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~ Abstract : =
St

’I)(‘gfficacy of U74006F in the prophylaxis ol ' chroni¢c cerebral
\ . 1 ‘,.
vasospasm ~ (VSP) was  evaluated .in a  randomized, .éublc-blind.

b . M ‘ L ' ' [ '
placebo-controlled - trial.  Forty cyhomolgous monkeys were divided y by.
: o M i

restricted randomization into 2  treatment groups with® 20 animals

receiving UT4006F and the remainder the suspension  vehicle. Five
. : . . B 0 : '

subgroup$ 1, 2

y

I 4
animals from eacp treatment group were randomized

and 3. The animals of subgroup |

3

in subg,roﬁp 2 had brain~ biopsies studied with High P'ert’o}mance Liquid

. were studied pathologically.  Those

Chromatogyaphy (H};LC). Cerebral vesselsu were removed from the
‘anir‘nals of sub’gmu‘ 3 for studies of'endothelium dependem relaxation.‘k\\z
'fhe remaining 10 animals sugplemented the number studied
- angiographically.  Significant VSP (p < 0.05) was detected in the
‘majority of ves§els from the‘ clot side +amight) of bot~h tre'ntmeQ groups. i
Electro.r'l‘ rhicroscoby' results’ wgre in . agreement W“.l‘ Fl.me‘ angiographic
data.‘; A‘pimals treated with U74006F sh@w%d significantly less VSP than
control animals (p 0.05) in the righE extradural internal arotid and
-middle  cerebral arLries (MCA). Two  animals developed delayed
neurologic deficits, one : f“rom each group. The infarct of the U74006F
animal ‘»\'/as smaller than the .infarct in the control -animal.  Although
overall —changes  in phosphagen  levels did not reach  statistical
significa:e,}w\\aﬁlalysi; éf ‘the. cortical " biopsies did show a mean
decreas;e in the ATP)ADP+AMH. ratio .of 54% i veh‘icle tréated animals and
or;ly 7% in animals receiving U74006F. MCbronﬁ 2 -animals were  alsc

studied with HPLC. The vessels from the clot side had moderate



angiographic VSP ‘and the ATP/ADP+AMP ratio was reduced by more than
50% compared to the MCA's of 6\6 contralatern' hemisphere, Tﬁi; model

of Sél-f did not affe‘é\i::lnxation produced by bradykinin, .acetylcholine
or éxde'nOsine triphosp‘hate;', There was no significang difference ir?‘svessel
r‘e?ld'i?ation ﬁeen treatm;n.t grou s There. may be a r:)i”e 1'0(' the ‘u§
of U74006F in t>he prophylaxis of VSP followings SAH.
| _ r / _/"/,...u._;,,\
Key wordsi Chronic Qasospasin, Subarachnoid hemorrhage, Primate

Oo m Endothelium-derived relaxing factor
N
nB

o3
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- CHAPTER - ONE: gNTRODUCTION
"‘ alﬁ |

: H‘r\:‘ ()vervievv A
Ni neteen hundred years ago pondered "how “‘the -world - was

tha\t what is seen was made out of things

confront -«

St. . Paul »

B created by the word of God so

/ . T .
do. - not appear. Today - this - reality  continues ~ to

whrch
is compelled to

4researchers 1ot" medical science. ~ Each day the physician
oathophysiology of which 'remains obscure. Of the
s‘ubarachh‘oid‘ h‘emo‘rrha‘ge "(SAH) and -

significance.

treat vldisor’ders, | ‘the |
| : n‘e‘uvrosurgeons,
' v(VSP)‘ “‘ha\'/e.- spﬂeCial. After
more dvisheartening‘ .than to

VSP. The

afflictions “seen , by
the "an’athema ‘of  vasospasm
successfully cli’p/pi.ng“ an aneurysm, 'nothing is

stroke = secondary to

~ Witness .a - “patient suffer “‘a devastating
inadequate treatment  of  VSP stems -.directly from our inability to /
mtensrve efforts of- ‘numerous - /

comprehend itsv pathoge‘nesis.' ' ~ Despite the
research facrlmes throughout the worlg, VSP remains an enrgm'l

an ex'rggerated constrxchon

‘ Chronic cerebral VSP may be - defmed -as
‘of cerebral vessels in ,esponse to perrvascular ‘ wlood in: rhe sub'rmcyrnmd

?e/monstrable

space. **’ It .may_"‘ , -‘be‘h focal or  diffuse.

angrographrcally, and deve10ps from 4 to l4 days f'ollowmg /SAH W|th a ¢

'peakb_" incidehce ‘between: days” 6 and 8. 31 112,150,189,190° - While/  VSP ,.has
beerr descri‘be'd: in - association with 'other etiologies fa} eorysmal SAH -
remains the' foremost precrprtatmg facto' 22877, 199‘153 17 / _‘T

Suharachnoid hemorrhage 'results from "a ruptored nneur(ysm in

approxrmately 75% of cases - The annual mcrdence of aneurysnfal SAH
Yvarres from 3.5- 25/100 000 ;)opulatroh 131,139,161,186 About 3000 .
cases i’ar_e reported i:»_‘Canada ‘each year (12/100 000) In _ Uhited ,
gtates there are 28 000 new cases \yearly 30?192 , _ |
~ -



i

- N
[
y

\\' SAH secondary to aneurysm - rupture "is_yv a lethal disorder ~with a

ortality of ﬁp to . 20% by' 24 hours, and ‘qlo‘s'e to 60% within. 6 months of
its oc:'curre‘n‘ce.‘91’107'1‘39’188 i | | | |

Among ' vsurvivors‘ of the initial ic.tgs, the principal ~fa¢tors,
contribuiing ~to ~ morbidity | andv . mortality - "linclude K reblejédiné,
hydrocephaiﬁs,‘_ v:;rious 7 medic’ai éomplicationS' and VSP. Chrohic cerebral
VSP is the most signi‘fican‘t_. 79'927145"187’1@1,

'Ap‘p_roximatelyi 40% of patients w‘ilL develop . VSP after qneurysmal
‘SVA_H ,aﬁ'd,'_SO%- of these »‘villb déV'eiop a Aelay_ed “ischemic deficit (DID). Half
of the patienfs suffering é DID die, as a "r'esul‘t.ﬂm” | | o

"l;lie .incidence. of ~VSP_.<appe_g(sw to ,be. indepeﬁdent of aneur);sﬁii;:-\sizg;
.,"o‘r_ location," patient age, pre-_exi§ting hypertension, or (,\,firi'tra“obe‘rative’

hypotension. There is - however, a close correlation - between the

’ ¢ - - . s
severity - of VSP  and = the amount and - location of,; ‘
subarachnoid space. = CT 'scanning has provided us

predicting ‘which h ‘patients:,

'

VSP.

13,34,44,67,99,160,168,171,172 . s
_ s Espinosa and co-workers

to substantiate this in the primate model . utilized in the -pi‘é;sjeh‘,; study B
Numerous investigators. have shown that there is . a relationship
between decieé‘sed» “cerebral  blood  flow - (CBF) and ‘- angiographic

113,142,172,192,207

VSP Utiliz_ingr‘f Positron Emission Tbmography» (PET)

.Grubb a'nd‘ : colleague@ dem'o,ns.t»ratjed a statisticall_y" significant ~decfease in""‘, b
.‘CBFb"and _ce‘r_éb'vr;ali oxygen conéumption in areas suppfied >by 'vessé_ls in
spasm. ee__ﬂm s:tu"iy‘ demonstrated - thét, . in '_85% of thex hefﬁispheres
.suppl"ied by \v/asospastvic ‘vvessc;ls,.‘ there ...was evidenée ‘of is’chemi’cv bd_a'mage

Q

; ST ST
in the - cortical distribution -‘ﬂof_ those - vessels. IA

v
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~ 1. Smooth’ Muscle Contraction:

- plasma membrane.

‘cyto'plasm'ig concentration of calcium (Ca

B: ' The Pathopﬁyslbl‘bgy of Vasospasm '

A majority of authors support the hypothesis that chronic cergbral'

\VSP results from sustaimed . smooth muscle contraction. Several reports

‘have implicated an infiltrative vasculopathy, yet .pathological support is
lat;king.' While the exact physiology of smooth muscle contraction is not

fully. understood, a basic review is ‘essential to any comprehension of the

morbid state. L ‘ / S

)

In the conventional view, the contractile apparatus of smooth muscle

is compdSed of } thin X (actin—cl\;ontainihg) and thick (myosin-containing)

!

filaments.  Tension is generated as . a result. of interaction between

myosin cross-bridges and ‘actin. | The thin filaments in smooth muscle are

abundant and ' morphologically Jimilar to ‘those. in skeletal muscle. These

filaments seem ‘Vto be anchored at one end to amorphoué structures called

dense bodies. The dense bodies .are found bqth m the cytoplagm and
attached - to -the ‘plasma' men;b'rané. 'The‘ .thick  filaments  have been
desacribed andﬁacceptedt as a'compénent of the ultras_tructure of smooth_
muscle. T’he detai'led mqrphology ‘of - the thick = filaments is unresolved.

In particular, the manner in which myosin molecules are ‘assembled to

o

Y .
fo’p‘ﬁ; them remains to be established.

N

The initial step in smooth muscle contraction is an increase in. the

+ . 4+
+ ). The  intracellular Ca ™

~.

7

- concentration ih  the resting ~ state is less than 10 M. With- the

initiation- of smooth muscle contraction the intracellular concentration of

Ca+,+ rises - 100-fold. ~ This results’ from - opening of _CaH channels’in the
182



++ .

Urnlike skeletal  muscle ‘where  Ca is recycled ~between  the

'sarcoplasmic reticulum and _the cytoplasm, smooth muscle depends- largely

++ 23

-upon external sources of Ca There are two, and possibly three

8 . N . ++ . ' ,
methods for increasing intracellular Ca The first method, membrane

depolarization, is referred to as electro-mechani-cal'coupfling‘. The second
. : 8 L]

results ¢ from opening of receptor operated > charifiels and is  termed

pharmaco-mechanical’ coupling. Mechanically-sensitive ¥™Ca * channels,
, , ‘ \ ,
§

L ' .
the third possible means of increasing intracellutar Ca ++ may, in fact,
' ~account for the myogenic . response -outlined by Bayliss in 1902.  These

channels ~ have been described in endothelial cells 108 and additional

. ' T . . 14,98
evidence supports - their existence in smooth muscle.

The rise in - Ca ** allows 4 molecules to bind to calmodulin, a

regulatory protein, which in  turn < binds. to myosin light chain kinase..
, ' L : i '
_This, complex acts upon the light chains of myosin molecules :tQ, induce

phosphofylation. The phosphorylated light chains stimulate '_act‘i’nemyos';fp-

-interaction, w}th free Ca?t forming bridges between the two molecules.

The energé'/required is provided by th hosphorylation of adénosine

triphosphate (ATP) by a magnesium-dependent adenosine triphosphatjse.

" Deactivation  of the system. occurs '"with a decrease in the:! availability of

++
Ca

and dephosphorylation of myosin light~ chain by myosin ‘lig t chain
phosphorylase. ~ Although this ~scheme is oversimplif.ied, it remains ‘the

- most bopular theory of smooth muscle contraction and ‘regulation.

Another prominent theory suggests that phosphorylation of the light

60,76

chain is not involved in the regulatory process. It has been (postulated

that a regulatory "protein called Leiotonin is involved in this alternate

system. The important/ difference between this and the preceding theory
. . N 9

0}

is  that  leiotonin " may function independently  of myosin



N

32,338,116  reaie gt : T,
. Another  distinction . is  that  leiotonin s \»

phosphorylation, *

¥elieved to be located on  thin filaments ‘and not myosin-linked. "® With |

further investigation the exact mechanism of smooth muscle contraction

-

an'd‘ regulation will be discerned and perhaps this will, provide insight

"into the complexity ‘of  VSP.

2. = Free Radicals and Lipid Peroxidation

The work of numerous laboratories ha implicated a variety of

putative mediators in the . genesis of chrofiid vsp, 100184187

cerebral
Altho{xgh " most au\thors support a multifactorial iglogy of VSP, there s
general consensus .‘th;it ’oxyhemoglob'in (ox);Hb) plays a— central role i;1
the cascade of” events tHat culminates in- decreased vessel caliber.

Following aneurysm rubture blood is propelled into thé subarachnoid
space', and the <coagulated reqd cells bare gradualfy -hemolyzed, »The.

concentration of oxyHb increases to  peak 7'days post-ictas. 164 OxyHb.

a product of e_rythrocyte‘ breakdown, has been found In vitro and in

vivo to bk a  potent vasoconstrictor. OxyHb is converted to th§ .

e

non-spasmogenic meth-hembglobi'n (meth . Hb)  within >2 wee Of the

variét'y vof agents implicated in VSP only hemoglobin oxidatign fqllo?ys'.‘the
time coursg of VSP that is ~§ee'n “clinically. 49,86,128,148,164,177,187,108
‘Ass miﬁg lthat 0xyH't') -acts as the initiator, what are the biochemigaf_ .
steps leading to sustained. smooth muséle contraction?  To. unravel the
cascade | of e‘vents 7 precipitgting VSP one must implicate free radicals
. generated by the oxidation of hemoglobin, and examine the actions of
these I‘ree‘radicalsv on the smooth muscle cell directly, and indirectly via

the 'ndot@/\\

A
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toxicity 19'176. ischemic damage ‘to the digestive ™ tract

. released.

A free radical is a molecule cqntaining' an odd number of electrons
and therefore an 'open bond .. or half bond, rendering ‘it chemically

. 9,20,114,117,196
actnve.1 ' o ' If

two radicals react with ‘a  non-radical,
gnother free radical is generated. These subgances are very toxic and

accumulating evidence "sqggests that they mediate tissue damage in a

>
variety of pathological conditions. Disorders in which free_ radicals may
- ) ‘ ! "4, :

: . . A . 70,22,41,58,15
play a role include; myocardial ,,), .xschemlaLr 241,58,158 .

. CL 198 .y . 48,81 .. 134 .
atherosclerosis , inflammation , bancreatitis , pulmonary oxygen

20,62,64,134,136
. *

radiation injury~'and damage caused ‘by chemotherapeutic agents. 1 This

E ]

is but a partial list. .

With respect to the central bnervous,system (CNS), free radicals

have been implicated in cerebral
. . 19,24,29,45,97,102,115,118,202,203 . . o i

ischemia ! , and brain and . spinal cord

., . _ 88,89,185 . " . . .. o :
injury , Cardinal . to the present discussion, is that several

authors have suggested that free radicals play a role in the development

5,147-149,161,155,156
of VSP.

) " - . ; . .
With - "conversion of oxyHb to methHb superoxide  anion s

117,165,199 Xanthihe " oxidqs% is an enzyme that also generates
superoxide radicals. It has béeﬁ ’i'?und in VaS.cTilap endothelium  and
brain capillaries. Héwever,"k_’ir_n and co-workers' have ‘refuteci the role of
the xanthine oxidase system iﬁ the pathogenesi’s. of Vsp. ¥ |

The superoxiﬁe released with t\he oxidation of hemoglobip initiates
berqxidatidn of polyunsaturated. fatty acids (PUFAs) in cellular
membranes, either directly, or indifectly via the hydroxy r;ﬁcal, singlet
o;&ygen. or 'thé alkoxy radical.' By measurin‘g the - metabolites of this

sequence, several investigators. have confirmed . that 'this reaction occurs



/

in animal models of SAH and in patients  with ASAH‘. 5.7.149,188,169

l—iemogio‘bin and othef ',hematin éompéunds have been sho:vn to catalyze
this reaction, *° Furthermore, lipid peroxidation of biological membranes

is a chain reaction, resulting .in amblit‘icatio‘n‘gf the destructive effect,

| An intrinsic feature of 'lipid peroxidation is its dependence upon the
a{:ailability' of iron. 195 Zaleski and"Floyd have Ssuggested that regional

suscepti'b'ility of the brain to oxidative damage may in part be governed
by the local endogenous iron content. 206 In a ‘lim.ited. number of cases,
i‘ron-cﬁelating agents- have been more effective fhan free rqdical
scavengers in ' préventing lipid peroxidation. In any “event, the

availability . of Airon in a ‘gdissolving blood' clot is uhquestioned. ‘thereby
'settihg the stage‘ for free radical induced lipid peroxidation.

Free radicals do m‘bre than initiate  lipid peroxidation. They also
result in non-enzymatic generation of lipoxygenase metabolites. Several
of these," 5-hydropcrc;xy eicosatetraenoic acid (5-HPETE), and
leukotrienes'C4 and D4, for example, cause smooth muscle contraction
and have ' been implicated in 'chronic cerebral  VSP. 42,1»00,}05,138,_141
Some havé been measured in the A CSF of ’patients wjth- SAH and '3/1
foun‘d to _correlate "with the presence of VSP. 7,169 The'refor‘e. ' in-
addition to lipid peroxidation, free radicals al;o_ beget Substances that
'directly( cause smooth muscle contraction.

Free radicals may have a destructive effect on smooth muscle cells.

S Yo
Sasaki and Sano  have published  electron ) r/;a‘jc‘rographs depicting
myonecrotic changes and degeneration of the tunica rﬁedia of <¢anine
basilar arteries subjecited' to E the intracisternal injection of

149,156

15-hydroperoxy arachidonic acid (15-HPAA), These results are

. controversial as other authors have ,. been unable to reproduce
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'Furthemore, PGI z synthesis ‘is inhibited by lipid hydroperoxides; 1

86,140
them, "'

However, a majority of investigators ~have demonstrated

2,26,40,85,108,182,201 .
' This

extensive endothelial damage following SAH.
findir;g‘ has also been demonstrated in the primate model utilized in the
present study. % .

-The: tole of the lendothelial cell in VSP has beerf debated.  Sano hz;s
suggestecf Rt’hat éndothelial damage is a direct result of lipid peroxidation.
This _garij\aéé is said to initiate platélet adherence and thé production of
thromboxaﬁe "‘A2 (TXAz). a  potent vasoconstrictor. 'fhe damage is‘ also
thougl'it:‘,tld cfj‘ecrea"se the synthesis of prostacyclin (BGIZ), a vasodilator.

9
Sasaki et al hpye» shown in their canine mo“del that the synthetic activity
of 4PG[2 in arteries ﬂ'exposed ;o_ subarachqoid blood is decreased 3 and 8
days post-SAH. 184

The theop' of derangement lin the regulators of wvascular tpnq has
found further -support . with the discovery pi{' Endot’helium-Dependent
Relaxation  Factor (EDRI;) and lits ‘;.)urpo’rt?u; tole in  VSP. Tl}e
vasodilatory effec;s of  several pharmacological  agents;. including
acetylcholine,  bradykinin, and  adenosine nucleotides, ~depen§ls in
peripheral  vessels upon an intact vascular endothelium. 2852835 Tpe
relaxation produced by these agents is mediated by EDRF. Results from
several  studies - suggest  that more than  one ‘EDRF‘. may  exist.
Endothelium-dependent relaxation has been demonstrated in cerebral

. . . . .. 87,146 .
arteries both in vivo and in vitro , -but these wvessels differ

‘significantly from peripheral vessels in terms of endothelium dependent

responses. Acetylcholine and ATP cause complicated responses in

cerebral arteries with both dilator and constrictor actions. There is no



consensus as to the dependence of either of these responses on the

presence of an intact endothelium.  Bradykinin, on the other hand, also
I~ ’1{“3"
seems to have a  dual effect 'in  cerebral arteries, where  ar

¥

endothelium-dependent relaxation and " * "an endothelium-indépendent

contraction are observed. There does not seem to be any agent which,

4

in cerebral arteries, generates an endothelium-dependent

uncofnplicated by other vascular actions.

Synthesis -and release of EDRF by the endothelium
associated withjﬂa receptor-mediated ' increase in cytoplasmic‘. Ca Peach
and colleagues have proposed th;;)t the initiai sourc; | _i:
intracellular but extracellular Ca** contributes g.[e iy ‘;"'.lvl
response and is vital to the sustained release of ' .‘.‘-'

The mechanism by 'which EDRF ind%pes relaxation remahi.irvlsf an
énigma.- However, there is evidence to suggest that EDRF, after’
diffusing from endothelial cells to the smooth muscle in the tunica media,
stimulates guanylate cyclase causing an increase in cyclic lguunosine

3',5’-monophosphate  (cGMP)  levels, °>1%

By unknoy\;n mechanisms
relaxation ensues. It has been proposed tHat ¢GMP-dependent
phosphorylation and dephosphorylation of myosin light chain in  smooth

. . 54,144
muscle, may mediate the relaxation.

e

Aggregation of platelets res‘ﬁ\xl\ts in’ ’the release of a number of
substances that stimulate the ’ggndotheliugfi to produce EDRF. These
include adenosine nucléotides (/(\'TP"*”aﬁd ADP), 5-hydroxytryptamine
(5-HT), platelet-activafing factor (PAF), vasopressin (VP), and‘
thrombin. PGI2 is synthetized by ‘int’act endothelium. and prevents

platelet aggregation. The net effect of interaction of these substances

with viable " endothelium is vasodilatation. This in turn tends to wash
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away developing thrombus.  Conversely, in the presence of - significant
. ‘

endothelial damage, there is a different sequence of ' events. Platelé(\‘

[}
-
i

\/

3

(aggregation is enhanced by exposed collagen and depending on the type\‘

of blood vessel, liberated substances such as thrombin, VP, S5-HT, ATP \\

“and TXA’ can directly . stimulate the smooth muscle cell producing

§7,180,181 ) » .

v

vasoconstriction.

Endoth;elial‘ damage, in concert wi't'h' the reduction in EDRF ahd
'PGlz. leaves the smooth muscle c¢ells more ;usceptib-le to cirgulating and
periarterial spasmogens. In addition to “endothelial damage, - disruption of °
interendothelial  junctions may be‘ an importam means ,whereby
vasoconstrictors gain accéss to the underlying. smooth mgscle. 152

Using a variety of animal models, investigators. have" recently
demonstrated that experimental SAH, and adn‘linistration & QxyHB' can

5£124,126,

impair endofhelium-dependent\ relaxation, while methHb has

little or no inhibitory effect. 58 Furthermore, Kanamaru et al have
confirmed that CSF from SAH patients also .inhibits | thi
endothelium-dependent relaxation produced by the calciuﬁg ionophore
A23187.%  In  cell-free systems, shemoglobin impairsy theb stimulation of
soluble guanylate cyclase. 123 This may be the Dbasis for  its b&cking
action, as the increase in cGMP that normally accompanies .the rela.xation,
produced by acetylcholine and A23187, is abolished by henioglobir‘\. 110
There are other inhibitors :)P EDRF  activity. Moncada and
colleagues7 have demonstrated that pixenidone, BW755C,' dithiothreital,
hydroquinone a;d pyrogallol all prevent EDRF production through the

0

. . . 12 . .
formation of superoxide anions. Impairment of endothelium-dependent
-

relaxation has been  implicated in the increased vbicular tone

-



accompanying  myocardial ischemia  and reperfusien. Although  the
m%chaniﬁ.th is unclear, frpe radicals are thought to play a role. 179
Accurhulating evidence suggest§ “that free radicals ‘derived from the

oxydation of hemoglobin, can initiate a cascade of events culminating in
VSP. The effect of free radicals on endothelial .cells may be of
importance. Recently it has been proposed tl;nt' EDRF may be naitric
“oxide. Palmer et al have demonstrated thﬁt nitric  oxide is identical to
EDRF in terms. of biological activit;', stability and susceptibility to a

32

potentiator and an inhibitor. ! This information may provide new

insights into the mechanism of VSP.
C: Prophylaxis and Treatment of Vasospasm . )
[
Prevention should take precedence over treatmté'nt. However, the
obviation of numerous disorders is impossible and physicians are obliged
to prescribe various remedies, some without proven efficacy and with’

-

potential to harm. The‘ﬂ/reatment :5 chronic cerebral VSP following SAH
is a case in point. At present there is no screening procedure for
/aneurysms with sufficiently low morbidity and mortality. Visualization of
the vascular tree ‘by Magnetic Resonance “has  shown promise, but to
date, only angiography provides  acceptable  resolution. Although
prevention. of VSP remains the objectiv‘é, treatment of sympiomatic VSP is
~currently more effective. | L
Innumerable diverse approaﬁhes ha\:e been - applied‘ to both
prevention and treatment of chronig cerebral VSP. Attempts have been
made to dilate spastic cerebral vessels, ~fmprove cerebrovascular rheology
and oxygen ﬁeliver-y, remove blood from the basal subarachnoid space,

/

and to increase cerebral blood volume, blood pressure or cardiac output.
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No modali't‘y. pharmacologic or otherwisé, has consistently reversed the
‘gangiographic VSP ‘se"en one‘ 'to two weeks folbbwing SAH. Some' success
has been achieved in decreasing the incidence of DID's and improving
. the clinical  condition of patients suffering from symptomatic VSP.
Wilkins  hass extensively sdrveyed‘ the many approaches utilized in
treatment and prophylaxis. 1%, To date, th‘e only"'r'-nethods of prevention
that show promise are clot removal and the calcium' antagonists. With
respect to  treatment, hypertensive, hypervolemic hequilution is

presently the only means available for the treatment of patients with

_symptomatic VSP.

1. Clot Removal
Mechanical removal of subarachnoid c¢lot was first suggested 2 to 3

26,143
decades ago.

In the last veral ears, - earl emoval f
e gr y y r 8
subarachnoid blood has been attempted b'y mechanical "and pharmacological
methods. . \
In .a primate model, Nosko et al demonstrated, in a blind randomized

trial, ¢hat clot removal could. prevent VSP and DID's. 130 Handa and

co-workers extended these results, k\ihowing tfiat surgical evacuation;of
blood clot was effective only if performed within 48 hours oE’- SAH.” 1t
a review of 181 patients by Mizukami and co-workers, a decreased
incidence of VSP. was found if subarachnoid clot could be successfully
removed. 1° Taneda, in a nonrandomized study. of 239 patients, showed
that extensive removal of clot within 48 hours of SAH could “ red-uce the
occurrence of DID. '™ Kawal;ami and Shimamura used external Ccisternal

drainage for at least 14 days following SAH in 21 patients. Although 5

develoned svmptomatic VSP. all were in eood neurological condition hv
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Mogt neurosurgeons recognize that extensive mechanical removal of
perivascu\)r blood in patients with acute SAH is technically difficult and
hazardous.  Therefore, ®interest has grown in the study of intrathecal
thrombolytic agents, as a meany of eliminating subarachnoid clot, thereby
preventing  VSP. Several thrombolytic drugs have been emploved in

animal models and SAH patients.

In a porcine model, Alksne and colleagues prevented post-SAH
vasculopathy with a  single intrathecal dose ol“ 100 units  of plusmin.3
Preliminary' reports of uncontrolled studies from Japan hgve suggested
that continuous’' ventriculo-cisternal irrigation -with solutions containing
urokinase may be efficacious in dissolving subarachnoid blood. 167,204

Investigators are currently studying the use of tissue plq_sminogen
activator (tPA) in a primate m&del of chronic cerebral VSP. Findlay and
co-workers have recently  completed a ra\ndomizec@. “double-blind,
placebo-controlled trial. 42 They were able to demonstrate. a statistically
significant  decrease in the incidance of VSP in treated ahimals.
Pathological examination disclosed dissolution of all clot in the tPA .group -
and no major side effects were encountered. A safety study has been

completed and a  bilateral clot study is underway. The thron;bolytic

-
agents show promise. In conjunction with early surgery‘t\o secu the

S

aneurysm, they may provide effective prophylaxis. -
\
\
\
2. Calcium Antagonists N
i .
Recognizing the centWhat catt plays in smooth muscle

contraction, it was logical +to study Ca + entry- blockers for the
prevention of VSP. The .dihydopyridines, nimodipine in particular, have

’ .
received the most attention. Nimodipine has a high lipid solubility and
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e vitro studies  have ~ disclosed ' a - selective action 'W'on “the = cerebral"

74,141 - : . : T .
vasculature. “ ‘ As a - . means’ -of = prophylaxis nimodipine can be

a

administered ~ orally, intravenously, and mtr‘athecally. ,Results"- from

.. animal investigations and _clinical trials are conflic'ting,t largely due to
B - § . . . . - ) : P . - . . > . 0 .
T ,ﬁdlfferences in  experimental . ‘design. " - 4

Oral  nimodipine  has been - used “in -randomized . double-blind,

‘placebo-controlled “trials' in the  primate model. 129.;‘ No clear. beneficial

Q effect . on angiographic VSP  was :obsefved. ~ Auer - and ' co-workers

- administered 2.%2.4 x 10 '8 ‘M _solution’ of nimodiping intrathecally -to- 17

post-SAH - patients. °  Severe V,SP':'_was “absent on’ all angiogram$ taken “av_' o

m‘ea’n‘ of "7 ‘days post—hemorrhaée- while DID's occurred in 2 patients. In
~a " more recé»}it_"’ study,  Auer  demonstrated . angiographic  cerebral

vasodilation in 9 of 12 post-operative qneurysm patients following . a 0.2
B nlg ci'sierna‘l injection of nimodipine. 19 “work by Lewis and colleagues,
- using inirathecal . nimodipine in an e;tablis‘hcd rayn,dOmiz‘ed, »dduble-b(ind,

Vpl'qcebo-—.cpntrolled N 'primate . model, . * failed to substahtiate “Auer’s
. . .14 v ' o
-uncontrolled observations. " 5
Two multicenter, rand‘omiie’d, . double-blind, placebo-controlled - trials
CE " of oral ‘nimodipine' have been }ecently completed. In the. study of . Allen

Vet aly ‘.t{l}e . incidence of DiD’§ ascribed {0 vsp .alQhé' _was- 5reduc‘:ed f‘g(ithe L
treatment .-lg‘r‘oup. ¢ ‘No _,c’oAm“me‘nt‘ ‘:cou‘l_d - be -r'n_a‘de - with respect  to
v anglographxc VSP, as 'cergbrél angiography W‘as‘ . not | ,_'perfq‘rn.'neic‘i.i
con;is(enti:&'." The second . trial ‘qu' weenducted bn--' p‘o‘é)ri grade - aneury‘sm‘ﬁ
Détien’ts, o Nli_m.c.)dipine". treaim_erit, -‘_‘w»{a's‘» f_fasé'oéiéted' with 5 ~ better o\;'era.xll
oufébfne,' a\ﬁd l?ID'§- from _.VS'P Were: s?gni,fiéantly .leés. ',fredUent'_ in the

~ treatment 8rowp. 18 |n this study angiograms - were : performed routinely
rs
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..on. the average of 8 .days .post-SAH.  No. significant - difference s was seen -

. } » R .
in"vessel~calibe‘r‘ between treatment and placebo groups. S
It has been suggested that nimodipine may have a direct cerebral

,‘pjrgteict"ive ‘gffect.» Work _f;p@#"gXpefimental< focal ischemia supborts this.

While - promising, ~ the rol‘g" “‘ef7 " nimodipine in  VSP _ prophylaxis isstill
evolving.
]

The success .of "nimodipi"n_e‘;'ithas_"l’ed@,to-, ‘investigation of other calcium
: ‘ P O ] '

v

~channel  blockers. ‘Nicardipihe, La monohydrochloride 'salt of the

" dihydropyridine series,. exhibits pref%;entia‘l‘ activity in . cerebrovascular
smooth-  muscle. = It has ~ been ~ shown 'to reverse  experimental

A ‘ .. . L 50,85 e ,
~'vasoconstriction . and prevent ischemic damage: It- has been - used

for ‘the ‘,'treatment o»f VS¥ in Japan, -although re‘svult's" were inconclusive

N
o
TR

In . a - recent

because 'o‘f : tvhe» s‘mall numb‘er Qt; patients st i
dose-escalation - stvudAyJ of ‘intravenoug _nicafdi'pill;ne, the incidence ‘of

angiogfaphic- »VSP  and cér'ebrlai‘ ischemié was less in patients récei"ving'x
‘.i}‘iév"‘higher‘ ::‘dqses'.“ | In{ \an‘o'vther‘ ‘s‘tudy by t\he ‘sa'me' authors, it was
g;u:gggs.ted that the in.cidenf:e\ ;&’ y VSP among _pat?en_ts ‘giv'e'n ' antifibrinolytic
"‘dfilS’S-, COUi& be ‘lowered ﬁ-b‘\'y | ‘thve confc:dmitant ‘use -okf ‘nica;dipine. 12 “A,

mult_icer;ter,' randomized, double-blind trial is ‘planned. :

‘3.~ Hypertensive, Hypervolemié Hemodilution

» " Once symptomatic V§P- ‘has\ occ\ur;ed, 'varioysA .measures h,ny‘é b'ee.n‘
,émplos‘/ievd to  counteract it. “In ‘pétients fwith  ~S‘AH“.‘ a‘ttempfs- atﬁ:i di‘la‘ti‘n.g '
vasospastic grtve‘riesj‘:have, been unsuccessful. Most effotts' are presently
.»ex‘t_er'lded towards imp;’ovin‘g‘ CBF énd,bovxyg'en. del_ive:y‘. - Several sfudieS‘-

‘hé\‘/e";sugge‘sted"t'hat patients with SAH have a low total blood yolume" and

108,163

“ares more susceptible to. effects of VSP. Hypovolemia ' is common

following" SAH and results in- - increased blood  viscosity.  ‘Using



‘_"combinationsubf Vasopressors, ‘cgl'lsoiq' and éry.'sta‘ll.oid volume. expanders,.. .~

‘ .
-

N ' ! " . ' ' N . . . . ’ » ‘ .
phlebotomy and mannitol, therapy is "~ directed at lowering blood viscosity
and inducing hypertensive, hypervolemic hemodilution. . This has been
| | 89,173,200

“shown to - bp .successful in reversing - ischemic  symptoms.

However, therd. are no. randomized clinical trials to support or refute this

approach.

4. Inhibitors of Lipid Peroxidation
”If lipid ‘V_pero‘xides generated from “free radi'c_:al ‘reactions h'avfev a‘__‘v

central - role in VSP, it must - be shown"that,,\_\i‘n.hibitors “of * lipid

i . . . 3 ' . . \ »
peroxidation are effective in the prevention or . amelxorat}ax of " VSP.

Normally, endogenous y.bi'ological'» defense mechanisms ‘li'mit daniag\e" 1‘c;»lused

:by‘ toxic oxygeﬁl spécies. In endothéliél .~ cells, superoxide dismutase

(SOD) mé(gbol‘izeS‘ su.peroxide anién, producing hydfogen- peroxﬁde

(“1,,,0 2) and '6xy‘gen . (o) . ). Ca'talas.e converts - H ’ 0 ) to O ) and vs}ater

v
“

(Hz 0O);- and the: glutathioné' redox cycle catabolizes -HZOO at the expense

of - reduced g'lutat.h‘:ione. 166

&' note, ‘S.OD“‘: activity. appearsi markedly
‘decreased " in{'fhe 'CSF of ','patients _-bv‘vith" sympiqmatic VSP. lfw The patients
“'Iwith low SOD: gétivity also had  high .CSF concemrétiqns of lip~id

p.erpxides.' |

Lipid »pero‘xidation is a vchain»,reaction which términa'-tesv when libid
radiéals' react ‘to form  stable -products; "or ‘'when they ,reé'ct - with
sc‘avénéer molec_:ules:’ such as vitamin E or sulfhydryl éroups.. ~Vitamin‘ E
‘(«-tocOphéral) is a’ ’fat‘—‘svoluble “vitamin tha.t concentrafes ‘iin th-ei
hydrophob‘ic i;iteriop of - membranes. | It - donates a hydrogenb ion 'tq a

pe‘roxy“* radical and so inteiferes with the chain = reaction of lipid
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_j_Dero'Xidation. 7* Even with the rem.aini;xg' unpaired electron, vitamin E is
' unreactive. ,fmd" degr‘a.des‘ harmlessly. |

Peroxidation of cell mempranes may be inhibited ‘in . two :W'nys. The
initiator, oxyHb, can be r:moved;“(this’_method been discussed u‘ndgr Clof
Removal), or free rad’ical scavengefs ‘-can . be administered

) prbphy_lac;icglly. ‘

use of steroids. such -as ‘methylprednisolone and dexamethasone -

—hbnored neurosurgical practise. Hi.gh dose methylprednisolone

therapy. wés ‘used- in a doublefhemofrhage canvine model of expgrimenmi_

.2‘6‘ The results - suggested a reduction, and in some  cases’

preve;xtion; of angi‘og’réphici spasm.‘ Pathologié and .. phargnacologic studies

revealed that tre#ted, s\’géali‘u‘mens looked and reacted better th_an _those

receiviné no {reatment. T;’lz\‘ek authors _ _concluded that the
PENY

“a_nt‘i-inflammatbry'. activity . of ‘r:1é}thylpred‘nisolone was responsible for

‘prevention 'bf VSP. In a second study the same invvestigators used high
dose ’methylp'rednisolone in 21 patients felt to be at ‘high risk m{or YSP
after - SAH. Outcome was - better in the trea‘tment , groub, but deathé ,

secondary ‘to VSP  were “not significantly  different. Regular followup

~

angiograms were not performed and therefore no. conclusions can be

P

drawn about angiographic VSP. 21 . ' \ﬁ

o

In models of cerebral: ischemia, the chemiluminescence technique has

been -utilized to demonstrate free radical - reactions. Using the same

. o . o . 118,187
technique sterpids have been shown to suppress these reactions.

One could thus, just as easily cdhc@ that the beneficial effect of

3

methylprednisolone - demonstrated : by Chyatte et al was secondary to its

-effect on free radical reactions.
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‘Nizofenone is a free - radical scavenger that has been studied in -a

* ‘ .
cooperative  double-blind clinical trial. ‘Although it did not prevent

angio"graphic .VSP, it | was supevrior to placebo with respect to neufological
outcome followﬁhg SAH. 1%

Asano et al used another ihhfbitdr of lipid peroxidation"\m their
canine model of experimental SAH. AVS (l,2-bis(nicotinamide)—propane),
was - given by i continu.ous, intravénous infusion ar{d ,‘dramatically
subpressed the occurrence of g:hronic VSP in’_a dos_e'—débendent manner.6

A novel series of. 21 aminds}teriodvs hag ~recently been déveloped by
the Upjohn Cdm'pany. "These agents ha‘.ve no  glucocorticoid
rece‘ptor-binding‘ Qctivity. - Several are potent . inhibitors of

iron-dependent lipid per(‘.‘)'xidation. » One such. compound, U74006F, is

particularly  effective in  brain  homogenates ~ exposed . to ’ increasing
. .17 '
concentrations of iron.

In- an experimental head injury model U74006F was shown to enhance .
early  neurological recovery and survival. ° It has been demonstrated to
retard the development of post-spinal cord injury ischemia. &8 It -is
protective  against post-ischemic 'morta,lity and neuronal necrosis =t a
gerbil model of cerebral ischemia.®  U74006F is the subject of the

present study. i

D:  Summary of the Present ‘Study
This study utilized an _established primate model of chronic_ cerebral
VSP that closely approximates the “human condition. It investigated

several aspects of SAH-induced VSP.

T
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Although our understanding ‘pf the pathop%siolpgy of VSP iemains;
incomplete, fx"fe‘e radicals and ‘lipid‘ vpéroxidatio‘n “’may “bve' pt‘éficemral»
importance. The 2‘1-amino.ste'roid .U74006F is a potém inhibitor of‘
iron-dependent li;;id - peroxidation.  The dosage 'chosen for the present
study was determined from data of other investi‘gations. Prior‘.to ‘this".
s{udy, the treatment drug had not been used ‘in an accepted model of
SA@, nor had it been used in prirﬁates.
| Cerebral VSP wés‘defin’ed by vangiographic and pathologic criteria.
Angiograms were cba‘rried out in a standardized .fashion. Mean vessel
diameter was calculated oh Day 0 and 7 days post-SAH induction. YSP
was said to be present ‘if wvessel caliber had de'créased by more than 1 0%,
Scanning and transmission electron microsc_opy were used to . corroborate
the angiographic data. In addition, these modalities were ysed to look
for patho‘logic' changes suggestiyg of'lipid peroxidation.

-QCerebral ischemia results when CBF is inadequﬁte to meet‘ v tissue
devmands.: _ Comp;omised CBFN results —in a  shift towards anqerobic
;r.netabolism and eventually * loss  0£ high enefgy phosphate compounds.
.‘YSP; if severg_ enough, results in cerebral infarction va;xd this manifests
cﬁ‘gically as a DID. High- energy phosphates supply neuron§ with the
energy to maintain their metabolic -.mﬁchinery. As.  ischemia progresses,
the A‘QSukp'ply ofﬂv‘ATP deélines, and it.; metaibonlitesj ADP, - AMP and inorganic -

PEUT 8,8
phosphate (Pi) increase. ’_2'159 .

The ATP/ADP+AMP ratio is ’theref’ore a
good index of ischemija. It | provides a means of recognizing ischemia
prior to infarc-tiovn. ‘ o -

Using a | ceréb‘ral" ischemia model  and- high per_form'ancev ‘liduid

chromatography (HPLC), Morimoto ~ and  co-workers dgmonstyate’d a
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decrease in  ATP and increase in lower energy phosphates. HPLC s
an‘ i.qyasive}"iﬁécthniqm that givés aﬂccur_ate," quantifiable data. It 'wgé
used nﬁn the present study to compare the‘ AfP/ADP+AMP ratio ‘in areas
of cortex su;)%ﬁed by vasospastic and nongpastic \./essels. |
Adventitial stomas have been identified in cerebral vessels. These
apertures. éppeqp ‘to connect the subéi-achnoid\ and intra-adventitial
spaces.  CSF ‘may nourish ‘the .vessel wall through "fhese pathways, 98,208

In SAH the stomas are blocked by erythrocytes and the intra-adventitial

spC; are -obliterated by fibrosis. This may alter the metabolism of the

$ M . . ‘ » '-4
unMeflying. smooth - muscle, rendering it more . susceptible to wvasogenic

substances. ‘Several investigators  have  demonstrated that hypdxic

vessels are more  susceptible  to various  agonists,  including
' . 125,183 . : e

hemoglobin, Perhaps this results .from the facilitation of

++ 125

transmembrane influx of extracellular Ca In the present study,

s

biopsies of MCAs were taken to investigate the energy status of vessels *

in spasm and the effectiveness of U74006F at this level.
"Endothelial cells have a strong influence on the metabolism and
activity of unde'rlying smooth  muscle. Endothelial -damage occurs

following SAH and may be induced by free radicals. “The 21-aminosteroid :

U74006F inhibits lipid peroxidation and may protect the endotheliu}n.

Recently it has been demonstrated that endothelium-dependent relaxation
is adversely affected b‘y "SAH. In the present study, thé effect of SAH

on. endothelium-dependent relaxation was evaluated, and the ability of

U74006F td preserve EDRF activity was asc_ertained.'
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E. Objectives and Hypothesis:

" OBJECTIVES ‘

1. Primary Objective
A . .

The primary objective of this investigation wdé“’t&*&‘g}‘study the effect
of the 2‘l-aminosteroid U74606F on chronic. cergtjnal yq;gsphsm in the
primate model. | )

2. Secovn'dary Objéctives

a) ~As an index of ischemia High Pressure Liquid Chromatography

| (HPLC) was used to examine high energy phosphates in
cerebral" vessels an’d‘ biopsies of cerebral cortex, |

b) If ischemia was present and measurable by. ;HP[.:C,,t'he effect of
U74006F on. its severify' was quantified..

¢) The model waé used to assess the reported adverse 'effe%ct of

. [ 4
SAH on endothelium dependent relaxation and establish whether

this response could be inhibited” by U74006F.

HYPOTHESIS
1. Primary Hypothesis
Chronic cerebral vasospasm is ‘as likely to occur in animals given
treatment A (U74006F) as given treatment B (vehicle).
2. Secondary Hypothesis
a) .There is no differénce in the ATP/ADP+AMP ratio in cérebral
vessels and éortical biopsie§ between anirﬁals given treatment A
(U74006F) vs treatment - B  (vehicle).
b) There is no difference in the degree of endothelium-dependent
relaxation in the ve#sels' frdm animals given treatmeﬁt A

(U74006F) vs treatment B (vehicle).

N
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CHAPTER TWO: MATERIALS AND METHODS

A: Randomization and Blinding

This  study 'wa's designed as a randomizedr double-blind, '
placebo-controlled trial. " Forty female cynomolgous “monkeys (Macaca
Fascicularis, Charles River I;rima;e Research Corp., Port Washington,
New .York)'weighing between 2.5 and 4.5 k‘g, were assigned‘ by
restric‘ted randomization into 2 groups of 20. The treatment groups were
further subdivided at random with‘: 5 animals from each pla.ced into
subgroups 1, 2 and 3. The animals of subgroup 1 underwent
pathological examination post-mortem while those in suBgroup 2 had
biopsies taken and s:udied with HPLC. Subgroup 3 animals had cerebral
arter.ies removed for investigation of endothelium-dependen; relaxation.
The remaining animals were utilized to supplement the number studied
angiographically.

The suspension vehicle of U74006F was administered for control
purposes. Both WU74006F and the vehicle were cle#r' and colorless. They
were shipped from the Upjohn Company (CNS Diseases Research Unit,
Kalamazoo, Michigan) in identical 100 !mL boftles. .An independent
observer lab_elled each bogtle with a numger (1-40) and the appropriate
subgroup, 1,2,3, assigned to the animal to be ested. Randomization to
study groups was tkherefore blinded to the surgeon, the observer making

'(':""%Qi’o!oagical and pathological measurements, the investigator conducting

pharmacological studies, and the statistician analyzing the data.

22



B: Day 0: Basell:e Evaluation and Cerebral ( Anglography

" The an'imals ~were sedaged with ketamine hydrochloride 6-10 mg/kg
IM and then weiéhed and intubated. All monkeys were ventilated with a
2:1 mixture of N'zO:Oz administered by a variable pl‘mse anima; respirator
(Harvard Apparatus, Inc., Millis, Massachusetts). The ventilatory rate
was adjusted in accordance with a,rterial- blood gas measurement to
maintain a PaCO2 of close.to 40 mmHg.  Animals. were paralyzed *with
gallamine, 2 mg/kg 1V, and fentanyl, | mcg/kg IV, was: administerea for
analgesia, Proca"i:;e pepicillirj, 100,000 [U/kg IM, was - given |
prophylactically.  Body temperaturé was maintained at 37° C by heating
pad and monitored with a rectal thermometer (Tele-thermometer; Yellow
Springs Instrument Co., Yellow Springs, Ohio).‘ The femoral artery on
either side was dissected under magnification and catheterized w‘ith a 5
French radiopaque, sigmoid tip, polyet_hylene catheter. Five ml of blood
was drawn and allowed to ~clot for later use in creation of the
experimental SAH. The catheter was advanced with fluoroscopic
guidance into the communis artery, from which both common carotids
arise in the. cynomolgous monkey. It was connected via a three-.‘way
gfopcock to a pressure transducer for "monitoring of blood pressure and
heart rate (Stratham P23dB pressure traﬁsducer; Strétham Instrunient
Co., Oxnard, California). Blood pressure and heart rate were recorded
continuously on a Beckman Dynograph R61!1 eight channel recorder.
Then a single arterial phase, anteropo;terior cerebral angiogram was
obtained. Iothalamate meglumine (10-12 ml) wa§ injected at 300 psi via a
Cordis Injector (Cordis Corp., Miami, Florida). Expo§_9re factors were ,

kept constant and a radiopaque magnification standard was utilized for

correction to constant magnification.



C: Operative Procedure: Experimental SAH

Upon completion pf‘ baseline, angiography, the anesthetic was
supplemented with sodium pentobarbital, 26 mg/kg IV "and additional
gallamine where necessary. All animals underwent a ri'glg\t frontétemporal
cra‘niotomy. centered at the pterion. To facilitate braiq ‘retraction, “the
ventilatory rate was increased for. the duration of ghe surgical
procedure, lowering the PaCOz to between 25 and 35 mmHg.

With the aid of ,the%operating. microscope. the arachnoidal cisterns

n

‘were opened, exposing the intradural carotid artery, the

a

f

precommunjating anterior cerebral, and the' sphenoidal segment of the

middle 'erebral artery (MCA).\'«‘ After opening Liliequist’s membrane, the

postefior communicating and ipsilateral posterior cerebral arteries were
exposed. Four to § mis of clotfed:.pl'ﬁdd were 'placed in contact with th
exposed cerebral vessels, The dura matér was clos.ed in é water tight
fashion. A piece of Gelfoam (Upjo;fn Co. of Canada, Don Mills, Ont.)
was placed 0\_/~er the dural incjsion. Then the wound was closed in
layers. - A venous cutdown."y‘vas perfonhed in the posterior calf region
and an indwelling catheter' iv:serted. The femoral catheter, wused
throughout the proéedure for arterial access and blood pressure ;
monitoring, was withdrawn, " and the femoral artery'ligated. The Wound
was closed with a} running polyethylene monofilament suture.

Foliowing completion of the procedure, prostign{ine 0.07 mg/kg IV
and atropine 0.0\2 mg/kg IV were given .to reverse paralysis' and the
animals were ventilated with 100% oxygen until breathing spontaneously.

They were extubated with return of the gag reflex and then returned to

the vivarium,

.



J | S
D: Days 1 to 6: Drug Administration and Clinical Observation

All animals began treatment 20 hours after the induction  of

. experimeptal SAH. Twenty monkeys received U74006F intravenously, 1.5

UL, s

mg/k% The’ other 20 animals received the corresponding volume of the
vehicle; Heparin-lock solution was injected into the indwelling venous
‘catyheter following each infusion to maintain patency. This procedure
\v{Es’ carried out every 8 hours for the‘{next 6 days. Throughout this
period the monkeys »s;ere monito;_ed closely for the development of a
delayed ischemj& deficit (DID). ~ An animal wi “considered to have a DIL
if left-sided neurological signs developed more than 48 hours poét-SAH.
A. magnetic resonance study (MRI) or CT scan was obtained in the event
of a' DID. The MRI séans were performed on a Bruker BNT 100 N
imaging system, obtaining E)roton images at 100 ‘Mhz. Conventional CT
images were acquired on a Picker SS03 CT scanner. Animals Were
sedated fo} all scans with sodium\ pentobarbital, titrated individually to (
achieve light anaesthesia. = They were intubated in order to maintai-n

airway patency, which is at risk during the period of neck flexion

required for MRI scanning.

E: Day 7: Repeat Cerebral Angiography and Sacrifice

At Day 7 all animals were reanesthetized and had cerebral
angiography repeated. Ventilation was adjusted in aécordance with
arterial blood gas analysis to maintain a PaCO‘2 of 40 mmHg. Upon
completion of angiography the animals were sacrificed in a manner
dependent upon their subgroup nurﬁber.

Animals in subgroup 1 underwent perfusion-fixation. The chest

was opened via a midline sternotomy and the left ventricle cannulated.
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After cro ing aorta 500 ml of normal saline was

infused’ at a press mmHg, thus' clearing the vessels of blood.

3

Tissues were fixed with a 500 ml solution of 2% glutaraldehyde and 2%
formaldehyde in Millonig's buffer (0.12 M, pH 7.4 at 4°C). The
calvarium was then removed and the brain extracted.  Utilizing the
magnifitation afforded by the operating microscope, the vessels of the
Circle of Willis were dissected free and placed into the
glutaraldehyde-formaldehyde solution. The brain was immersed in
formalin. ‘ .

Following angiography the animals of‘gubgroup 2 underwent a lef’t

parietal crapiotomy. Then the previously performed right craniotomy

was  exte gd posteriorly and the dura opened bilaterally. A biopsy

W .

forcep was immersed in liquid nitrogen for 1-2 minutes and biopsies were
taken of right and left parietal cortex. The forcep was refrozen
between biopsies.  The tissues were immediately submerged in‘ liquid
nitrogen until frozen. The specimens. were then placed in a
microcentrifuge tube containing 300 mcl of O.4M. perchloric acid. The
combination Was hombgenized briefly and refrozen in liquid nitrogen. In
two animals an arachnoid dissection was carried out on the left side
freeing t_he MCA from the carotid Kbifur«?ation to the cortical surface.
The remaining b}ood clot was (hen.evacua'ted'from tﬁe right side and the
M1 segments of both MCA's were -harvested in a manner similar to the
cortical biopsies. .The bleeding that resulted from avulsion of the MCA
was quickly controlled with suction and bipolar cautery.

Different | methods of acquiring. the »arterial specimens were

investigated.  The first technique involved coagulation of the carotid

. . . . : A
artery as far proximal to the bifurcation as possible. The M1 segment of
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the MCA was cut distal to the coagulation site and extracted with the
frozen biopsy forceps. HPLC analysis of the arteries obtained in this
manner rfe\_/ealed‘ an absence dt‘ measurable PCr in all specimens, and
_little ATP in! the majority. This was believed to be due to effects of
coagulation and tl;e length of time required to freeze the $pecimen.

A second method utilized a vascular clip in place of the cautery.
For technical reasons this also required too much time.

The third techniqué involved freezing of the entire brain and basal
vessels by pouring liquid nitrogen over the exposéd dura., A styrofoam
cup was placed within the craniotomy and filléd‘ with the quuid‘ nitrogen.
All monkeys were maintainéd’in a deep level of anestﬁesia ptior to in
vivo freezing. ’ Although this method |s. known to be excellent for
freezing the brain, it prohibited removal of the MCA. unless’ thawing
occurred.  Phosphagens were detectable in only one specimen studied in
this manner.

A fourth method involved using a syringe and catheter system to
locally apply the liquid nitrogen to the exposed MCA. This was
attempted simultaneously on both sides of the brain. The brain begme
extremely swollen and herniated through the craniotomies making
acquisition of the arterial specimens impossible.

The animal§ of s/ubgrodp 3 were sacrificec‘i by exsanguination.
Following" an intravenous dose of pgntobarbital (26 mg/kg), a midline
sternotomy was performed. A ‘cannula was inserted into ‘the left
ventricle and the descending aorta cross-clamped. Intra-arterial
perfusion. was carried out witfg 500 ml of normal saline at 110 mmHg
pressure.  This eliminated intravasculait blood.  The calvarium was

. N » ¥
removed and the brain extracted; ,* The entire circle of Willis was
- .
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'di‘sseet_e‘dA‘lfree, under. m‘agnil’i'catlon.‘-» The rvigh‘t a.n.d‘left MCA"s"vand the = -
o ti)as‘ilar"-."a‘rtery‘ (BASA):A"?.w‘ere"plac'ed m o:‘cygenated'v Kre’b’s bic.arbjonate,:
soluthn Nat, 132 :nM K, 59 mM; Ca’ ,‘25‘ VmM' M\'32+‘, 12 mM;
.VC'I',l2,2.7 mM Hco;-,' 25_>mM;‘ so4z-' 12 mM; H Po? - 12 »mM~; and
dextrose, 1T mM). | Both ».A‘CA‘s were placed into r_the’ s
glutaraldehyde;forrrgldehyde 'splutlbn'.". ) o
F: liata ' Measurements “and .;An‘alysls - ﬁl "
5 A ‘_Rﬁactiioloéy-
PR ‘,‘RadiologiCa'l assessment was ‘?a".\,ied“ out wrth the aid  of ‘a calrbrated
” optieal F micrometer.  The féllowi:g "arteries were measured brlaterally
extradllral internal  carotid’ ‘_(_C3—IE£A),V "intradural mternal carotid
. (C4-ICA); ‘ precdmmunivcatin'g' ' ahterior cerebral - (Al.'-ACA)}‘.’ ‘s_phenoidal
segment of the mrddle cerebral (MCA‘),Aand the dist’al' -azyg'o‘us“ ‘:.fpnterior .
‘cerebral (A2 ACA) ,Each .vessel ‘was measured 47 txmes and - mean val\u’es bf‘
Were'_\)determined. Vasdspasm - was _ defined . a g reductxon in t..he_
v~»angibozg‘raphic ' vessel’ ‘callberi of greater thanlO%of b"a'seline va.lvu"e. " A‘ fj‘\..\
dect:;ei;ase‘ of 11- 30% was g"raded . as. ml-ld,vy 3l-30% ‘mc')d'erate, cand | greater v .'
”than 50% severe . o | |
2. >(‘Paithollog,v.. L
"Pathological 'specimens were prepared as. follows "Braih‘s were kept

Sagrttal secttons were then-

The spec:mens for
.

alcohol series

Trssues were transferred to an mcubator (58 C)



we*re moved through 2 changes of paraffin (Ttssue Prep embeddmg

il

. pélleté;‘fsﬁshbr Scxentxflc) at 565 °C. The blocks were sectxbned at,8v.._u.m :

on a. steel kmfe in. a rotary mtcrotome floated onto albumtmzed slides,

i

-and allowed to dry overmght at 40 C.. The slrdes were stained with

; ',mf
Harrts' hematoxylm and counterstamed with  alcoholic  eosin Y .

The cerebral 'vessels “were - kept‘;in the glu‘taraldehyde-formaldehyde
weolution' for several daysand‘ then d_ivided into,' seg‘ment‘sv for sgann'@g
L and transmission electron m_icros_cooy. (SEM and ‘TEM respectwely) All‘
specirnens were’ washed forv ,45 mi'nutes through '3”changes of Mrllomgs
- buffer . (’bng M) and were re flxed m ‘l% osmnum tetroxnde in Mtllom* '
buffer at 0.07 M. They were then‘washed for 30 mmutes' through -
changes of ‘distilled water and dehydrated throvugh a..graded series ol'
ethyl alcohol | |
SEM samples were transferred ‘in -absolute alcohol to a CO . c‘rltieal
_pomt dryer (Seevac InO\ Plttsburgh Pennsylvama) to be drned They
vwere mou_nted rn,alumlnnm stubs and sputter coated wnth gold (model
"‘SIS(')B;_E'dwardsti CraWAley;1Weét'ASdssex, Engl’and).. They were exammed
in ‘a scanning eélectron microscooe'. at 25. KV v(l’hilr‘ips model 505, .
Gloetlampenfabneken E;ﬁndhoven The Netherla&ls)
TEM sarfiples. . were transferred in* absolute alcohol through 3 changes K
o'f:f propyl'ene :o_kide for 30 ntmutes.l“- They - were fixed .in propylene oxnde:
~ aryldite (CY212) ep“yb resin; " 1:1, for 4 hours  and then‘ enthed_ded Sin
“resin blo’ck.s.", They were allcwedi 10 cure at. room ’,temoerature’ for 24
hou_rs and ‘lﬂ‘._were then"polymerized for }48 hours at 60fC.")" Sections ‘we‘re
‘cut on an'Ault‘rar micriotome "(_"Re'ichert-Jang' Ultracut) ande’ we're mounted on
300‘,‘mesh__ c‘opper’ -grids. Spec‘imens were co_unter.—_stalned- “w'lth -’uranyl.".«
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acetate and lead. citrate. They were examined in a transmission electron

‘microscope at 80 KV (Phillips model -410),

3.. High Per/ormance quurd Chromatography

| HPLC was_utlhzed to- study the hrgh energy phosphates in the
hiops); "sp;eci‘men's. VFolloWing‘ acquisition, the phosphagens were
extra‘cted‘ from - . the frozeo cortical' and . arterial sa'mples Tubes

| cOntaining the bropsres were placed irtto an iée‘ bueket and allowéd to
thaw bMe centrifuge head whrch had previously been cooled in
a fréezer at —20' C, was reattached vtothe oe~htrrfuge. - Thev spe_c,jimens ‘
were spun at '14,000_“x g for '30-60 seoondé, urrtil_'all ‘partipul‘nte' matter
had migrated to theé bottom. - The aqueous, or middle phase, was .'dl'aerl.
up'in a micropipette and plaoed, into separate- l.abeled gubes. The pellet,
in its entirety, was seraped into ‘a Nune tube and placed , into liquid

nitrogen until the protein. analysis. Ten pul of Bromothymal Blue
S ! ‘

. were added to_ each tube ¢ utai‘hing the aqueous phase. * Alanine (3.1 ml)

and Freoh (94 ml We combined and 300 ul of this solution were added

to e_ach tube.  The samples were re-centrifuged for 60 seconds. Thi_s'

resulted in a3 lay'er separatiOn. ‘The aqueous layer =~ was removed and

-; P \

then frozen until the time of analysrs [
" The ,'specim‘ens were examined using a»grac‘lient"elution method  of
‘ion-exchange chromatography.( 'This' technique employe‘d' a ‘variahle uv
‘visible spectrophoto.rrieter '(‘Wa‘t_ers Model 481, ,Waters C'i\iromatography‘
Drvrsron Mrssrssauga Ontario)‘v The HPLC sgt up. program
g

RADSTAR was used :o estabhsh &flat baselme Prior - lo changmg to
the analysrs program GRADPROG, it was mandatory that the baseline was7\—

. flat for ‘_‘a'; minimum of 10 minutes. .~ GRADPROG:- is based upon . a 3-stage

=1
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.gAradient of varying -concentrations of a mobile phdse. The 'mobile phase
was made up of Solution A (1_5"';;M (NH,), PO ) and Solution B "(0.3‘5’
(NH“)‘?‘POV4 witH 0.‘65 M KCl).' | The: ane‘length of the spectroph‘otorﬁéte‘r
was changed from“ 224 nm to 241 nm at l6—18, minutes; shortl)l/ after the
phosphocr'e_atine (Pér) peak. The adenoéi-ne monbphosphate (AMP) peak
appeared regulérly ét 5-6. minutes, PCr at 112-14 mi‘n‘utes. adenosine
diphoSphate (ADP) .at 19-20 minutes, and adenos,ine“triphosphate‘ ét ‘32-33
minutes. ‘ | |
The-que;ntity qf}ju;;rotein in each biopsy wa-s determined with a
lcommercially available VB“io-Rad aésay (Bia-Rad- ~Labor§tory, Mississauga,
Ont'ario).‘ The 'pelletsl ‘were® thawed - and blaced vi‘nto mic‘rocentri_l'ug'e

tubes. ‘They' were' spun- at 14,000 x g for 2 minutes and then the

sufernatant was drawn off and diScarded. Three hundredv pl of 04 M
perchloric acid were -added 'to each tubev containing a pevllet and the"-
co’_m‘bination was mixed‘togethér with- a small pe!;tle..- After ccntrif‘qgaagn
at 14,000 x g fox?\2 niinutes, tﬁe‘ superv‘natvant‘ was discardéd. This step

- was repeated once and then 300 ul of acetone were addéd to the bellet,
mixed as 'before‘, and ce,h‘trifugedi ..-at 14,000 X 3'42‘~mi-nutes.. The
brown colored - aqueous wés»remo‘v’ ‘wyfh a _micropipeite.; The acetone -
washing was repeated until the supeﬁ;;t;,lbht aplpeared colorless; "Th’ev
’p>el|et-. wés ,allowé&l%tq dry in" a low te_mpétature o:'en \_‘for 5 minutes. - Then .
500 4l of IN sodium hydroxide (NaOH) were added to the tube and

| mixed with the Qellet. " The tubes were placed into an incubator until the
protein dissolved.‘ "[;hése with. rémaining ;)articulate matter were hea;ed‘
'invé water béth at 50°C for 30-60 minutes. Prior to analysis - with the
spe.ctrophotox_rfwter,’ a 100 ul aliqﬁot was combined with 5 ml -of' the dy’e

‘reagent.
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. The protein standard consisted .of ‘bOVine serum albumin and was
prepared by ‘adding 20 ml of IN NaOH to the lyophi‘l\i“Zed protein  to
prdviae a 1,4‘4 mg/ml ms‘f‘)lution. " The ‘conc"entra”ted dye reag.e.,nt‘ was
diluted 1:4 with' HPLC water and filtered prior 'td us_ef

P;otein” anélysis was performgd with a ‘ Gilford 250
spectrophotometer. ~ The wavelength was set at 595 nm and ‘;vh'e' slit  width

at 0.1 nm. Five ml ‘of, diluted . dye reagent were added to each standard

.v ‘ tube and ‘the ‘absorbance measured. A standard curve was then.

constructed. The unknowns were treated ,in the same manner and the

absorbance of each was used to extrapolate protein. values from the

standard curve.

4. Endothelium Dependent Relaxation g

The MCA's and BASA’s were cut into 3 equal sized ring
preparations and suspended ,\"‘/iavz stainless )steel wires in an organ bath
ofﬂ 10‘ ml‘-working volume. The’.org‘an bath cont‘ai‘ned_ Kreb; bicarbonate
s‘plution,vg_ésed with 95% '02 and 5% CO,. The resting .tension was

adjusted ‘to L gm and the preparationsr were allowed to equilibrate at

37°C for 90 .minutes. Then the vessels were contracted with
p'rostagland.in F2 o (PGF 200 ;‘ 10~ & or 5 x 107 8 M). Relaxant responses
were ’obtained _for bradykinin (BKN; 10 ' Y % 10”8 M), - acetylcholine

4 8 -4

(ACH; 10°% to 10 M); and " adenosine triphosphate (ATP; 10°° to 10

M).  This permitted assessment  of endothelium-dependerit relaxation.
Papaverine (10'8 to 10 *

) was used to ‘examine ‘the endothelium
independent response. In all preparations care was taken tO0 ensure that

the - endothelium was preserved. The dose . response curves were
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obtained using Grass FT 03 strain 'gauges connected to a Grass Model 7D
polygraph (Grass Instrument Co., Quincy, Mass.)
‘After several days' in the sglutaraldehyde-formaldehyde solution, the
) , .

ACAs  were p_rep:_lred in the manner mentioned previously for SEM.A The

luminal surface of each specimen was examined under high magnification

.to ascertain the presence or absence of the endothelium,

5. Sta;istical Ana[y;is

All data were éoded,"ehtered into a computer, and edited. Data for
changé m ‘angiographic vessel -caliber within. treatment groups between
dgys 0 and 7 were compared'by a paired. t-‘test‘.l Intergroup vkcomp'a»rison's
were  made with a. t-test f%r -unpaired variables, and chi-square analysis
with ‘Yate‘s correction Where appropriate. " An analysis of covariance was
used to adjust for any ,differénces that migﬁt have‘ogcgrred at baseline.
The HPLC . data >were compared in a similar . fashion. An analysis‘ of
variance folldwed by Scﬁeffe's'test "was used for multiple comparisons of

contractile and vasodilatory responses. The level of significance for all
. A L

: - R
tests of comparison was p < 0.05, unless otherwise specified.

~ .
The protocol for this study was evaluated and approved .by the

Animal Ethics ®Review Committee of_th‘e"f University of . Alberta. Care and
surgery of the “animals were 4perfo‘rrr'1edb according ‘to. the standards of the

Canadian Council on Animal Care.
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CHAPTER THREE: RESULTS

A: Bésellng Data

Measurements of body weight, 'mean arterial' blood pressure (MABP),
heart rate and PaCOz, from control and U74006F animals,. did not differ
signif'icantly at baseline eval.uatibn. Thefe was no significant éhange in

any of these indices‘within each group between Day O,arid Day 7 (Tab‘le

B: Clinical Status

One animal died foliowing angiography. T!xe death . was attributed
to an a‘ortic dissection, and' post-mortem examination c;)nfirmed, the
presence of a large retroperitoneal‘ hemvatoma. A cq:rani‘otomy was not
perforﬁ;ed and the animal had not started treatment.  Therefore, itr‘ wa.s
not :entered into. analysis with the remainder of the animals, which were
all in e)_(cellent condition following angiqgraphy and craniotomy.

Two animals developed a DID. Mon,key‘ 17, a vehicle treated animal,

developed a left hemibaresis on D‘ay.4 post-SAH (Figure 1). The arm

~and leg ‘were affected equally. This deficit was accompanied by either a

left “homonymous hemianopia or left hemispatial neglect.  Sensation also

_appeéred to bé decreased on the left side. . Mild left facial weakness was

noted. The DID became more pronounced on Day 5 and then sta'bil'i'zéd
until sacrifice at Day 7. A CT scan perfofmed on Day-  $§ dispfayed a
large 'cere-br:ilr infarction, 2x3 cm, in the distr_ibution ofv the right MCA
(Figure 2).' This was confirmed by pathologic examination. The: second.

DID occurred in a treatment animal on Day 3 post-SAH. ‘This was

'characterizewy a 'mild left hemiparesis, primarily affecting the arm,

34



Body wt. (kg)
. MABP (mmHg)
1 , o

)
PaCO# (mmHg)

HR (min "

Vessel Caliber (mm)

C3-ICA R
L

C4-1CA R
L

Al-ACA R
. L -
MCA R
L

A2-ACA

MABP
C3-ICA
C4-1CA
Al-ACA
- MCA
A2-ACA
R
L

L B

Table |

Measurements of Physlologlc Par'ameters'
and Anglographic Vessel Callber (x ¢+ SD)

mean arterial blood pressure

extradural internal carotid artery
intradural internal carotid artery
precommunicating segment of anterior cerebral artery
middle cerebral artery
distal azygous anterior cerebral artery
right - clot side .
left - non-clot side -

Day 0 Day 7
Pre-SAH Post-SAH
Placebo U74006F Placebo U74006F
n=20 n=29 n=20 n=20
3304 34105 30404 | 33:04
9248 93+ 6 9245 93 £6
133 £ 11 138+ 8 137¢6 13746
37+4 40+ 3 38:4‘ 40+ 4
. &
« \
1.36:0.18 | 1.200.20 0.88+0.32 | 1.05+0.16
128+ 0.14 1.19 £ 0.24 1.22£0.15 | 1.23£0.15
093£0.14 | 0841012 0.61£026 | 0.68+0.16
0.89£0.14 0.84+0.12 0.84+0.12 | 0.85+0.08
055:0.13 | 045+011 | 036+0.15 | 036011
0.55+0.14 0.56 £ 0.11 0.53+0.16 | 0.58 + 0:07
0.66 £ 0.10 0.61 +0.11 0.33£0.10 | 0.44+0.14
065+0.10 | 0.61+£0.12 0.62% 0.09. | 0.60 £ 0.09
064011 | 06420.11 0.57+0.09 | 0.63+0.14
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Monkey 17 displaying left hemiparesis that developed on Day 4 post-SAH.
By Day S the DID became more pronounced. and then stabilized until
sacrifice at ‘Day 7. o



Figure': 2
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CT scan of Monkey 17, placebo animal,
dis®ibution of the right (clot side) middle ce

showing infarction
rebral artery.

Day- 7 angiogram of the same monkey showing severe VSP

right (clot side) vessels. .
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The deficit remained unchanged until sacrifice at Day 7. A MRI study

was performed on Day 4 . a CT scan on. Day 5. Both demonstrated

n

§. em?) cerebral inf¥tction, in the distribution of the right MCA

smalll

(Figure 3). The pathology confirmed the radiological studies.

C: = Extent of Cerebral Vasospasm ~

T;xe mean angiographic veséel caliber measurements, in millimeters,
together with the standard deviations are given in Table 1. Significant
VSP (p <« 0.0‘5) was detected in the following arteries of the WU74006F
animals: right C3-ICA, right C4-ICA, right ACA and right MCA. In
the vehicle treated animais. significant VSP (p < 0.05) was detected in
the right C3-ICA, right C4-ICA, right ACA and right MCA.  No
significant .chz;nges \);'ere noted in the left-sided vessels of either group
as a 'whole, although 2 animals had mild “VSP in the left AI-ACA -and
one, mild VSP was detected in the left MCA. . Both were placebo freatec
| animals, 5

Intergroup analysis of vessel caliber at Day 0, revealed a
significant difference (p < 0.05) in 'the right C3-ICA ~and right MCA of
U74006F animals compared to those treated with vehicle.” In both
instances the U7§006F vessels were smaller. When comparing' U74006F to
vehicle treated animals at Day 7, adjuét'ing for’ Day 0 values, there was
a significant difference (p.< 0.05) in the extent of VVSP in both right
C3-ICA and right MCA. This difference resulted from a greater degree
of VSP in the vehicle animals relative to the U74006F group. The Tright
MCA data is‘ displayed in Table 2, and representative angiograms are

seen in Figures 4 and 5.
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Figure 3

Top: Day O and: Day ‘7 angiograms of Monkey 27, a U74006F treated
animal, showing severe focal spasm of the proximal MCA by Day 7.

Bottom leftt T-2 weighted MRI showing high intensity -signal in right
temporal-parietal area compatible with recent cerebral infarction.

Bottom right: Day 5 CT scan of same animal displaying cerebral
infarction in the right temporal-parietal area.



Table Il

Comparlson of Treatments by Degree of Vasospasm in the
Right Middle Cerebral Artery

Degree of Vasospasm (%)®

Treatment None Miid ‘Moderate Severe
U74006F 6 (30) | 3 (15 7 (35) 4 (20)
n=20

Placebo ® 0 (0) 2 (10) 8 (40) ~ | 10-(50)

nw20

*Change - in vessel caliber
None -

t 10%

Mild = ]1-30% decrease
31-50% decrease
> .50% decrease

Moderate =
Severe -

p = 003

40



Figure 4 .

Day 0 and Day 7 angiograms of placebo animal
severe spasm of the right-sided vessels.

Day 0 and Day 7 angiograms of 8 U74006F animal showing muld
spasm of right-sided vessels.

A&
B:

showing moderate to



Flgure 5 _ S _
A: Day 0 and Day 7 ananograms of ’ placebo ammal showmg modﬁate to ‘ .

severe . spasm of the nght—sided vessels. ) ‘ - o
B: Da,y 0. and. Day: 7 ang:ograms f a ‘UT4006F - ' animal. shovying mild
' spasm of nght-slded vemls N _ : REE :




D l"nthologjy . .
o :b"Pa.thologicalv studies 'vvere carried Qut '. on 5 »monkeys | l’ro'nt 'ench‘ -
trei’atment. group. All anin\als had :remain‘ing ’su‘barachnoid clot .of
~con1parable sl'ze. No evidence of epndural ~subdural or intrdcerebrnl

vhematoma was found Gross'abnormalrtres- were detected only in the -2

E
(P

f J.ammals that developed DlD’s. The hlsﬁﬁlogrcal sectrons drsplaymg these
*. mfarctlons are seen in Flgure 6. Note that the mfarctron in Monkey. l»7'.:";"'
the vehrcle .,anrmal (A), was substantrally larger than that- in the"U7'4006F

. treated animal (B)».» 'Both vstrokes were in. the distrib\ition ?ér‘ the right

»

"MCA.' ‘A 8ross pathologtcal specrmen dlsplaymg the - snze and dnstnbutnon

]
1

of subarachnoxd clot is seen “in Frgure 7.
Electron ‘microscopy (SEM and TEM) was 'used to‘ ertamine the right
an'd left >’C4~ICA's,V A\l-ACA’s and MCA’s. In the_ majority ’of animals, the
i 'left-slded’ \(essels" were no'rmal,‘ Ivlonkev 17 showed _changes: of - mild " vsp
. in the left MCA and ‘,',‘Al-‘ACAi. on both SEM and TEM. Represenfative
S sc,anvnin‘gv electron micrographs frorn' Monkey' 17 ‘are ’distplayied ‘in Figure .8.‘-
: Wrth SEM the vessels from the clot side of both treatment groups

( ) ) .
were noted to be narrowed wrth a tl‘uckened arterral wall, - Longitudinal

"'ndothelxal folds raccompanred this alteration and - the ' extent »of -
v; ble- damage was in  agreement’ vvith the' degree of angiographic s’pasm _

»(-Frgure 9N. g'he ‘vesséls of several U74006F animals™ drsplayed changes of
v . "9?‘ ~ 3' B . ;

mild VSP only, whxle . the ° maJonty of changes m'the vehrcle group ‘were

.Jﬁi’ b

‘of‘ moderate e(tO severe degree (Frgure 10).  The 'SEMz pi'cture »depended

upon . the site Qf‘gartenal section and whether ~ VSP  was - focal or diffuse.
In both ‘group‘s,. the pathological ~ changes appeared - to . be ‘mbre
“pronounced in ‘the "Nv"essel “wall' immediately adjacent - to “the : perivascu‘lar— ‘

clot.>
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Figure . 7

Gross ~ pathological - specimen
subarachnoid clot.

1

displaying = the . size and distribution of
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. Figure 8_

Scanning electron ~ micrographs of vessels from Monkey 17. (bar=0.1 mm)

~A:  Right middle cerebral artery. . Magnification - 310x. : -

‘B: . Close up view of the endothelial = surface - of the . vessel in A.
Magnification 1620x. : ‘

S & Left anterior .cerebral ~artery showml changes of “mild:

. .spasm, Magmfncanon 200x, .

: . ‘Close up - view of the endothehal vsurface of the vessel in C.
‘Magnification ,‘60_0x. . : : ‘



: Figure 9

Scanning electron micrographs of the endothelial surface of clot side and
non-clot side MCA's (bar=0.I mm). ‘ : :

A: - Clot side -MCA. Magnification 2000x.

B:- Non-clot side MCA. Magnification  1050x.



48

)

Figure 10 ’. S e

A:

Scanning»-~ electron micro_graph of the" MCA' from a pl.a?\cebol animal.
Changes are consistent with severe VSP. Magnification  1200x
(bar=0.1 mm). ' ‘ ‘

Scanning ' electron '”micrognph' of .4he MCA from 'a U74006F animal.
Mild VSP is present. Magnificatise 725x (bar=0.1 mm).
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On TEM, the spas;ic arteries demonstrated corrugation of the
internal elastic lamiina and intimal swelling. The degree of change again
X R . S ¥

correlated with the severity of spasm. Both vehicle and U74006F animals

~

showed extensive alterations with severe sbasm (Figure 11), although as

with SEM, c¢hanges in the U74006F group wereAqnerally milder (Figure
. \ S ‘

‘12) than those in vehicle animals. Myonecrosis was noted rarely.

" Significant\end’othelial chqnges _W‘ere' detected in vessels with severe

spasm. Theéé c};;r‘me_s consisted of alteration of endothelial cell shape,

dissolution of intracellular organelles, and in some instances overt'

membrane damage (Figure 13). Breakdown of interendothelial - junctions

was seen occasionally ‘although not a consistent finding (Figure 14).

E: HPLC Data

The GRADPROC equilibration curve is' seen in Figure 15.‘ The
standard curves }'or AMP, A'DP, ATP ahd PCr are displayed in Figures
16 to 19. F’igure 20 shows the standard curve for - protein analysis,

Results  of the " Day 7 cortical biopsies are given in Table 3.
Although dver\all_'changes in4ph_9'sphqgeu‘levels did not reach statistical
signi'ficarice, a red‘uctiqn:-:i?i'..',ﬂtfl; and phosphocreatine ‘(PCr)‘ occurred onA
the ‘clot ‘side in both trea;memt and control groups (Figﬁre 21). "fhe
modified energy charge ‘ratios (ATP/ADP+AMP and PCr/ADP+AMP) also
decreased. Changes in the U74006F animals were less than. 10% while a
reduction of gr'eater. than"; 50% “occurred in the plaqebo group.  Changes
in individqa_l_ a im.als wely'é‘:‘ categorized in the same . manner as the
angiographic results. - lschef{'r?_}ia - was defined as a redﬁcti‘on'in the
‘ATE:J/ADP+AMP ratio _of g;;ater, than 10%. A decrease of 11-30% was said

to' "be mild, 31-50% moderate, and greater than' 50% severe. The degree

FY
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Figure 11

"Transmission electron micrographs of middle cerebral arteries from
pluebo and U74006F treated animals. L denotes vessel lumen. '
Clot ‘side MCA of placebo animal. Magnification 5720x.

Non-clot side MCA of placebo animal. Magnification 4840x.

Clot side MCA of U74006F animal. Magnification 6480x.

Non-clot side MCA of U74006F animal. Magnification 3920x.

i
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Figure 12

Transmission electron ~micrographs  of the clot-side MCA .of a U74006F

treated animal. L denotes vessel lumen and * denotes endothelial layer.

A: High powered view. showing mild endothelial alteration and intimal
swelling. - Magnification 12320x.

B: ,Low powered view of s different section of the same vessel as in A.
Magnification 7260x. :
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Figure 13

Transmission electron micrographs of the middle cerebral artery of a

placebo animal. L denotes vessel lumen. . .

Al High powered view of a single endothelial cell displaying evidence of
membrane disruption. Magnification 94600x.

B Lowered powered view of, the same vessel as in A showing intimal
swelling and- endothelial damage. Magnification 9950x.

g
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Figure 14

Transmission electron ' micrographs of the intimal surface of a middle

cerebral artery from a placebo animal. L denotes vessel lumen.

A and B: Endothelial damage with early disruption of interendothelial
junctions. Magnification A 9530x, B 13400x.

C:  Overt disruption of interendothelial junction. Magnification 98700x.
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»

The adenosine monophosphate standard curve. * denotes standard curve
equation, r. correlation coefficient.
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‘The "adenosine triphosphate standard curve. * denotes
‘equation, r: correlation - coefficient. L
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" Table III

Comparison of Trentme'bts by Phosphngen

Levels in Parietal Cortex
D] '
High Energy U74006F Placebo
Phasphate :
4 gms/gm* No Clot Clot . No Clot Clot
S : ) " p=5 n=5 n=5 n=5
ATPj! 24208 | 1.8:06 | 32207 | 16=-03
_ADP ',!. 26£03 | 1.9:07 23203 24=1.2
AMP. 32:17 | 25:21 | 20t | 24z17
| per L20207 | 16207 27207 | 11:05
TATE ; =
| ADFraNE 0.52,: 0.14 »(.).55 - Of.‘ 0.82 ¢ 0.38£0.2
PCr N .
ADPiAMP 0.5.1 04 0.."9 =053 0.683£0.3 Q.-? £0.2
*All valyes are' expressed as mean * standa‘rd deviation

ATP
ADP
AMP

= “adenosine triphosphate
= adenosine diphosphate
= jadenosine .monophosphate

&3}:{‘ = Pliosphocreatine
e »"; :

"

: e“. .
’ . U74006F n=$ Placebo n=$
High Eaergy . . :
Phosphates® o )

' - NC s C % | NC . C % !
_ATP . 0592041055204 | 7 0.8220.3 05802 | 54
AMP+ADP - | . . :

PCr o .4 05104 0.4’9' =03 4 0.68. £03( 027%0.2 60 ‘
AMP+ADP ‘ . o '

- NC:

ATP: adenosine triphosphate
ADP: adenosine diphospbate -

)y

.

-AMP: adenosme mopophosphate :

P

*All vaIues ‘are expressld as mean # standard devn:mon
; Nonclot or left side .
G Clot or right side

60
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A PLACEBO
s Non-Clot

Clot

ATP

B U74606F

AMP o ) Non-Clot

. cuw

ATP

‘ADP I,

@
Figure 21

A: Representative HPLC tracing of a brain biopsy . from a, placebo
' ‘animal showing a significant decrease in phosphocreatine (PCr) and
.+ adenosine triphosphate (ATP). The adenosine diphosphate” (ADP)

. and adenosine » monophosphate (AMP) ~peaks increased accordingly. .
B:  Tracing from a U74006F treated animal with no significant changes. '
-~ Peaks are not as high as in- A because of the smaller, biopsy siZ&ﬁa

.
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.of ischemia was moderate to _se\"eré in 'i'e_h‘icle'“dnimals- while absent to a
'mild in the 'U74006F group (Table 4).

'The degree of ischemia was correlated with the mean percentage
VSP in the right MCA's ‘of both treatment : groups. It was found that the

‘reductxon in angxographxc vessel caliber was Iess m the U74006F animals,

si
» e

and this aVe accounted -for the relative preservation . of high energy
/phosphates in thns group (Table 5). | |

In both animals. that underwent HPLC anaiysis of their MCA’s, a
reduction in‘ the- ATP/AD}#AMP ratio 6ccu‘rf€d on  the clot side revlative‘ to-
_the non-clot vside. Qne monkey was a control anifnal, the’ .other - received‘"
U74006F. In.'the control ‘animal,“‘the ratio was 50%. less on .the clot side
"compared ,to ‘non-clot‘ and. ‘ihis correspondéd with a reduction m - |
Vangiographic“vessel” é‘aiiber of 34%', The .ratio was decreased by 75?{9 ix}_
“the U74006F_ _r'an‘ir‘r’\al,‘ corresponding “with a 49% redﬁctio‘n‘in ang»iog-raphic
vesée} cfalib'er.wi Phosphocreatine  was 4m'easurable in arteries ;‘rom the

non-clot side Jof ‘both animals but was “undetectable in the . spastic

vessels.

F:  Endothelium Dependent Relaxation
The technique .used ' to ,r'em0ve cerebral vessels, prior to vessel
relaxation studies, did not result in damage to" g\e endothelial surface.

. Scanning . electron; micrographs of spastic and’ noﬁispasti‘c vessels
vobtained in this manner, confirmed the presence of intact endothelium
R 5 » . N

' (Figure 22).‘ The changes visible were in accordance with the degree of

»

VSP (anure 23)’ . ) - - A Treltoo

The ’ésults, of relaxatnon studies from Monkey '.ll a U74006F ammal
~were‘_r)ot included in fmal.-r‘ﬁysns. Anglographncally, the clot s:de

8 o lem,

»
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Tablé‘ lV

Percent»:'Dec'rease in A'IA‘P/tAVMP+A‘DP (Phrletal' Cortex)

k ", . v - . .
L Rx Deglf'f_ Ischemia

'None Mild "~ 'l\lbderate Seviie

' UMO06E | 2 | 3 | . o= 0
n=j5 s :
Placebo 0 o | 3 2
n=5 L

e *Change in ATP/ADP+AMP

*‘:x"(‘ﬁ None = = 10% ;
y Mild = 11430% ' decréase
Moderate = 31 3% decrease
Severe =

> s50% decrease



Table V'

A. Correlation of Vasospasm with Change in ATP/ADP+AMP

o Mean % Vasospasm*® Mean % Decrease in
R x - of R MCA ATP/ADP-AMP**
U74006F 36 7
n=$
Placzho 52 54
na=$

*From animals im subgroup 2 only
**From parietsl cortex biopsies
right middle cerebral artery

R MCA:

ATP
ADP:
AMP:

“adenosine triphosphate
adenosine diphosphate

adenasine monophusphate

Degree of Vasospxrri' Degres of Ischemia*®

R x _
None | Mild! Mod!| Sev | None| Mild | Mod | Sev

U74006F 1 1 1 2 3 0 0

=3

Placebo 0 0 2 ‘3 0 3 2

o= ’

*Change in vessel caliber

®*Change in ATP/ADP+AMP

None

-10%

Mild = 11-30%: decrease
Mod = 31-50% decrease
Sev = > 50% decrease

64
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Figure 22

Scanning electron micrographs. of the Al-ACA frgm a placcho  monkey.
A: Low powered view showing changes consistent with mild-moderate
VSP. Magnification 220x (bar=0.1 mm). ‘

B: High powered view of the luminal ‘surface depicting the innet

endothelial layer. Magnification 880x (bar=0.l mm).
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Figure 23

Scanning electron ' micrographs showing endothehal changes of - vessels in
dnfferem degrees of spasm. (bar=0.] mm) .

- Normal Vessel. Magnification 1620x.

Mild spasm. Maghnification 2100x.

Moderate spasm. Magnification 1840x.

Severe spasm. Magnification 2830x.

';ow>
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vessels of this ‘animdl ‘were in moderate VSP. The technif;xﬁe employed in
removal - of‘ approptiate vessels was identical to that wused in other
animals. No ,dahagé to the vessels occurred at the time of removal.
The“Samplés were processed in the .pharmacology lab in a ~manner
inaistinguishable from other wvessels. The wvessels from this animal were
unfformly unreactive‘to the pharmacologic agents used, The reason for
this is not entirely clelr. If may be that the time taken between
removal and relaxation studies was too long. It is possible that the
Krebs bicarboﬁate solution had aged and wa§ unable to sustain viability.

i
W

‘Dose response curves for BKN, ACH and ATPR ‘in  placebo animals,
ca be seen in Figure 24, There was some difference beiwecn the
.az{ilvaf PGanvto produce - vasoconstriction in clot vs non-clot side
vessels. The forme} were signific_a'nt!y less ' reactive and the higher drose

of PGan was sometimes n‘ecessa-ry to prbduce a response, Relaxations
were expreésed as a percen‘tage. of the PGan-induced contraction.
Subarachnoivd hemorrhage did not impair endothelium dependen't'
relz;xations due to BKN, nor the effects of ACH or ATP. When
comparing the right 'MCA’s o‘f U74006F and vehicle treatcdvan'imals, there
was no significant difference in endothelium dependent relaxation (Figure
25). g - '

The BASA, a vessel considered r'emote from the site of SAH in this
model, reacted less .to' BKN, than the  non-clot side MCA's of both
treatment groups (p- < 0.05). The résponses td ACH and ATP were not
significantly ‘differgnt.

| The constriction generated by ‘PG'FZQ was reversed completely by
high concentrations of papaverine on both the clot and non-clot sides,

although the BASA proved to be marginally less reactive.
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Ay

Graphs showing relaxation values of right (clot side) and left (non-clot
side) MCA's from placebo treated animals, in response to A. Bradykinin
(BKN), B. Adenosine triphosphate (ATP) and C. Acetylcholine (ACI-{)B
Data are expressed as a percentage of the contraction induced by 10 M

prpstaglar_ldin F—z g,PGF" ). Vertical bars indicate standard error of the
mean, ' (n=5 in ach grouS). - : \
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gGraphs showmg relaxanon val S “of clot-sxde MCA': from U74006F (n-4)
- and placebo . treated (n=5) ammals, ‘in response to 'A. Bradykinin XBKN), .
B. Adenosme tnphosphate (ATP) ,gnd C. Acetylcholme (ACH) Data %re .
expressed @8 'a"a p;rcentage of the “contraction " induced Y. 10 .Mv_
prostagland:q\ F za (PGF ) Vertncal hgts - indicated  standagd. eéfror of - ..
'%the ; mean. Nyt T T e

gl e e : L]




i
s ' .
Al
.
"
L
.
s
S
H
"
. .
' .
S
L
.
)
e, . .
&' ‘::_ s
3 i
3 .
1
SR
~
\
74
Y
3 L
. i~
[N
: »

Reiative Tension Clot Side MCA

100)

()O‘W PGFoy =

e

“
"
e
o
Y
-
.

*

w

T oo ST T EVTTH

'

o

.
BB RARLl!

107

T 7T

10

.

-

ATP (M) . o

BRI

10”:.' '

LS
A

2



. N .-('”:‘ “ \;", N f "‘,?4‘
- Figure 25C - TR R L



- P B hv

., - CHAPTER FOUR: 'DISCUSSION

- . © e
i : v

woelaen e ' [, : L B A Ca I O S

The ‘present study demonstrate*. that U74006F »in"hibits the
development of, severe .angrographrc VSP followmg expenmental SAH.
Although significant VSP. was present in both treatment- groups the

. ' -
arterial narrowing was more pronounced m veh'ncle treated animals. The

*

benefrcxal effect on VSP 'was seen only in the clot side C3- ‘ICA and MCA

U74006F possesses no glucocortrcord or mmeralocortxcord receptor
14 "o

blndrng actrvrty and appears free of the srde effects -that . acco‘mpany

. o
sterord usage 8,» Although the - exact mecbanxsm of action ‘is uncertaln; it
l el “-\') . i : ' ," ‘

'resembles that of oc tocopheral U74006F .may ' scavenge superoxide anions

SRR 4.0 , oo o o
and possrbly acts as a membrane locahzed r’ chelatot‘ . Recent -~ work ‘ ;
- #

0 e .

UDJOthlabs has 1mplrcated another ‘,poss\lhle action. - - Using L _ ]""*"‘

~i

‘“C to mé&ure levels of o - tocopheral it 'wa's discovered that treatment

3

wrth U74006F s’eemed,g bolster endogenous vitamin E avarlabrlxty (w Edi

TR AR

Hall‘ personal c;ommumcatro’i‘)t " » ° ‘ o .

The 21- amrnostero'g,:} U74006F (Frgure 26*3 is at least 100 times more -
' b Cw, . e
potent than methylpredmsolone in - lnhlbltldé' of hps@l peroxrh%)‘n. '{0‘*‘ Its \ T

"jeffectxveness ‘on severe VSP corroborates the theory that' frees radrcal? °
‘and lrprd peroxz%atron mfluence ‘e development of VSP followmg\

aneurysrﬁal SAH.. ‘The' SEM ‘results further support thrs hypothesrs.

s

%he accentuation’ of arterial -wall changes . seen 1mmed1ately adjapent to S wy
Jpenvascular clot suggests a- vasotoxrc etnology l P '
A . ’ o g

The. /mechamsm by wh;ch }ree radrcals contnbute to th¢ development

o ( ‘a R ‘,.
of VSP, rEmaxns to ‘e, establrsh_ed o The charn reactron"?redxpttated by
free radrca‘ls ‘may. result “in _endothehal : damage as seen in the ,arte_ries..

entombed by perivascular . clot.  Free °radicals may ~contribuge to the = =

L) ) W N - . " L4
- ~ . St . . b . A

IR 7GR T S LT ST PR SR R
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. Comparjson’ of ‘the Wructuit of - Methylprednisolons with  UT4006F. *
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e ‘several of these su-bstances Qn be measure

“"}ound to. correlate wrth the presence of rVSP

o o . ‘ e

N N ti"@ * N Y ' 76 v [ ]
i . ! -' K :
‘ "nlteratron of vascular tone that accompa"" ‘ ', cell free - systems, el
lr‘ghemoglo‘bm‘ ‘rmparrs« actrvatlon of soluﬁle guan‘ylate cyclase. 128 The
‘ . P
~ increase in cGMP that nOrmally accompames the endothelrum dependent .
,'relaxanon produced by acetylcholme’ and the calcmm rorrophol“ '
" . . /y’, X ' DR " -
' is bolrshed by hemoglobm Ho¢ Other mhlbxtors of -EDRF ‘actMty, , "f e
| ohls l?-" X
'genermg ffuperoxrde amons and thrs is felt. to be the _basis‘ for their
'fbrplogrcal e fect. o ‘ o . et IR

. Aside from 'the vasotoxins liberated with "fed- ‘cell” lysis, 'num'erops

Vds’ooonst?rictors ‘51’ "spasmqgens" ’ave been rmplrcated in, the,

,.'}Dktl'rogenesrs of VSP % Free ric ]s can ‘generate certam hpoxygenase
. o ¢
rmetabolrtes “non- enzyrhatrcdlly (en'zyme-processxng peroxrdatlon) and '

e

oy ) . . ..

, In the CSF of 'patients

l’ollowmg SAH These motabdlrtes produce

3

“_ The_l HPLC results 3 suggested that U74006F@ mav “be da " B
cerebroprOtective agent and ‘other free rady;al -scavengers have"lbeenv a

-

~ "

shown to attenu“ cerebral rschemra and pos(-rschemrc br‘am’u‘nasl‘75
Our, results dld not reach statrstrcal srgmfxcanCe, but defuiit tendeh;c'y

7‘ . ¢

'f 'was evrdent It is concervable that . the" Qrend was a- consequence of

-

reduced VSP in U74006F ammals although agam, dlfferences bet"i‘ e‘n the

two treatment -groups were not statx,strcally srgmflcant Perhabs *arjger
| sample srze \yould have resolved thrs dilemma. . A |
The HPLC techmque employed the' presentv? ‘stu:dy has dbeen ]
develQped ‘Fecently Srmrlar HPLC anﬁisrs has been, applled to _other

’

‘mode‘ls of cerebral ischemra»-_1 ‘Frei et al have demonstrated that

. o
- 5% o

resu*lts of a cortrcal bnopsy are no% mfluenced by a, pxevxous obl@bsy from

,‘iq

.
R o



the contralateral hemlsphere 4 In the maJornty of qases, publnshed

results -are expmssed in ;mmomole' o8 phosphagen per. gram: ol’ wet or

W

~dry weight. We elected to use grams of protein for : the denommutor

becaps®y of its mherentfy greater accuracy. . -
S h . . ’, LT .- ' ! v
S e;- results from the MCA’ biopsies’ were mterestmg but

- . o
incon‘elusive It has been proposed  that pehhw‘m, ‘blood cad

oblrterate th@'. "rete vasoru'm" of the vessel wall 'impa“lrln‘g nutrmon and -
1

oxygenation, 9'206. Several authors have . speculated " that vessel wall

P -O ot ' o ™~

-hy) pOXla may play a role m" the patho enesrs ~of- .“"\’SP 126,183 ; Recent -

AR .
!vestigatjqns"‘; ‘have dlsclosed that endot f,wum dependent con.tractions

. , v “a
2 é{,ﬁwgl jn "l§ed in cerebral autoregulatnon “ , Katusxc and colleagues
R Sy .?;, ¢ e

” have dem‘onstrated that ano,xna contrlbutes to the contra’gan ol‘ canme

$
3

&

J
-basxlar arteries by affectmg both er\dothehum and. smooth éwuﬂ:le
’ R N < %t.- .
- Anoxia may curta)ﬂ the basaj.. productron of . EDRF, and at the :same time
- »

3 X
‘“m n oGS B
‘fo" o

facilitate the release of endotheh* dependent constnctmg factor(s) In . ‘“" -
-2 . : *'\

actrvated smooth scle anoxia is presumed to divert arachldomc -Aacid

from the _ ""llooxygenase wathway to the lipoxygenase pathway, - N\

Lipoxygenadt "roducts enhance thé entry of calcium and contraction

ensues.

- Attempts have been made at determining the energy status - of .
PR . ' v o N ~ . .

‘smootlv muScle‘ in cerebral and penpher‘al ve'ssels"“’78

‘ Refinemént is
9 necessary before Such techmques can yreld reproducnble results _With A
.+ respect to cerebra_l, VSP, " further - studies bare- required- to establlelr"’v@use )
and effect, * . o e T T L
2. ) L o : ’ o R ) : . ' - -
4 M has  been ' suggested that free radicals and lipid  peroxidation R
“" . 2 ) . o - . ,_ | e ) X

" may. ._,'impair-_:,,endotheligl l_:u,nctio.n ~following SAH. TSe'veral _pa?ers have

‘»



1 .

- 78

83,111 -

,reported the existence of spontanedusly released EDRF. With

endothelial removal or - damage, ";there is_eﬁhanced agonist-i‘nduced
. va‘soconstnetxon. ~A_b.olition' of spdntan'eousily‘ ‘released EDRF hss been
.‘im'p'liceted as the mech’a.nism‘ resbdnsible. 127 .4 Fqllowing SAH, 4the
presence o‘f hemoglobir{ a s,electiv'e~‘ inhibitor of EDRF, wand endothelial

4damage should render the: smooth muscle more susceptible to . circulating

§ . and penvascular spasmogens

Results. of the'- pharmacologicalv studies reported ﬁere""‘"were ‘unable to

\ESQppoit, a}wthaf 'VSP ‘arises from - 1mpa1ranF ‘of endothelium-
‘ ‘ 1 t! N

oor’ ﬂndeed 1mpa1rmeht “of - the actmn of
thle the data with .BKN showe(ﬁ

“there  was 'no evidence: of- 1mpa1red relaxation to

ey s .
G RS

thi! a,gem“)'_.\n*spastic vessels. 'Responses of both 'sbasti’c" and non-spasltic

‘x

and ATP, which’ may have a minimal endoth@
to papavenhe which is certainly a dxrect actmg smooth

. wege.. hke\wse similar _in ‘all vessels examuied It ‘is-}

'

. ':,

e ‘"“r%ations examined 'wer,el _those mduced by
f e : . IS

; thxs ‘wag in addmon to comstnctxon

. results @3!’;‘ pﬁat changes ‘in spagfic arter) N.dF. relaxatnon»,to the

pharmacologicgl agep‘ts “ested. - o T T
o .

Our fmdmgs "are “not in  keeping  with other” studxes It %s

; L} . o o
co'n’eeivable that'the.‘ discrepancy. relates to the dxffefent *models 'use'd'.'hi

Species: variability- in ~cerebral vasoreactivity is- well known. Also, the

" We

majority of “oxh_er‘» reports deal wit_h ’the'-;‘,,etffect ‘off SAH Qn;tge BASA.

®

4
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( | |

were able to demonstraté that the BASA reacted to BKN differently than
- the  non-glot side MCA, and both are equally remote. from t‘he,wsite of
SAH, Kétusic and co-workers hzﬁ)q’"‘ shown that endothelium dependent
‘contractions can be produced in canine basilar arteries  using
acetylcholine and the calcium jonophore A2318'2 These contractions are

apparently due to cyclooxygenase products. ° | The pathologic importance

of the -hgterogenous ,endothelium dependent behavior remains to be

vtablish&i.. ST .
L b ' 3 : ¢

.Desp\ite the -Qifferencq‘i'n angiographic VSP betwpgn ’treatment

s, there was np disparity “ endothelium-depéndent relaxatign.
. ! -

"of the responses may, refle

“a variety of _sources’ of
error, not ?he least of which is‘ the - variation in severity ’o‘f"f spasm
‘enc‘ountered in the clinical situation. A larger sﬁmble size .mly have
helped - to clar'ify\ .the' ambiguous results.  Further study is required to

resglve  this perplexing_' issue. Endothelium~independent ‘relaxation, ay

4

induced by papaverine, was ‘also not affected by SAH This result has

. [l E
" been reported prevnously \ ) ,

AThe prinjl§te model "of  chronic - cerebral VSP developed. at the .

!‘\
produces a gxographxc VSP in over. 90% of animals a$e w\e course i‘

identical ‘to that seen 'ncally Sham operated “animals . .are no longer -

N
e

University of Alberta closely approxnmates the human situ

ion. .

included in current protocols S i;‘ has  been demonstrated‘ that’

4 . . :
cramotomy and  arachnoid ‘ dlssect;o{. alone does not give rise :to
vSP, 73,124,180 e~

Apptoxnmately 5% of clot- ammals develop a DID, despne

- h'

the extenswe collateral csrqulauon seen in the cynomolgous macaque.
0ver xhe last' _2 10 3  decades, technolog:cal advancemems have

resulted in improved care andf'a better prognos;s for mon, neurosurgical
3 I . ) T a : N . .

-» 1
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patients. Despite tl:lis. and our better comprehension of CNS
oy
 pathophysiology, a large number  of paYigggs, continue to be devastated

by SAH. ‘ s

o

o
Vasospasm remains the principle antecgdgntﬂ of death and d§pability

followirlg apeurysmal SAH. Its prevent:on ﬁ manual or pharmacolog:c
‘clot  removal, sg?m.s ,“to‘ offer the best hope for the near future.
vHowev”er, not éll patients are_' candidates for either th'romb‘olysis or
'sﬁrgical_clot evacuation. In this subgroup cyAtoprote.ctive agents, like
U74006F or calcium antagonists, may play a vital role in prevention of

delayed ischemic deficits.” The " combination of ~a thrombolytic agent _'with ‘

]

cerebroprotection may prove optimal. o N
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CHAPTER §: RECOMMENDATIONS i
- ! ‘ ‘ ..

Further study is required- to define the role of - U74006F in ~ =’  ®.

prophylaxis  of _chronic cerebral VSP and prevention of cerebral

infarction,

Utilizing the prirﬁate model, c{ifferent dosages shou_ld“ be inv‘estigated
to explore the maximum potential of U74006F and péssible‘ side effects;
Angiograéhy and HPLC analysis should be undertaken in each c’n\s,e.
Magnetic resonance spectroscopy of high energy phosphates is a
reas‘onavble non-invasive alternative to HPLC and may be less technically )
~demanding.. It is also available in numerous centers and therefore lends
itself ‘to” comparisons beiﬁ{één laboratdry data andv the clinical situation,

It.is,s conceivable that‘ a lower dosage is as éffective' against severe VSP

as the dosage used in ;“the. préseht study. ‘High‘e’r and lower dosages

should be tried. The Upjohn" Company has recently developed a HPLG .~‘)~;
technique for measuring drug“mcoﬁcentrations in brain, which woAul.d

permit further correlation ofiquisaég with gfficnci'. Samples should . be "“"7. -
taken for analysis. |

v . -

The cerebral ischemia ‘results are inconclusive. It* would be

L

‘appropriate to examine a larger sample size in order to verify the trend

demoils{rated by the present study. Efforts should also be directed at

L

- ‘obtaining wvessel sarﬁples for HPLC analysis; A

-

The department of pharmacology has developed: a, HPLC °te_chn}que ’

- for measurifg lipid peroxides in This technique could be ‘applied

to the primate . "It would aMgment our understanding of the

SR

"pathophysiology of ’VSP, sand  assist in'
'U7‘4006'F, dosage. ,

s - R
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L .
o ‘ The Tresults of the EDRF study were disappointing. [ believe the .
w * theory to be well founded and recent work from other laboratories
x. ,,“1’" . d . : ' N . '?.,:;:
. supports it. A larger sample size -may. have permitted acquisition of %
‘< condjusive - results, If possible further. study should be undertaken. . . . \4
W I ’ . _“"" K
ltf -further laboratory investigations substantiate the results of the '
present study,. clinical trials should be forthcoming. )
>
. - *
- »
#
. 0 ’
B,
LR 1 @
a -
4
) P : o,
* 4‘\
R S . . d;u )
»4.: R b. ". - - w
.
' [ ‘ .
) /.V—\\\ k e ’
N hd .
Lo .
I i - -
l \ N » '
» » ~ v
: . ’ . o
¢ ‘.
\
» \ -
- ) LTS -,‘,., ) P
¥,




-Abe K, Y‘qk}y S, ’(ogjurg“"‘l’v(: - Strong attenuation (}f‘ jkdhemic and

"‘BIBLIOGRAPHY -+

0
b

.

- i S 9. Co
postischemic  brain edenga‘ dniraty - by a’. noval free, - radical
scavenger. ..Stroke .19:480:485, 19; :

"
. ’ . o

Alksne JF, Smith RW: Expeﬂ{n‘mal: models of spasm.  Clin

Neuro';karg 24:216}-"527, 1977,

®
Alksne JF, Branson PF,‘.Bailey N:  MBdification of experimental
post subarachnoid vasculopathy with- intracisternal plasmin.

Neurosurgery 19:20-25,/54))8'6.

Allen GS, " Ahn HS,‘ reziosi TJ, et al: Cerebral arterial spasm - a

-

confﬁélled trial of nimodipine in patients with sub:i}achnoid
hemorrhage. NEJM 308:619-624, 1983
Asano T, Tanishima T, Sasaki T; Sano K: Possible participation

of free radical reactions’ initiated - by clot lysis in the pathogenesis

"~ of vasospasm after subarachnoid hemorrhage, in Wilkins RH (ed):

Cerebral Arterial Spasm. Baltimore:  Williams and Wilkins, 1980, -

pp 190-201.

W

Asano T, Sasai(i T, Koide T, Takakura K, Sano K: Experimental
evaluation ofv'the bene‘ficial “of an anEioxidant on cerebral
vasospasm. Neurol Res 6:49-53, 1984, -i_‘ - o Co. 4
Asano T, -Sasaki T, Koide T, Takakura K, Sano. K: Role of the
arachidonate cascade in the ‘pathogenic mechanism of cerebrgl
vasospasm following subarachnoid i\emorrhage.\ Adv Prostaglandin
Thromboxane Leukqtﬁene f(és 15:503-505, 1984, -

83



™

15

S”“

0.

12,

.

13.

14.

16.

Astrup J' Energy-tequmng cell funct’xonsun the

v

84

. “ . u’ ' :

lschenuc bram

‘thelr cmxca' -supply and p0ssnble mhlbmon in plotecuve therapy

Z"Headmg for" \the control of complications after aneurysmal

Barron .JT \Glonek T Messer UV P nuclear m"lgneuc
.'_analysls ol‘ extracts of vascular smocoth muscle ‘AU‘IETOSCICTOSIS
| 59:57- 62, 1986 - o R ‘ \
.Beck DW, ,Adams " HP,  Flamm . ES, Godersky ic, »L;o.l‘tus. oM

L=

tiw .,\J

S Neurosurg 56:482- 4{93 19‘82 e e T
:Auer Ito Z, Susukn A Ohta H ‘_Preven,tlon: of symptomnnc
‘-f_.vasospasm by topncally applned mmodnpme _-ict:lnf Neurochlr
63\297 -302, - 1982, «; S BN
Auet LM AbPr,ev'en‘tive-l n‘ini'oldi'pi»ﬁ,e' and .acu:te' aneurysm urgery.

N -

subarachnond hemorrhage Neurochxr 28 87- 92, 1985,

resonance

Combmatxon of ammocapronc \a\cxd and mcardnpme in treatmen‘t of

aneurysmal subarachno:d he,morrhage Stroke 19:63
Bell, .BA,.” Kendall BE,, Squn L: rCo‘mputed
' aneurysmal subarachno:d / hemorrhage: . J Neurol

1 }sychxatry 43; 522 524, 1980

\ L
-67, 19%8.

'tomo.g‘rnph,y in -

Neuros.rg v and -

.Bevan JA: joMechamsms ol‘ cont}action and relaxat_ion of

sSmooth muscle.~ Cerebral Vasospasm -x1987

__Bc'lton TB: Mechamsm ~of action "of trans'mlt

_substances on . smooth mus{le.' Pliyslbl Rev 59606 718' 1

§

: ,Brandt L Anderson KE Edvmsson L LJunggren B

ﬂtracellular calcnum and calcnum antagonnsts on

vasbular "

(in‘»pleSS).‘v .

ters and bther
979.
Efl'écts of

the contracnle T

responses of 1solated human pnal and mesentenc artenes +J Cereb

Blood Flow Metab 1339 347 l98l

4



. fnron-dependent hprd perox'rdatlon

18.

21,

1987.

Mc.Call JM _ Novel

v

'Sethy VH, Lahtl RA

glucocomcord actwlty stlmulates adenocortrootropm secretlon and

Zl -ammosterords

blggks: arachldomc acnd

~—

,'. . ' ’ ¢

Braughler JM Pregenzer JF Chase RL, Duncan L/A ‘Jacobsen EJ

potent / mhrbxtors ‘of'

J Blol Chenl 26210438 10440

/
i

‘e /

,‘Braughler ™, Chase RL.. Neff 'GL, Yonker# P, Day JS Hall E.p‘

A new 121- ammostéprord antloxldant lackmg

‘\

%

release from /mouse prturtary tumor -

(AtT 20) cells J Pharma&l Exp Then 2444}3 427 1988\

processes Surgery 94407 ;lll l983,;

9443 445 1978

trans- sphenondal hypophysectomy Case report .Neurosurgery

3 Bulkley GB The- role of oxygen f/reef“"

!
\

icals m»._hUman :dlse'ase ‘

-
BN 4

’Butterf:eld D, McGraw CP lfrees radlcal riath‘olbgy.' A/St\rok‘e- -

;o
/ -
/ v

Camp PE Paxton HD Buch/an GC Gahbauer H:" Vasosp)asm after. \.

0

7:382:386, 198(;

/
-

/

- ...r_sc

£ S : A

Casale  AS, Bulkley GB/ Bulkley BH, Flaherty JT, Gott VL,

\

br‘Gordon TJ' Oxygen f/ee radrcal scavengers protect the arrested

/

1983, ; VA

S

.globally xschemrc heart/ upon reperfusron S'urg Forum 34:313-316, °

N > -

) o ' \ . : ) S ’
- Casteels R: Ca}cium ions and excitation / contraction . coupling in -

[

o . . g S ..‘\
vascular smooth s muscle cells,

/

s VS . I L -
in’ Godframcz T, Herman - AG, Willens:

‘, D (eds) Cakrum Enlry Bloclters in C7rdrovascular %nd Cerebral

Al

Dvs/uncnon / Boston; Martmes Nuhoff 1984, pp 45 52.

”,A.(-i

Chan PH /Yurko M Frshman RA PhOSphOllpld degradanon and

'Neurb;hem 38 525 531,

1982_.

: cellular /,edema mduced by l‘ree radlcals in bram comcal slices., 'J‘



25.

' 2,6'.

27.

“o29. .

30.

31

32,

1977,

Cherry PD Furchgott RF‘ Zawadzkl JV Jothmnadan D:

Proc Natl
Chyatte D, Rusch N, (Sundt "T:

‘cerebral  vasospasm

methyiprednisolone.  J

Chyatte D, Focle NC,

-'Effects

ischemia in patients of

of. lugh . dose'
4

Acad Scn .USA 79”106 2110, 198"

]

4

ljeurosurg 59925 932 1983

Nrchols DA,: Sundt TM Prellm’mary report§s~;

" with 1buprofen and hrgh dose ‘

Role of

.endothelral cells in rqlaxatron ol‘ lsolated nrtenes by bradykmm

¥

w: .

~
B

methylpredmsolone ‘on delayed cerebral

high rxsl‘c,l‘or vasospasm after aneurysmal

subarachnoid  hemorrhage. 21’:157-’160; l987.

' Compton MR

rupture of uCerebral

*

®

The. pathogenesrs of cerebral infarction l‘ollowmg tl'\eu

berry Aaneurysms ' Bram-87'49l 510, 1964.

Demopuolos HB, Flamm E Sehgman M Pletromgro DD: Oxygen

free radicals

‘ Autor

Mus.c'le L

T, Ruegg JC (eds):

New York:

pp- 325-334,

/

in central nerv0|15 system lschemra and trauma

Academic

AP (éd):“ Pathology of Oxygen, ‘ Neyv: York:

Press, 1982, pp, 127- 155. B | e
) l)rake CG:  Management o_fv'chr_ebral aneurysm. Strol<e '12:2‘;3-*28‘3; l
BT , |

:Drake)‘ CG: Formal discussion ‘on "Symon L: Vaspspésm . in
aneurysm in ‘ Moosy ._ ‘J, Jane;vay' R 1(edsv): Cerehrovéscular'
Diseases' Seventh Conference l\lew York‘:l Grune® and: Strattl)rr,
pp 241 244 | / 4 '\ |
Ebashi S, Mrkawa T Hirata _M, Toyo-oka T, Nonomura - Y:

Regulatory proterns of smooth muscle, ~ m Casteels R, Godframd

Exc:tauon - Contraction Couplmg in Smo'o’l'?i~ :

Elsevier/North-Holland  Biomedical

b

Press,

Prevennon of . chromc expenmentnl ’

»

L

N\



13,

34,

35,

36,

37.

< 38,

39.

40.

“monkeys. J Neurosurg 57:224-232, <1982,

1986.

Calclum in ' muscle, . An\ﬁ NY Acad _Sdr '30’2:45‘1’-611',"'19'7“8. ' ’

Exsentrout c, Tomsickj 'TA;"';JTew JM“ Computed tomography
t

o fmdmgs as a prognostic factor in subarachnond hemorrhage for

e

.ruptured cereb'ral aneurysms.” Stroke 11:124, 1980 (Abstract).

v

Eldevik "OP, 'Kristianserr K, Torvik A: . Subarachnoid hemorrhage

and cerebrovascular spasm. Mdroﬁalogicel study /f intracranial

arteries based onf animal experiments and .humdn autopsies,” J
. . . v, ¥ .

Neurosurg 55:869-876, 1981,

c

Espinosa F, Weir B, Boisvert D, Overton T, Castor W: Chronic .

cerebral - vasospasm after large subarachnoid _“hemorrhage in -

-

EspinosakF Weir B Overton ‘T, Castor W Grace "M, Bo:svert

A randomrzed placebo controlled double blmd trial of Nxmodrpme

after SAH in monkeys Part .1:  Clinical and radiologic_al finaings‘..
1 Npurosurg 60:1167-1175, 1984, ‘

| Espmosa F, Werr B Overtoh T, Castor W, Grace M, Borsvert

A randomxzed placebozcontrolled double-blind trial oi‘ Nrmodrpme

after SAH in mor;keys, Part 2:- Pat}}ological findings. J

'Neurosurg 601176 1185 1984,

Espnnosa F, Werr B, Shnitka ‘,T:_ Electron mxcroscopy of - s‘imian

cerebral artenes after- subarachnond hemorrhage and after the

.injection of horseradrsh pero;rdase. Neurosurgery l9:935-945,

<

Fein JMY Flor Wi, Cohan SL, et al. 'Sequential‘ changes of.

vascular Rultrastructure ‘in experimental cerebral ‘vasospasm,

-

'Ebashr S, Mnkawa T,,Huata M, Ronomuray ~ The regulatory role of

ok

D:

87

*



41,

4.

- 43,

4.

45,

46,

47,

. KN '\ ' .
’ | 88
\ " _
! ‘ I1 '.
A A ) . B . - e .o N ©
Myonecrosis of subarachnoid arteries. *J Neurbsurg,r;l;qgesg‘
e "' - | - ¥ . Ve " : T : e '
LAsTa s T T e L

2 F

'Ferrarr 'R, Cecomr C Curello S Cargrom A Medici D:, Oxygen

free radrcals and reperfusron rnJury the effect of - rschemra and

) reperfusron on the cellular abrlrty to- neutralrze oxygen toxicity. J
N .

Mol Cell Cardiol 18 (Suppl 4). 67-69, 1986 - o -
‘ ’ ! . // . N
Feurenstein Q. ' Cardiac and ‘vascular effects of leukotrienes. Adyv
0

Prostaglandm Thromboxane Leukotrnene Res 16299 308 1986

.Fmglay JM, Weir B, Stemke D, Tanabe T, 'Gordon P, Grace M:
> . ' : . )

'

‘The,, ef_fec'vtk of intratheeal ‘thrombolytic fherapy with tissue-type'

plasminogen activator on subarachnoid clot and chromc cerebral

vasospasm in a primate model of subarachnord hemorrhage |

' Neurosurg (m press)

F.isher CM, Kistler JP, Davis JM:  Relation of cerebral vasospasm

" to subarachnord hemorrhage vrsualrzed by computerrzed tomographic

scanmng Neurosurgery 6:1-9," 1980,

vFlamm ES, Demopoulos HB, Seligman ML, Poser RG, Ransohoff I

Free radicals in cerebral jschemia. Stroke 94:445-447, 1978.
\FlamAm ES, Adanrs HP, Beck- DV, Pinte RS, Marler JR, ' Walter MD,
Godersky JC, Loftus ‘CM, VBill'er J,- Boarini i DJ,'O'D‘ell C,' B‘arlxwart
K, Kongable G: . Dose-escalation study of int{avehous nicardibine
in patienfe with eneurysmal subarachnoid  hemorrhage. J

Neurosurg 68:393-400, 1988, -

Frei HJ,i Wallenfang Th, Poll W, 'Reulen .HJ, Schubert. R, Brock M:

‘Regionel cerebral blood flow and regional metabolism .in . cold

induced oedema. Acta Neurochir 29:15-28, 1973. o . A



48

49.

50.

. 51

- 52,

53

34. .

.35

89

Fridovich I Superoxide radical', an. endogenous toxicant.  Ann

i
‘ Rev Toxicol 23: 239 257*1983.

‘e

Fujita K, SMingu T, Gi H Arakx O Mutsunagg') M, Handa H:

e Mechamsm of cerebral vasospasm mdqced by oxyhemoglobm in’
Brock M (ed): Modern Neurosurgery Berlin: Sprmger—}"erlag,
1982 pp 359-374, ‘ | ‘ T
Fujiwara §, Kuriydma H: ~’ Nicarcﬁpine actions on smooth muscle

. cells and neurbfnuscular _tranéﬁissﬁoh in the guinea-pig basilar
artery. J 'P-ha’rmacm’ Efp' Ther 225:447-455, 1'98‘3’;,.'.

'Fuji\&rara S, Kassell NF, Sasa’k‘i, ‘T, Nakagomi T, Lehm.an RM
Selecfiv.e hemogla\t‘\};&' ini;(rbition of endothelium—del;endent
'.vasodilatiqn of rabbit basilar artery. J Neurosurg 64 ’445-“’452,

1986, SRR - |

-~ Furchgott RF, Zawadzk,i', JV: The obligatory role of endothelial

‘ce'lls in relaxation of arterial smooth  muscle by acetylcholine.

~Nature  288:373-376, 1980,
Furchgott RF: Role’ of endothelium in responses of vascular
smooth muscle. Circ Res 53;:55.7-573, 1983.

: ) ? . _
Furchgott RF, Jothianandan ‘D, . Cherry PD:

Endoth'elium-dependent ~responses:  the last thrée - years, in

¢

l N .
Vanhoutte»~ PM Vatner SF (eds): Vasodilator Mecharzisms. Basel:

A Con

Karger 1984 pp 1-15.

Furchgott RF, Martin W, Cherry PD:. +Blockage  of

éndomeljum-dependent vasodilation by hemoglobin:  a  possible

factor -~ in  vasospasm associated  with hembrrhage. Adyv .

“Prostaglandin Thromboxane I;eukotriene Res 15:499-502, 1985.

!

/

i

T



J6.

- 57.

«59.

- 60.

. 6.

62.

63.

64.

58.

P . ' ' \
U ; ' : sy

Furchggtt RF: . in_ Vanhoutte PM _.(edk  Mechanisms of "

\ . : ‘ : ™
Vasodilatation Vol IV, New York: Raven (in press)e

Ganz P, ‘Alexander RW: New instghts into the §ellulnr | mechunisms'

of vasospasm. . Am J Cardiol. 56:11E-f§E," 1985. ° .
. I} .

*

- v . ‘ 4 )
Gardner TJ, Stewart JR, Casale AS, Downey JM, Chambers DE: .

.

Reductioi of myocardial ischemic injury * with oxygen-derived ‘free’ -

radical scavengers.  Surgery 94:423-432, 1983. . g

. Germano 1, %rtkowski HM, Cassel ME, Pitts LH: The therapeutic

“value of nimodipine in experimental fotal ischemia, Neurological *

1]

. [ )
outcome and histopathological t‘indin_gs.- J Neurosurg- 67: 81-87,

1987, - o N
Geyen W: Calci\i‘m and R the contractile mechanism in heart and-
- e

smooth muscle,. in Opiec LH (ed): 1Ca'1cium Antagonists  and

Cardiovajcular Disease . New York: Raven Press, 1984; Vol 9, pp

67-74. )
N ’ L ) -

Graham DI, MécPherson P, Pitts. LH: Correlation between

'angiogra_phic vasospasm, hematoma, and ischemic "brain . damage

v

following SAH. J Neurosurg 59:223-230, 1983.

’ ' - .
Granger DN, Rutili G, McCord' J:  Superoxide radi"cz.zls in feline
intestinal ischemia. Gastroent\erologvy 81:22-29, 1981. .

Griffith TM, Edwards DH, Lewis MJ, et al The nature of

\Wm-derived vascular relaxant factor. Naturé' 308:645-647,

~ ~

1984. AR
Grbgaard ‘B, Parks DA, Granger DN," McCord JM, Forsberg JO:
Effect of ischemia and oxygen radicals .on mucosal  albumin

clearance in intestine. Am J Physiol 242 944B-454, 1982.

-

’



. - - R ) . .

.« ' ‘ ot \ ‘ . l, ' . h ¢ 9 l
| \\N ' . .

. -~

- »

“:A

J 5 65 GrogMC, Spydell " J, Peptigrew C, et a The effeat ‘of

| nicardipine on. ne_u.ro‘nal f‘unct‘ion followiny, ischemia. . St’rok'e
17:213-219, 1986 L »

66. Grubb RL. Jr, Raichle .ME, Eichling JO, Gado MH: Effects of °

.v_’:ﬁ’?a’*‘subarachnoé%hemorrhage on cerebral blood flbw; and oxygen

Mgpir g
. _utilization it**humans. J Neurosurg 44:446-452, 1977,

. 67. Gurusinghe NT, @Richardson AE: ‘The value
Qtomogr;;p’hy in aneur);srr:;‘l subaracf\hofd ;hemorrhage: a Wre \c;.f"
the CT score. J Neurosurg 60:763-770, 1984 \ o
68. .Hall .ED‘: Effects of 21-Aminosteroid U74006F on posttraumatic
spinal cord ischemia in cats. J Neurosurg 68:462-465, 1988
'69.  Hall ED? Berry, \KP, nBraug‘hle\r' JM:  The 2]-aminosteroidb‘ U74006F,
av potent inhibitor of '_,lipid _peroxidation, protects against

.....

(in press).

70;‘\ Hall ED, "Yonkers PA, McCall JM, Braughler JM: ‘ Ef‘fv‘ects‘iof the
21-aminosteroid U74006F 'on experimental head injury in mice. ‘J
" Neurosurg 68:456-46'1, -1988. .

71, Halliwell B, Gufteridge JMC: Oxygen radicgls, and the nervous
systen}.v Trenc?s Nerv Sys 8:22-.26, 1985.

;72.\ Handa J, Matsuda . M, .Nakasu Y, et al Early opération of

. ‘aneufySmali’ sﬂubarééhnoid hembrrhage .- use of nicardipine, a
cvalcium cha.mnel blocker. Nippon (Geka Hokan 53:619-630, 1984. '

73. ‘ Handa Y, Weir BKA, Nosko M, Mosewich R, Tsuji T, - ' Grace M:

®

The effect of timing of clot removal en chronic vasospasm in a

N
P2

' primate ‘model. J Neurosurg 67:558-564. 1987,



\ , ' | . 9N
RS ARV
Harper7 "AM.  Craigen L, Kazda S: Effect of the cnlc:um antagonist
Nxmodnpme on " cerebral blood flow nnd metabolism in the primate.
Js‘Cereb Blood Flow Metab 1:349-356,. 1981, , L
Harns RJ, Lindquist C, Kamnyaﬂ K, Kuyamn 'H. Branston - NM,

Symon L: The role of leucotrienes in the formation of cerebral (

edema. J Cereb Blood Flow Metab 3:5285-5286, 1983,

Hartshon;ne QJ:  The contractile apparatus of smooth muscle and

its regulation by calci;xm,. in Cross MF, Bamés CD -’(eds)f -
Vascular Smooth Mu&cle: ‘Melab.olic. lonic, and. Cm;tractile

Mechanisms . New York:  Academic' Press, kl982, pp 135-161.
,'ﬂawkl’ JR, Ausman JI, Erickson, DL, Maxwell RE: Yasospasm
following transcranial removal of large pituitary adenomas. Report

s

of three cases. NJ Neurosurg 50:229-232 1979,

Hellstrand P, Vogel HJ: Phosphagens and mtracewbv: pH in

1
intact rabbit smooth muscle studied by P-NMR. Am J Physiol

248:C320-C329, 1985. J

o

Heros RC,: Zerﬂs NT, Varsos V: 4 Cerebral'» vasospasm. Surg
Neurol 5:354-362, 1976, |

"lHeros RC, Zervas NT, Yarsos V: Cerebral vasospasm a;'ter .
subarachnoid hemorrhage: _an update. Ann Nelirol 14:599-608,

1983,

Hoover RL, Robinson JM,  Karnovsky MU Adhesion  of
.polymorphonuclear leukocytes . to endo"‘ihe_lium _enhances " the efficacy
. of detoxification of dxy"gen-free radicals.  Am J Path 126:258-268,

1987.



82.

83.

84,

85.

" 86.

87.

88.

\\ . ) ‘ v ) 93
N T b
lmanzumn \S Kayama }' Suzuki J:  Chemiluminescence in h’xnc

brain - th\e fnrst report correlanon between energy metabohsm !

" and free radical reaction, -~ Stroke 15:1061-1065. 1984,

Ishige ' N, Pitts LH, Pogliani L, Hashimoto T, Nishimura MC,
Bartkowski ,HM.\‘\_James TL: Effects of hypoxia on traumatic brain '
injury in rats: Pert 2, changes in high energ& phosphate
metabolism, Neurosx}xgery 20:854-858, 1987,

Johnson R Potter JF.\ Reid RG: Arterial spasm and suparachnoid

" hemorrhage: mechamcal cons:deratlons. J Neurol Neurosurg

Psychiatry 21: 68, 1958.

Kajikawa H, Ohta T, Yoshikawa Y, et al: Cerebral vasospasm’ and

hemoglobins - 'clinical and experimental studies. Neurol Med Chir

v

19:61-71, 1979.

'Kamiyarha K, Okada H,»Suzuki J: The relation between cerebral

.

vasospasms and superoxide - application of an experimental model
of vasospasms induced by oxyhemoglobin in cats. Neurol Med Chir
21:201-209, 1981. |
Kanamaru K, Waga §, Kojima T, .«.l'_—'ujimoto~ K, Itoh H:
Endothelium-dependent relaxation of canine basilar‘ar'teries. Part‘

I.  difference between acetylcholine and A23187-indeced relaxation

and involvement of . lipoxygenase metabolite(s).  Stroke 18:932-937,
. >

1987.

Kanamaru K, Waga S, Kojima T, FUJImOtO K, Niwa §
End&)thehum dependent relaxatnon of camne basxlar arteries, part
2: inhibition by hemoglobin and cerebrospinal fluid from patients

with aneurysmal - subarachnoid hemorrhage. - Stroke 18:938-943,

1987.



< 94

1
'

LY : o
89. Kassell NF, Peerless SJ~.; Durward QJ, 'Beck DW. Drake CG, Adams

HP: Treatment ;)f ischemia deficits from vasospasm  with
'intravascula( volume , expansion and induced arterial hypertension,
A N“eu(osurgery' 11:337-343, 1982, ) »

90, Kassell QF. Sasaki T, (“Lo_‘lohan ART, Nazar G: i Cerebral 'vasospas.m

following an,eurysmal subarachnoid hemorrhage.  Stroke 16:562-572,

1985. "

91. Kassell NF Torner JC: Epidemiology of intracranial ar‘le'urysms.
Int Ancos Clin 20:13-17, .1982.

92. Kassell NF:‘ The natural history and treatment outcome of SAH:‘
comments derived from‘the national cooperative aneurysm study, in
Battye R (ed): Calciun; Amagénists: Possible  Therapeutic - Use in
Neurosu('gery. i\lle;av York: Raven ,Healgh.Care Communications,
1983, pp 24-29,

93.  Katusic ZS, Vanhoutte PM: Anoxic contractions in isolated canine
cerebral arteries. J Cardiovasc Pharmacol 8§ \(Suppl 8): S97—Sl})l,

Y
1986. <

94. Katusic ZS, Shephéﬁ/JT, Vanhoutte PM: !Elndothelium dependent
contraction to stretch in canine basilar arteries,. Am J Physiol
252:H671-H673, 1987. ‘

95. Katusic ZS, Shepflerd IT, Vanhoutte PM: _Endothelium-dependent
contractiéns to calcium ionophor;a _A23i87, Aracﬁnidonic acid and
acetylcholine in canine -basilar arteries. Stroke 19.)476-479. 1988.

96. Kaw#kami Y, Shimamura Y: Cisternal 'drainage after early
operation‘ of ruptuxied intracranial anéurysm. Neurosurgery

20:8-14, 1987,



' « : : 95
., v ; i

97" Kim P, Yaksh TL, Romero SD,- S,undt‘ TM:  Production of uric ac

98.

99.

100.

101.

102.

103.

104,

- vasospasm.  Neurosurgery 22:492-500, 1988.

in .cerebrospina:l fluid 'aft‘e‘r .subarachri‘oid hemorrhage in dogs:
investigation of the: poSsible role of xanthine oxidase in ch}ronic
vnsospasin. Neuros'urgery 21:3"9-44, 1987. |

Kirber MT, Singer JJ, Walsh JV Jr: Stretch-activated channels -
in f;eshly~ dissociated smooth muscle cells.  Biophys J 51:252a, -
1987. :

Kistler JP, Crowell RM, Davis KR, Heros R, Ojemann RG, Zervs
T, Fisher CM: The relation of cerebral vésospasm to ‘the extent
and location of su.baracﬂ}moid blood visualized by CT scam: A
prospective study. Neurology' 33:424-426,‘ 1983. ‘

Kiwak KJ, Moskowitz MA, Leyine L: Leukotriene production in
ger‘bil brain after ischemic insult subarachnoid hemorrhage, and
concussive injury. ’J Neurosnig_g,f.16F2:865-869, .1985.

Knuckey NW, Fox RA, f':rveyor' I, Stokes BAR: Early cerebral

blood. flow in COmputerizeJ tomography in predicting ischemia after

" cerebral aneurysm rupture. J Neurosurg 62:850-855, 1985. .

Kontos Hz;u. Wei EP, Christman CW, Levasseur J'l_-‘,, Poulishock JT,
Ellis EF: Free oxygen radicals \m cerebral vascular ‘responses.
The Physiologist 26:165-169, 1983." |

Lansmgn\ JB, Hallman TJ, Rink T Single strgtch;activated ion

channels in vascular endothelial cells as mechano-transducers.

Nature 325:811-813, 1987.

Lewis PJ, Weir BKA, Nosko MG, Tanabe T, Grace MG: Intrathec:

nimodipine therapy in a primate model of chronic cerebral

P4



105,

106.

107.

108.

109.

110.

L.

. \J ‘ N

1

Lewis RA, Austen KF  The biologically active leukotrienps,
biosynthesis, metabolism, receptors, functions and pharmacology.
J,Clin Invest 73:889-897, 1984, .
Liszczak TM. Varsos VG, Black PMcL,’el al:  Cerebral ar(eriql
constriction after experimental subarachnoid  hemorrhage isl
aqsociated‘ V;/ith blood components within the arterial  wall. ) .

Neurosu‘:l8-26. 1983.

Locksley HB:  Report on the cooperative study of intracranial
aneurysms and subarachnoid hemocrrhage.  Section V., Part ||
Natural history ol; subarachnoid  hemorrhage, intracranial

'
aneurysms and arteriovenous malformatioks. Based “on 6368 cases
in the Cooperative Study. J Neurosurg ﬂ\25:32l-368, 1966.
Maroon JC, Nelson PB: Hypovolemia in patients with subarachnoid
hemorrha‘ge: therapeutic implications. Neurosurgery 4:223-225§,

1979.

Marshal LF, Bruce DA, Bruno L, Langfitt TW: Vertebrobasilar

“spasm. - A significant cause of neurological deficit in head injury.

J Neurosurg 48:560-564, 1978.

Martin W, Villani. GM, Jothianandan D, Furchgott RF:  Selective
blockade of endothelium-dependent and glyceryl }rinitrate-induced
relaxation by hemoglobin and by methylene blue in the rabbit
dorta. ‘] Pharmacol Exp Ther 232:708-716, 1985.

Martif W, Furchgott RF, Villani GM. et ab Depression  of
contractile - responses in rat aorta by spontaneously released
endotheli:m-derived relaxing factor. J Pharmacol Exp Ther

&

237:529-538, 1986, ‘



ERRR Y A

113,

1S,

"jMasp‘e‘s - PE Mg_Lm 'G:’Intracranial ' arterial spasm
. TR -

} 9 1511 1516

increased"/mortalify.  Stroke 18:426-430, 1987

to
5upraclmond ruptured aneurysms. "A‘c‘t‘e Neurpchir'vl(‘wei‘n),
10:630- 638 196\2 SRR TR PR RO N

-Matsuzakn T anukamx M Kawaseﬂ T Taz'aWa“‘ T - Angnographxc :
vasospasm and -regxonal cerebral blood flow m the ts\s of

.ruptured aneurysm - orrelanon between vasospasm in the mlddle .

cerebral artery and delayed lschemnc hemlparesns .Neu.rol_ Surg

Y X . 3 o : " L , . ~

yg“ o
RN

.McCord JM Oxygen denved free radncals m post 1schem1c tnssue
-lnjury. - NEJM :312:159-163, 1985, |

Mlckel HS‘ *Vaishnav YN, Kempskn 0O, von Lubxtz D, Weis's .JF,,"'

F&Eerstem G Breathmg 100% oxygen after global bram 1schem1a :

gerbnls results  in mc‘r’eased hpxd peroxldatxon and

‘

116. . Mikawe_" ‘T,_"” ‘Nvono_mur‘a'Y, .Ebeslﬁ s Does phosphorylatxon of myosm
light chain heve'»a ‘direc't ;‘frelat’ien ‘regulanon in smooth muscle'7‘¢.',
» 1 Biochem ‘(roky}» 82: "1789-1791, 1977, | ’
ll7 | Misra ‘HP..‘ Fr1d0vnch L -The generanon of enpeeexidel fadical.
| ,durmg autoxndauon of hemoglobm i Bnor Che'n_x 2,4.7:6960—'696‘2,.
\“':,1972 o | e - ’
IISA Y'anm K, Suzuklf_J Imaizunxi S, "Yeshi’r'noteg"l': ‘Dé,velop’nient ef ‘A neyy
'7‘. l éerebral protecnve agents th'e j‘free‘,%fredi‘cqi fg»ca\'(engers.’ "NeufOi.v‘ .
| 'Res 87580”1986 SRR N T
119, .szukamx M' Us,an)i, -".'I‘."'Ta‘z‘aT‘w‘a‘ T"m-li(awalse".:'r{ Preyentxon Of

*\

'vasospasm by re'moval of' subarachno:d blood m early operatxon :

Neurol Med Chnr 2!1069 1077, 1981, : TN T

L



Aoty

' 120 h-‘rMoncada S P'almer RM Gryglewskx RJ ‘ Mechanrsm ol‘ actron of

,some mhrbxtors of endothelrum denved relaxmg factor. : Proc Natl
L Ac d Sci 839164 9168 1986. . “ ST T -‘
‘121.:;’M rimoto K Tagawa K Hayakawa T Watanabe F Mognmr - H:
B - C llular level of purme compounds m rschemrc gerbrl brain by high. o
_p’erformance quurd chromatography J Neurochem 38 833 835, l98" »
,122'.5. Muller A Ghnglren Bertez C Modat G Bonne C:. ‘Specrl‘nc brnd‘ing}
o ff leulcotrrene C to endothellal !ell membranes Prostaglandins "
;.eukotrrenes and Medrclne 26233 240 1987 : R
'l23A.‘.' l\'lurad F Mlltal CK Arnold WP, Katsukl S, Klmura H Gyan)tl_ate
= ‘cyclase ’actrvatron by azrde mtro compounds nitric oxnde nnd ) |
'jhydroxy radrcal and mhrbrtron by hemoglobm and myoglobm A‘dv‘
‘Cyclrc Nucleotrde Res 9:145-158, 1978, -
124.. Nakagomi | T, Kassell N ,"‘\zasasakr.r,ﬂ Fujivara S, ‘\L.ehrnan RM,

l:Johs,hita H, Nazar vGB' Torner JC ‘»Effect of subartt’chnoid

hemorrhage on endothelrum dependent vasodrlanon J Neurosurg“-

66:915-923, 198% :
' \

i125,'. 'f~_N\‘akagomr T,~- Kassell NF, r'Sas‘aki T, Fu;j‘iwa'ra- 'S, Lehman RM,
| Johshrta H, Torner ‘JC: Effects of h’yoo)tia on  the: COntractile._
»restnse to VKCl “ prostaglapdin '.'F'z o and" hemoglobin‘. J.‘ Ne‘uro“‘urg. |
Censessi2, 1987 i
126, "'ﬂiyakagomr T Kassell NF s'gsaki T, l-fujiwara"" S, .'LL.éhnran RM, ( ,
2 iTorne'r ic Imparrment of_ e’n,doth'elium-dep'e'ndent. vasodrla/tron o w .
induc'ed by -acetylcholine and adienosine trrphosphate l’ollowmg

A
expenmental subarachnord hemOrrhage Stroke 18 482 489, . 1987

127 'Nakagorhl T Kassell NF Sasakl T Lehman RM Torner . JC Hongo

.K*\‘ Lee :—i'JH: : Effect of removal of the 3 endothelrum on"‘ :
) S »w s : ’ . -/..‘ I s



129.

vasocontraction—in canine and rabbit basilar arteries. J ‘Neurosurg:
) o '

68:757-766, 1988.

Nakayama K, " Hashimota K: Blood components and ‘cerebral ‘

_vasospasm. Biblthca Cardiol 38:148-160, 1984..

Nosko* M, Weir B, Krueg’er C, ‘Cook. D, Norris; S, Overton T,

Boisvert D: Nrmodtpme and chronic - Vasospasm in monkeys Part-

y
\

l, Clmtcal and radiological findings. Neu_rosurgery 16:129-'136,‘

.
130.

131

.Pak'arinen', S: Incrdence, aetrology, .and -prognosis 'o‘f"‘ pnmary

Vv

logs. - o [

Nosko M, Werr BKA Lunt A Grace M,t Allen P, Mxelke B: Effect
of clot removal at 24 hours on chromc vasospasm after SAH in the :e'

TR

pnmate model J Neurosurg 66416 422 _l987.

‘;"\

subarachﬂnoid.‘hemZ)'rrha'ge. A study ‘based on 589 cases dragnosed‘

"in i a defined urban populatron durmg a defmed perrod

: Neurol Scand 43 (Suppl 29) 1-28 ~l967

for the bnologtcal activity of endothelrum derrved relaxmg factor

‘Palmer RMJ Femge AG Moncada S , Nxtnc ox1de relewe accounts

£
. l‘." F

o Nature -327; 524 526, 1987

133.

134,

.

P?‘rker Cw: -L_eukotnenes ‘and  prostaglandins in - the immune o

system ~in .-Zer’ et al (eds)' ,Advances' in Prostaglandm
w

. ‘ - . " 'y,
Thrombotcane and Leukotrtene Resef_arch ey York Raven. . v

Press, 1986 Vol 16, pp 113-134. R

Parlcs DA Bulkley GBMGra‘nger DN: Role ‘of oxygen derrved free

radncals ‘in drgestrve tract drseases Surgery 944!5 422 l983

Co3s)

245:9285-9289, 1983.

'Parks DA Granger ‘DN: lschemna-rnduced vascular changes rol'e'

of - xanthine oxidas’e and hydroxyl radrcals. l Am J - Physiol -



100 -
136:,; Peach. MJ, Loeb AL, Singer HA, dee I Endothehum-denved
'.yaSCl;ljir felaxing factor., Hypertensnon 7 (Suppl l):» 194-1100,
- 19gs, i | |
\  "~‘137; P‘éach-- 'VIM'J‘,?‘Singer. HA,i Izzo NJ, -Loeb" -AL: 'Role of *calcium in
. e;‘ldot’heli‘u‘m—dependent relaxation of arterial,smdo’th. muscle,. Am J
“"Cardiol 59:35A-43A, 1987, ‘ VA N

138.  Petruk. KC,. West M, Mohr G, et al.  Nimodipine treatment in poor
i n " 3 - ) S .

gr.adef 'aneurysm patients, results of a- multicenter, "dou'ble-bljhd.

placebo controlledu tnal . J Neurosu'rg‘ ﬂ68:505-51-?, '1988. »

139. Phxlhps LH Whlsnant JP, O’Fallon WM' Sundt' TM: ‘ Th_p -
unchangmg pattern of subarachno:d hemorrhage i.n a community.
Neurology 30:1034-1040, i980 |

140, “E, ‘Mpcpheison P, Tamura A, Fitch

W: Ultrast‘_ructu";e 6f 'c/erebral arteries follow.ihg ex;‘)e‘rimental..’"
~ subarachnoid hemorrhage. J Neurol Neuroys_urg‘f' Psyéhiatry |
. 48:256-262, 1985, ' |

, l.<.1>l. (Pibsn PJ - Foﬁmafion and actionv ‘of ‘il!e{xk()tr.ienes. - Physiol Rév '
‘64l:‘744-7'6"l, 1984, v . o

142 ~"Pi}gs/‘LH,"“MacP‘herson P,' Wyper’ 'DJ, Jennett : WB: Cérebr.al blood

| ,‘flow,v ang“iographic cérebral va“soSp;asmi, and:v subarachnond
hémor’rha‘g'e. Acta Neurol- s¢§n' 5,_6:3'3;-335 1977.

143, Pool JL: Early . tré'atme'nt of rdptured_‘ i'nt{racramail, aneurysms of
fhe "circl’e of Willis “with speciél_ clip techniqué.. ~Bull- NY Acad M.e,,d
35:3572369, 1959, . L |

‘.14‘4. Rapoport RM, Drazmn ‘MB Murad F Endothelium dependen't

vascular relaxatlon may be mednated through. cyclic GMP- dependent

protein : phosphorylatnon . Clin Res 31.526A, 1983 (Abstract).



145,

146.

147,

-148.

149.

150.

151.

152.

vivo in cerebral arterioles. Stroke 17:494-497, 1986,

Ropper AH, Zervas N’l‘: Outcome 1 year _e1ftei'SAH from cerebral‘

aneurysm.: management morbidity, mortality; and functional status

~—

in ‘112 consecutive good-risk ‘patients. ] Neurosurg - 60;909-915, '
1984, - | | £
. N .' N -

Roseriblum WL ' Endothelial dependent relaxation demonstrated in
. S v o

-

Sakaki S Kuwabara H, Ohta S Biological defenSell m_echanisms. in
the pathogenes:s of prolonged cerebral vasospasm in the patients “
wrth ruptured mtracranial, aneurysms. Stroket 17:196-201, 1986, ,

Sano K, Asano T Tanishima T, Sasakx T: Lipid perOxi'dation as a -
cause ol’ cerebral vasospasm.- Neurol‘ Res,2:253-272, 1980. |
Sano K: Cerebral vasospasm -and ane,urysm surgery. | Clin\iq“:
Neurosurg"39:13-5$ 1982 ‘ o . IR ﬁ ‘:&\C'
Sanob 'K: Timing‘ ot‘ . surgery: - the Japanese expenence 1n1Battye / ’

R (ed) )Icmm Antagomsts Possx' erapeutic  Use . in'_

urosurge:f' New York: Raven Health Care Communication,

, 1983, pp 35-42.

'Sano K: Timing of surgery, operative mortality, and followup

results in cases w:th subarachnond hemorrhage due to aneurysm

A

rupture, in Auer LM (ed) Timing of ‘Aneurysm Surgery . Berli_n:

Walter- de Gruyter, ‘1985 pp 22’7-236.\'_»- e
- Sasaki- T Kassell NF, Yamashita M, Fujiwara S, Zuccarello M:
Barrier . disruption in the. major cerebral arteries” followmg

- experimental subarachnmd hemorrhage J Neurosurg 63:433—440,

1985. . -

o qor e



153.  Sasaki T, Mayanagi Y, Yano H, Kim § Cerebral vasos‘p‘é;m with
subarachx{oid 'hemorx"h'age from . cerebral arteriovenous malformation.

[N

"V\ Surg Neurol ' 16:183-187, 1981, | “
154, S;séki T, Murota S-I, Wakai-‘S, Asano T, Sanole Eval"uation o‘t"“
| prostaglandiﬁ. biosyﬁthetic" ;wt‘ivity ‘in  canine basilar artery
foliowing svubaractmoid'injection of blood. J 'Neurosurg 55:771-778,
- 1981, - o o o
155. v":;asaki T, ‘Ta‘ni'shi.m'a T, Asano“ T, Nayanagi Y; Sano * K:

: N
Significance of lipid peroxidation in the genesis of chronic

vasospasm vt"ollowin"g‘ r\upture of *an infracranial -aneurysm. "Acfa'

. Neurochir 28 (S‘uppl): 536-540, 1979, |

156, Sasaki T, Wakai S, Asano T, Watanabe T, Kirino T, Samo: K: Th
effect of lipid hydroperoxide of arachidbn_ic acid‘on thu caninev‘
basilar artery, an exbe,x;imental study on cerebral. Vasosbdsm. J

- Neurosurg '54:357-365, 1981.

. 157.  Shiobara R, Kawase . T, Toya S, Ebato K, Miyahara Y: "Sc ger

i 'Surgéry" fgr suBarachnoid ﬁemorrhage, continuous
ventriculo-cisternal perfusion using artificial cerebrospina‘l fluid
with urdkinase, in; .Auer L (ed) Timi;ng o/.‘ ‘Aneurysm Surgery .
Berlin; de’ Gruyter, 1985, | A _ |
}58. Shlafer M, Kréne PF, Wiggins VY, Kirsh MM:  Possible roledfor
“cyto oxic. oxygen metabolites ’in the pathogehesis of cardiac
iSc emic “injl;ry. Circulation 66  (Suppl): * 185-192, 1982.
159 vSi 5jo ,BK:A‘ Cey bral - Circulation and . Metabolism. J I Né’urosurg

60:883-908, 1984.




- 160. Smith RR, Yoshioka J: Intracranial arterial  spasm, in Wilkins RH,
Y Rengachary SS ‘v(eds): Neurosurgery .  New York: ' McGraw-Hill,

1985, Vol 2, pp 1355-1362. | |

161,  Smith l;R:‘ Pathophysiology and clinical evaluation of subaréchnbid
hemorrhage, ‘.in’ Youmans ‘ JR (edf: Neurological ~ Surgery.
Develo})mem and Acquired Anomalies. _Vascular“ Disease. Toronfo:
Saunders, 1982, Vol 3, pp 16271644, | 1

162 Smith RR, Clower BR, Groténdorst GM, Yabuno N, Cruse IM:
Artérial wall changes in early human vasospasm. Neurosixrgery

16: 171-176, 198S. ,
163, "-So!omon"é;’RA; Post KD, McMurtry 1 JG: r-bepressioq ,Of. .g@?lating
blood volume in patients after subarachnoid hemorrhage:
implicat@onsr for »the manager‘r.lent' “of symptomatfc_' ".vasospasm.

Neurosurgery 15:354-361, 1984, '
164. Sonobe M, Suzuki 'J:' Vasospasmogenit . sﬁbstance produéed'

2

following subarachnoid hen\orrhage} ‘and its fate. Acta__ Néurochir
44:97:106, 1978, -vvé-b';\ | ’
165. . -Sutton HC " Roberts PB Wmte.rb'&um CC The rate of reaction‘ of
| superoxnde radncal non with oxyhaemoglobm and meth- haemoglobm
Bnochem J 155:503- 510 1976.
166. . Suttorp . N, ToepTer W, Roka L: Antioxidant defeﬁse mechanisms of
| endothelial cell's‘i glutathione ‘red‘oxp cycle versus VcatalaSe. ,,,Am' J.
Physiol 251:C671-C680, 1986.  f . - .
167. "Suiuki J, Imaizumi S, Kayama T, Yoshimoto T: Chemiluminescence
in  hypoxic. __brain .- the second report:’ cerebral ;’)rotecti.ve effect
.o('" mannitol.. ’Vi’tamin E "and glvuci)cor,ticoid. - Stroke 16:695-700,

.

1985.



PR | 104

.
4

168.  Suzuki J," Komatsu S, Sato T, et al Cor~reifxltion between CT

| findings and _subsequent development of cerebral infarction due to

o va‘sospa’sin Vin‘ subarachvnoid. hémorrha_ge. | Acta Neurochir 55:63-70,
1980. | e o

169.  Suzuki N, Nakamura T, Imabayashi S, lshikawa Y, Sasaki T,
Asano T: Identification of 5-h)}droxy eicosatetraenoie aeid in

'. cerebrospmal fluxd after subarach)nond hemorrhage - J I\‘Ieuroche'rh‘
411186 1189 1983.

. 170. Symon L, Ackerman R, BalliJ.WD, DuBoulay EPG.H, Marshal J, Rees~
JE, Russell RWR: The wuse of xenon clearance method in
subarachnoid -hemorrhage: post-,operative studies with ‘cl‘inical. .and
angiographic correlation. Eur NeHroI 8:8-14, 1972.

l7l.f Symon L, Bell BA, Kendall B: Relatxonshlp between effused blood
’and clinical course and prognosis in aneurysmal ;ubarachnold
hemorrhage: a preliminary con;npu‘ter“ized tomog;aphy ‘scan study,
in bWil(kins RH (ed): * Cerebral Arterial Spasm . Baltimere: Williams
and Wilkins,' 1_986, pp 409-411. ‘

172.  Takahashi S, ‘Sono’be M, Nagamira Y: Early operation's for -
vruptur'ed intracranial aneurysms.’ Comparative study with
computed tomograpﬁy. Acta Neurochir 57:23-31, 19_81

173, .Tanabe‘T, Saitoh T, Tachibana >S,‘ Takagi H, Yada K: | Effect of _

hyperdynamlc therapy on - cerebral ischemia caused by vasospasm,

."

assocxated with subarachno:d hemorrhage.‘ Aeta Neurochir
63:291-296, 1982.

174.  Taneda M:  Effects of ea‘r@l’y 'operaeion for .rup‘f'ured aneurysms ’on
prevention of delayed ischemic symptoms. J Néurosurg 57:622-628,

"1982.



! 105

®
178, Tapp_elf AL: The me‘chanism‘ of the oxit‘:lation’ of unsaturated fatty
- a;:ids ';yc‘“gtalyzed by hemat'in compounds. Arch Bioc/hem Biophys
44:378:3§,5, 1953, | |
176, Tayloxj ,AE, Martin D, Parker JC: The effects of} okygen radicals
on pulr‘nonv'ary' edema formation, Surgery 94:433-438, . 1983. ™~
177.  Toda N, Shnmnu K, Ohta T: Mechanism of cerebral "arterial
- contréétion inducéd by blood consu:tuents. J Néurosurg
53:312-322, 1980:
158. 'fravis MA. Yonkers PA, Hall ED:w ‘/'\ttenuation of post-hemorrhagic
a?md post-ischemic cerebral hypoperfusion by the 21-aminosteroid
'A U-74006F, 'g,‘ potent inhibi.’t'or of iron-dependent lipid” peroxidation..
Neuroscience 13:1494, Al987‘ (abstract), s ’». |
179. Vz;n .Benthuyseq KM, McMurtry IF, Horwitz "fﬁ::)\.'Reperfusion after
a Do acute coronary occlusion uin dogs im;pairs, enflothelium-dependent‘ |
V rglaxation to acetylcholine . and augments contr’ﬁ;tile reacti'\;ity in
vitr_o." J Clin InveSt 79:265-274, l§87. -
180. . ;’anhoutte PM,i Houston. DS: Platelets, ‘endothelium, and
vasospasm.  Circulation 72:728-734, 1985. | |
181.  Vanhoutte PM: Could the absence or malfunction of vascular
endo:thelium precipitate the occurrence of vasospasm? J Mol Cell
Cardiol 18:679-689, 1986. .
1'8_2.\,.‘ ‘V‘an Neuter JM: Vascular pi:armacology of calcium éntry "blockers,
in  Godfraind T, Herman  AG, Willens D (eds):  Calcium Entry

Blockers in Cardiovascular and Cerebral Dysfunction . Boston:

Martines Nijhoff, 1984, pp’ 59-72.



183,

184,

185.

186

187.

188.

189, -

190.

191.

~17:970-975, 1986.

- 1981,

f | 106

- ?
- Ty '

Vinall PE, Simeone FA: Effects of oxygen and glucose depnvnuon

on vasoactivity in isolated bovine middle cersbral artenes Stl} ke °

Wahl M: A review of neurotransmntters and hormones- lmplié
mediating cer!bral vasospasm, in Voth D, Glees P (eds): o

Vascular Spasm. Berlin: Walter de Gruyter, 1985, pp “‘,22‘4

Wei EP, Kontos HA, Dxetnch WD Povlishock J

.
' 3

4 -

.,

" -‘-

g b
PX4 2

‘Ellis TER Y

of plal artenolar abnormalities from concussive brain injury in

O\Q

Inhnbmon by free radical scavengers and cyclooxyg

cats, Circ Res 48:95-103, 1981, .

Weir B: Intracranial aneurysms and subarachnoid hemorrhage an

overview, in Wllkms RH, Rengachary SS (eds): Neurosurgery |

" New York: McGraw-Hill, 1985, Vol 2, pp 1308-1329.

w5

Weir B:  Aneurysms ~Affecting the Nervous System. Baltimore:

Williams and Wilkins, 1987.
Weir B, 'Aronyk K: Management mortality and the  timing of

surgery for  supratentorigl aneurysm\}’.\w J, Neurosurg 54:146-150,
Weir B, Grace M, Hansen J/,'w,,,RPnt_fb'érg "C: Time course of.
vasospasm in man. J Neurosurg 48:173-178, 1978.

Weir BK: Pathor 1ysiology of vasospasm. Int Anaes Clin 20:39-43,
1982.

Weir BKA: The relationship between arterial . spasm and

‘neurological deficits, in Battye R (ed):  Calcium Anagonists:

- -

Possible Therapeutic Use in Neurosurgery . New York: Raven

Health Care Communications, 1983, pp 45-52.



192,

193,

194.

195.

196.
197.

198.

199,

200.

R ‘107\

.
i, \

Weir 1'3. Menon D, Overton T Regional cerebral blood flow ‘
inpatients with aneurysms: estimation by xenon 133 inhalation.

Can J Neurol Sci 5:301-305, 1978. . \

Wellum GR,‘ Irvine TW., Zervas: NT:  Cerebral vasoreactivity of . ,
home proteins in vitro, some mechan}étic consi;ieratioﬁs.' 1 |
Neurosurg 56:777-783, 1982. ¢ L
WelshXA, " Ginsberg "MD,'.‘.Rieder W, Budd WwWw: Dif"fuse‘éerebral .
ischemia in the catt II. Regional metabolites drur."ing‘ sever; o
ischemia and recirculation. Ann Neurol 3:493-‘501, 1978.

White BC;, Krause GS, Aust SD, 'Ey.st’er GE, Lérising E:l Post
iséhemic tissue injury by iron-medigted free radical lipid )
peroxidation. Ann Emerg Med 14:804-809, 1985. '
Wilkins RH:  Attempts at prevention or treatment of ipt;acranial
arterial spasm: " an update. * Neurosurgery 18:808-825, 1986.

Wilkins RH, Odom GL: Intracranial arterial spasm associateq witl;'

craniocerebral trauma. J Neurosurg 32:626-633, 1970.

Wilson RB, Middleton CC,. Sun GY: Vitamin E, antioxidants and

. lipid peroxidation in experimental- atherosclerosis of rabbits. J

Natr 108:1858-1867, 1978.
Wintgrbourn CE, McGrath BM, Carrell  RW:  Reaction involving

superoxide and normal and unstable hemoglobin, Biochem J

- N

155:493-502, 1976.

Wood JH, Fleischer AS:  Observations during  hypervolemic

hemodilution of patients with acute focal cerebral - ischemia. JAMA

248:2999-3004, 1982, L {



108

201, Yamashima T, Yamamoto S:  Cerebral arterial pathology in
‘éxperimenta’l subarachnoid hemorrhage. J _Neurosgrg 58:843-850,

1983, ‘

202.  Yoshida S, Inoh S, Asano T, Sano K, Kubota ) M, Shimazaki H,
Ueta N: “Effect ®F transient ischemia on free fatty acids and
phospholipids in ‘the gerbil‘ brain: lipid peroxvidati'(')n as a possible
cause of post-ischemic injury. J Neurosuré -53:323-331, 1980, o

203. Yoshida S, Abe K, Busto R, Watson BD, Koguk K. Ginsberg MD:
Influence of transient isghe_mia on lip‘id~soluble‘antioxid‘ants. free
fatty acids and energy metabolites in rat brain.  Brain Res
245:307-316, 1982. |

204.  Yoshida Y, Ueki S, Takahashi .A, Takagi H, Torige H, Kudo §:
Intrathecal irrigation with urokinase in ruptured cerebral aneurysm
cases. Neurol Med Chir (Tokyo)" 25:989-997, 198s.

205. Zaleska MM, Floyd RA: Regional lipid pé"roxidation. in rat brz.xin.lin

# vitro:  possible role of / "endogenous _iron. Neurochem  Res
10:397-410, 198s5.

206.  Zervas NT, Liszczak TM, ‘Mayberg MR, et al Cerebrospinal fluid
may nourish cerebral vessels through pathways_in -the adventitia
that may be 'analogous to systeniic vasa vasorum. J - Neurosurg
'56:475-481, 1982, | ; _ _

207. Zingesser LH, Schechter MM, Dexter J, Katzmah\R, Scheinberg
LC:  On the significance 6f spasm associated with rupture of
cerebral aneurysm: = the relationship between ' Spasm  as  noted
angiographiéally and regional c‘érebral blood flow déterminations.

Arch Neurol- 18:520-528, 1968.
/



109
APPENDIX A
lron Dependent Lipid Peroxidation
scavengers
RH
0, Fe3" R' + H0 w
OxyHb ~= MethHb |e- 0,
\e b
O3~ , “Fe? H,0, ~ROO*
26" spontaneous catalase RH
SOD /
-~
— H,0, HZO ROOH+R*—
OxyHb, oxyhemoglobin; MethHb, meth-hemoglobjn, SOD, superoxide
dismutase; Fe, ferrous and fefri\g iron; O2 +, superoxide radical; OH .,
hydroxy radical; R ., alkyl "radical’ ROO., lipid peroxy radical.
(Modified from Del Maestro RF:

and biology.

Acta Physiol Scand,. Suppl 492:153-68,

1980.)

An approach to free radicals in medicine
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