Therefore, the relationship to vasospasm reduction is
still undetermined. In addition, the results reported in study A(i)
of this wor® confirm the lack of success of even high doses of
nimodipine in achieving a reduction in the degree of vasospasm when
measured angiographically.

The effects of nimodipine became significant only when the
non-clot side vessels were examined. Animals that had been treated
with the highest dose of nimpdipine tested (12 mg/kg p.o. q8h) showed
an enhanced response to all agents tested. These effects were not

due to the residual influence of the agent on calcium entry because

'

this would have been expected to decrease the response. There are

- . 4

/ v omame .

many data showing that calcium antagonists iﬁhibit the response to
the agents tested (51, 36, 160). The most probable hypothesis 1s
that prolonged exposure to nimodipine, which would be expected to
inhibit contraction of the artery, results in an adaptive response
analogous to denervation superseggitivity. Further work is necessary

to substantiate this suggestion.
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These results are consistent with the first section of thisJ
study: treatment with nimodipine does not seem to affect the
N v
reactivity of arteries in spasm.
It is known that yessels from different anatomical sites within

a given animal are not uniform in their response to various agonists.

Not only is the cerebral vasculature pharmacologically different from

the systemic, but jt shows a wider interspecies variation than is
- observed in periphera’ arteries. It was possible that although the
vasospasm produced in the,briﬁate model was very similar to that seen
in man, the monke?s’ vessels could well demonstrate dissimilar
responses ta drugs. ®
Resistance of cynomolgus monkey vessels to dihydropyridine-type
blockade would explain the lack of effect demonstrated in the first
" study. The third part of the study was tkerefore designed to
characterize the monkey cerebral artery pharmacologic response and
coméare it to human and dog res nse;.
P .
It has begn established that nimodipine and other calcium
blockers reduce the contractility of‘ vascular ,smooth muscle to
depolarizing agents iﬁ vesg%hs from rabbit (178), cat (35), and dog

10

(120) with an IC of 1.7 x 10 °°M 6 5 x 10-9M depending on the

50
vessels‘teéted. This study confirms that in the‘cer;bral vessels of
the monkey, dog, and man, nimodipine eoncentrations greater than
\10-8M abol’iped contractile response vuo pofassium chloride, while
concentrations of 10'9M reduced the maximal response to about 50% of
control values. While there is universal agreement that nimodipine

is a potent antagonist of potassium-induced contractions, variable

results have been reported about its effects on norepinephrine

<



responses. In Yabbit basilar artery Takagi et al. (178) showed that
. D : -8 .

nimodipine at concentrations up to 10 M had no effect on
norepinephrine-induced contractions. Similar results were obtained
by Kazda and Towart (87). On the other hand, this study demonstrated
a high sensitivity to nimodipine in the norepinephrine-induced

. ‘ . - . -8
contractions of both g and human arteries. Nimodipine 10 ™M
reduced the respanse to less than 15% of the control value in each

I'd

case, while thg vessels from the monkey were much less affected.
Huller-Schweinitzor‘and Newmann (120) reported that contractions of

canine basilar arteries to S-hydroxytryptamine were extremely

-

o : . o= -9 : o
sensitive to nimodipine. A concentration of 10 °M nimodipine caused
a 50% reduction in the maximum response. This corresponds exgetly to

{ [
the findings of the present study. This concentration of nimodipine

did not affect the response of human or monkey arteries to
S-hydrgxytryptamih;, although a ten-fold increase in conc;ntration
f%auses dramatic inhibition of human vessels. The monkey  is more
resistant to tﬁeﬁgffectssof nimodépine; 10-7M produces only a 50%
) L}
inhibition of the 5-hydroXytryptamine response in this species.

It thus seems that at least part of the failure of nimodipine to

reverse cerebro%ascular'spasm in the in vivo model might arise from

Ll

g,

unexpeéted insensitivity of Macaca fascicularis. However, when the
\: ™~ ’

responses to hemoglobin and prostaglandin an are examined, all

¥ : .
species were resistant to the actions of nimodipine. Even at the
: -7 . .

high dose of 10 "M, a substantial proportion of the response to
prostaglandin an remains. It is possible that hemoglobin may cause
e :-';?\ -

constrictior by releasing prostaglandins and thus the insensitivity



of hemoglobin-induced contractions in all species may reflect the
same phenomenon. N

Brandt et al: (21) also reported similar findings in human pial
arteries, The effects of prostaglandin an were inhibited by
nimodipine to a lesser extent than the effects of potassium. White
et al. (210) examined canine basilar artery and reported that
contractions elicited by blood, thrombin and hemoglobin were reduced
by nimodipine (10'7M) more than 50% although the antagonist had less
‘effect on these agents than on SJhydroxytryptamine. These authors
did not construct full dose-resppnse curves, and they tested
nimodipine in a slightly different way, introducing it at the peak of
the contraction or using it before a single large dose of the
agonist. It is'%ossible that different experimental circumstances
can  give slightlv different results, .bu; the tendency for
prostaglandin-induced contractions to be Yesistant to nimodipine
blockade, relative to contractions -produced by other spasmogens,
seems to be a general observation.

The reason for these .servations presumably lies in the fact
that potassium-induced contractions have an absolute requirement for
an inward movément of calcium through nimodipine-sensitive, potential

dependent channels while prostaglandin F uses either a different

2a
and insensitive calcium channel or is able to activate intracellular
stores of calcium direéectly. According to Brandt et al. (21), the
latter 1is the correct explanation. A reason for the gpecies

difference in the case of norepinephrine and 5-hydroxytryptamine

could be in the use of both mechanisms by these agonists. In the

. nimodipine-sensitive species the major effect would be on potential

@};u
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dependent channels, while in resistant species, S-hydroxytryﬁtamino

and norepinephrine might work by a similar mechanism to prostaglandin

F
2a’ |
‘ A
It is important to note that the species variation obs{ﬂ?ed can

only account for the failure of nimodipine to reverse vasospasm in
the in vivo model if the principai agent responsible for the
production of cerebral vasospasm is norepinephrine,
s-hvdroxytryptamine, or something similar. 1If, howovoﬁ\ a cascade
mechanism inv01§ing prostaglandins is responsible, nimodipin(’wou]d
not be expected to. reverse vasospasm very well in any species.

The final part of the first series of the ekperiments  was
designed to confirm that nimodipine did cause an increase in cerebral

d flow in the cynomolgus monkey. Since the pharmacological

idies had shown that the monkey cerebral arteriosv werce less

responsiﬁe to nimodipine blockade of some agonists, it was beliecved
necessary to evalgate its cerebral blood flow reiponse.

Increase in cerebral blood flow was recorded within 15 minutes
of starting the 2 ug/kg/min and the 5 ug/kg/min nimodipine infusions.
The percentage increase over basal cerebral blood flow rates agrees
closely with those found by Harper et al. in the baboon (70) .  The

simultaneous drop in mean arterial blood pressure could be hazardous

-~
-

in a clinical situation. However, though it was statistically
significant, it was most likely not of such magnitude that
appropriate hypertensive therapy would not counteract it. |

If blood or its breakdown products are respongible for the

induction ‘of <chronic cerebral vasospasm, then prompt, complete

b



evacuation of subarachnoid hematoma from the basal cisterns after
subarachnoid hemorrhase should prevent its occurrence (127).

Clinical studies done by Japanese neurosurgeons have lent
support to the premise that vigorous attempts at removal of
subarachnoid -hemorrhage clot decrease the incidence of
post-subarachnoid hemorrhage vasospasm, as determined
angiographically (179, 210), and delayed ischemic deficit (138). It
is always difficult, however, to be sure that all subarachnoid blood
has been evacuated during surgery since it is never known how much
blood was lost to the subarachnoid space during the initial bleed.
Furthermore, thc'liqzid blood can flow to sites distancvfrom the
anéurysm before clorting and may be missed at operation. This stud;
allowed direct visual placement of a known quantity of clotted blood
into tﬂe subarachnoid space. This enabled a thorough, measured,
evacuation of the clot at 24 hours. Surprisingly, although there was
no doubt that a complete evacuation was performed wunder direct
vision, the quantity of clot removed at 24 hours represented only
approximately 32% of the.weight of clot placed. This indicates that
a tremendous absorption of water and possibly other components of the

clot occurs within the first 24 hours after subarachnoid hemorrhage.
The significance ofvthis, if any, is unknown. B

Attempts at lavage of the subarachnoid cisterns
post-subarachnoid hemorrhage in an effort to remove clotted blood and
decrease the incidence of vasospasm have had varying success (68, 78,
115, 123, 147, 148).

Recent studies by Alexander et al. (2) suggest that cisternal

lavage 24 hours after subarachnoid hemorrhage in the 2-hemorrhage dog

122

(&



model is not effective in pPreventing vasospasm, It was, however,
effective in removing the majority of the gross clot. The authors
suggest that any interaction of‘clot and vessel which results in
vasospasm must occur prior to 24 hours post-subarachnoid hemorrhage .
On the contrary, the .present primate study shows that cosplete
evacuation of\clot at 24 hours post-subarachnoid hemorrhage is almost
completely effective in preventing vasospasm. Whether model
differences or earlier, more thorough clot removal accounts for this
discrepancy 1is not known. ‘ Mggnetic résonance imaging clearly
Hemdnstrated that total removal of the clot was achieved. In the
monkey, no irreversible spasmogenic interaction ‘of clot and vessel
occurs within the first 24 hours post-subarachnoid hemorrhage . =~

\

It was anticipated that. increasing the distribution of
,hemorrhage to the posterior' circulat;on and to both sides of the
circle of Willis would result in an increase in delayed ischemic
deficits in this primate model. Furthermore, it was suspected that
MRI might demonstrate any clinically silent infarcts whic¢h might have
beep missed in previous studies (41, and Study A gf this thesis).
While neither MRI nor histological examination revealed any.silent
infarcts due to vasospasm, they did detect a clinically unsuspected
infarct likely due to surgical trauma. This demonstrates the
sensitivity of MRI to ischemic pathology. The increase in the extent
of the induced subarachnofd hemorrhage did result in a greater
incidence of delayed ischemic deficit. The 25% of clot-group animals
which suffered infarctions due to vasospasm more closely appro#imates

the clinical experience than we have previously achieved with

unilateral clot placement. The increase in yield probably results

|
i
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from the involvement of the posterior circulation in the subarachnoid
hemorrhage which thereby inhibits the development of collatefal
circulation. It was this collateral circulation which was believed
to be the cause of the low yield of development of delaved, ischemic
deficit in previous studies using this model.

iThisﬂ§tudy shows that prevention of vasospasm development 1is
‘possible if complete removal of clot is performed within 24 hours of
subarachnoid hemorrhage. It would, therefore, seem advisable t?
attempt as complete a removal of clot as is safely possible in
subarachnoid hemorrhage patients operated upon within 24 hours of the
initial ictus. However, the Northern American referral pattern does
not allow the majority of subarachnoid hemorrhage patients to be
operated upon within this time frame. Whether complete clot removal
at times later than 24 hours is effective }ﬁ’preventing vasoépasm, or
whether a definitivé critical time e#ists after which clot removal
does not alter the course of vasospasm, 1is as §et unknowQ;4 If
complgte clot removal later than 24 hours proves not to be effective,
it may still augment the action of other vasolytic therapies such as
cisternal lavage and parenteral or topical calcium blockers.

It is unfortunate that the inherent variability in the cerebral
vessels themselves and in the radioimmunoassay technique could not
more cléarly demonégrate differences among all three groups in the
animals tested. It was possible to demonstrate that subarachnoid
hemorrbage induction and vasospasm development has no effect on basal
thromboxane 52 :evelg. It was also possible to demonstrate a clear
statistical difference between the clot and clot-removal groups'

arteries’  basal levels of ~6-keto-prostaglandin Fla' The
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disappginting factor was that the sh¥m group 6-keto-prostaglandin Flo
levels lay between the cloé and clot-removal groups’. While we can
speculate that larger sample sizes would have merged the results of
the sham group with one of the other two, it is not possible to
predict which way the results wou%d develop. The data do not allow
determination of whether the clot group 6-keto-prostaglandin Fla
ﬁevels represent a decrease in production from normal er whether the
clot-removal group's production reﬁ?esents an increase from normal.
While the first hypothesis is the most attractive teleologically, it
is arguable that the clot-removal group may have been stimulated into

increased production.

Further work will be required to delineate this problem;

however, it can be safely stated that 6-keto-prostaglandin F (and

la

therefore. prostacvclin) synthesis is affected by subarachnoid

hemorrhage and vasospasm.



CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS
t

The conclusions from these studies can be divided into two
groups based on the two series of this ;nvestigation. The first
series demonstrated that oral nimodipine at the doses tested was not
effective in reducing the incidence or severity of chronic cerebral
vasospasm in the monkev model. It was also not effective in
preventing a decrease in reactivity to several agonists of vessels in
spasm. Chronic administration did, however, enhance the in ‘vlrro
reactivity of non-spastic vessels. The cerebral vessels from Macaca
fascicularis are less sensitive to blockade by nimodipine to activity
caused by norepinephrine and 5-hydroxytryptamine. ' None of human,
dog, or monkey vessels are sensitive‘to nimodipine blockade against

contractions induced by prostaglandi& F or hemoglobin, the most

2a
likely mediators of vasaspasm.

Intravenous nimodipine does cause dose-related increase in
cerebral blood flow in the monkeys tested and results "a decrease
in systemic blood pressure.

It is increasingly likely from human studies that nimodipine
does exert a beneficial effect in the overall course of the sequelae
to subarachnoid hemorrhage. If this is so, improvement may arise
from an alteration in cardiovascular status, a protective effect on
neurons, or by the dilation of a non-spastic collateral circulation.

N

The second series of experiments demonstrated that . complete

removal of subarachnoid blood within 24 hours of a subarachnoid

hemorrhage markedly decreases the incidence of vasospasm.
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The development of the primate model to include extension of the
induced hemporrhage to the éosterior circulation incrpased  the
L
incidence of delaved ischemic events to 25%.

Analysis of the basal production levels of thromboxane A,

prostacyclin of normal cerebral vessels and those in spasm révealed
there was no difference in thromboxane A2 levels but that in\vessels
from which the clot had been removed, _prostacvclin levels were
significantly greater than those of vessels in spasm.

These studies indicate that the optimal method fQJ prevent ing
vasospasm after subarachnoid hemorrhape is to operate &ithin 24 hours
and to attempt removal of as much clot as possible.  The thorough
removal thﬁr was accomplished in the experimental model is seldom
possible in theé clinical situation. Therefore, continued rescarch
into means of treating vasospasm as it develops (or before it
develoﬁs) is required. It is possible that removal of as much clot
as 1is safely possible may decrease the spasmogenic load on the
cerebral vessels such that alternate therapies such as calcium
blockade, topical vasodilators, or cisternal lavage may be of greater
use.

It is also still _necesséry to ‘determine whether there is a
finite time, later than 24 ﬁours, after which clot evécuation will
not prevent development of vasospasm. .

The discovery of an effective, simple, low morbidity method of
preventing or treating chronic cerebral vasospasm would be a boorn to

“the management of subarachnoid hemorrhage due to aneurysm rupture .

The frustration and disappointment of watching a neurologically

intact subarachnoid hemorrhage patient deteriorate or die because of



\

- the development of vasospasm cannot be averstated. The cost to the
patient is obvious. What is not so obvious is the cost to society of

losing up to 10,000 productive individuals per year in North Amewica

alone .
Although a panacea is yet to be discovered, the current thrust
of research promises to uncgver new therapeutic strategies. ° The

primate model of chronic cerebral vasospasm after subarachnoid
hemorrhage will facilitate the rapid evaluation of present and
proposed future vasolvtic therapies. This will provide etfective

therapies a rapid assimilation to the clinician’s armamentarium.
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