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ow measurements (1ntra arter1aP ]33

Xenon

Reg1ona1 cerebra1 blood-h

| j'techmque) and cerebra] angmqgraphy were\performed 1n two' ser1es of macaque 'g fﬂ;ﬁvﬂf
"Fmonkeys ) H:‘ﬁxf-ﬁﬁtf*r'ﬂ ff’,i;ﬁ]ifﬁ‘ﬂ°fv-:f: {'1“{.“h"f4

= \ “' | f_ = Cerebra] blood f]ow autoregu]atory and arter1a1 ca]1ber responses

_«, ‘

to lnéreases 1n mean arterta] blood pressure (MaBP) were stud1ed before

' ;f‘ and dur1ng the acute per1od followlng 1nduced subarachno1d hemorrhage or

\x"

. S ”Yfmock subarachno1d hemorrhage é%ubarachno1d 1nJect1on of art1f1c1a1

;:“”CerebFOSPTna1 f1u1d) in’ rhesus monkeys »fhi QT'”:iii?ﬁf'fﬂxf{'fir_quih”

T

A comparat1ve study of the acute effects of subarachno1d 1nJect1ons

' . . o 3

?;gof art1f1c1a1 cerebrosp1na1 fluld, seroton1n and b]ood on reglonal

ﬁ~,fcerebra] b]OOd f]ow, erebra] arter1a] ca11ber, neuro]oglca1 sta" f'

'fcerebra1 Vesse] u]trastructure was aarr1ed out 1n cynmo]gous monkeys

ﬁ C \)
1n MaBP were 1mpa1red fo]low1nq subirachno1d hemorrhage., Autoregu}atory

,.;t,- "zij@t' Reglonal oerebra] b]ood f]ow autoregu]atory responses to 1ncreases jl:ri-j’ffff

Subarachnowd 1n3ect1on of b]ood 1n cynmo]gous monkeys ‘caused a

decrease ﬁn*cerebra] b]ood f]ow 1ast1ng ]ess than one hour and moderate '
Vasospasm'wh1ch 1asted at 1east three hours : In contrast, subarachno1d

' 1n3ect1on of art1f1c1a1 cerebrosp1na1 flu1d had no effect on these""
';.' parameters._ Subarachno1d 1nJect1on of a seroton1n so]ut1on at phys1o]og1ca1

’

8

concentrat1ons (as determ1ned by 1n v1tro b1oassay) was a]so made w1thout

"3 .8 fect on cerebra] b]ood f]ow or arter1a1 ca]1ber H1gher (10x) seroton1n

8

conoentrat1ons caused a cerebral b1ood f]ow response s1m11ar to that

obta1ned W1th bTood However, the cerebra] vasospasm IndUCEd was of - o

shorter durat1on than that obta1ned w1th b]ood

jv AR BT
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Wgas:was observed dur1ng the 16 to 18 ﬁouF\Qerlod fe]10w1ng«reversa1 ohﬁf" g

o .

-?’sanestheSIa An1mals w1th moderate vasospasm demonstrate no uLtr structura]

‘ e
: ,changes 1n cerebra] arterles, arter1o1es and cap111ar1es

R

These resu]ts support the fo11ow1ng conc]us1ons

(1) Cerebra] f]ow regu1atory mechan1sms p]ay an 1mportant ro]e

N

'hduv.- ‘;Agdﬁ;ff;ﬂcs j1n determ1n1ng cerebra] perfus1on status fo110w1ng

; B IR & e
L y;subarachn01d hemornhage ..;g- SO

“inﬁ- A f 'f(ZB'Moderate vasospasm does éai 1mpa1r cerebra] perfus1on in. ,\

el

;-’»-'-'3_,_ Rk the presence of norma] cerebra] perfus1on pressure and .

) R

vffarter1a1 b]ood gaSeS ' ”*f,ffs-*?'*‘

o -

3s(3),Unphys1o]og1qa11y h1gh concentrat1ons of seroton1n are

‘ j'requ1red to produce\s1gn1f1cant effects on the cerebra]
'_.: E . . VI‘ 5‘. : .. i .“ L _4: IR, "‘\ ',_t . .
: fu¢c1rdu1at1on T_f;--ziig_ ;Qf-:v; ;‘bﬂgr;‘[ugﬂ“ '

(4)tDeve]opment of ROSt SAH cerebral edema 15 at 1east part]y

‘jfdue to the durat1on of 1ntracran1a1 hypertens1on wh1ch occurs

lldur1ng hemorrhage from a ruptored cerebra] aneurysm.su; e

= .rb




effects of SAH wh‘lch |

Lo . . s A .. B A i ol
et R D i

mudeve]opment Qf 1nad'quate cerebra] perfu51on.v The pathophys1o]og1ca1

_ead to cerebra] 1schem1a and 1nfarct1on however

. have not been fu]]y e1uc1dated’ Cerebra] vasospasm 1s often present

7ffffo]]ow1ﬁg SAH and appe%rs to be more severe 1n patﬁents w1th poor

A

'I;M neuro]og1ca1 status ' Th1s assoc1at1on may a]so be present in patlents _"e

3

'fii.who deter1orate fo]1ow1ng successfu] surg1ca] 1so]at1on of the anearysm

:5;‘ﬁfrom the cerebr31 c1rcu]at1on , On the bas1s of these observat1ons

)...

':'ecerebra1 arter1a] spasm has been 1mp]1cated as ‘the p¥1nc1pa1 cause of

’4'¥morb1d1ty and morta11ty after aneurysma] rupture However severe vaso-'

"spasm may be present in the absence of neuro]og1ca1 def1c1t and converse]y
3

' e’may be’ absent 1n the presence of neuro]og1ca1 def1c1t These observat1ons_.

F”j1nd1cate that other factors can produce cr1t1ca11y Tow 1eve]s of" cerebra]
‘.vperfus10n, part1cu]arly 1n the presence of severe cerebra] vasospasm

In sp1te of numerous c]1n1ca] and exper1menta] stud1es, the

o

fet1o]ogv of cerebra] vasospasm rema!ns obscure At present the bu]k of -

Qaccumu]ated ev1dence po1nts towards a chem1ca] vasoconstr1ct1ve agent wh1ch

Y

is ]1berated from the b]ood present 1n the subarachno1d space Many such
agents have been 1dent1f1ed 1n b]ood (e.qg. seroton1n prostag]andlns,
_"norep1nephr1ne) and each has 1ts proponents as. the agent caus1ng cerebra]

-vasospasm 1n man However, recent ev1dence appears to be heav11y we1ghted

jﬁh favour of serotonln'as the maJor spasmogen1c agent

The,purpose of the present work was to 1nvest1gate the patho-

phys1o]og1ca] effects of SAH on the cerebra] c1rcu1at1on in a pr1mate

: mode], and7to assess the ro]e of seroton1n in the pathogenes1s of one of -
S : : _ .
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,/f’ s S i”f‘ .
' these effeqts 1. e cerebra] vasospasm ' ,_>’4‘ 5 i . ;

Two separate stud1es are presented here the f1rst study

"concerns the acute effect of SAH on cerebra] b]ood flow autoregutatgzy

‘v,. ot

responses and cerebra] vasomotor tone, the second study was- an attempt :
to c]ar1fy the acute effects‘of SAH on cerebra] b]ood‘f]ow, arter1a1

ca11ber neuro]og1ca] status and cerebra1 vesse] u]trastructure and to . -

‘fcompare these effects w1th those obta1nedbwhen serotonln ‘rather than .”f'

" “blood is 1nJected 1nto the subarachno1d space The maJor port1on of’

each study con51sted of cerebra] b]ood f]ow measurements and ang1ograph1ca1 -
, A 2 1
: eva]uat1on of cerebra] arter1es fo]1ow1ng 1nduced subarachno1d hemorrhage '

9 o %

tn macaque monkeys o ,‘:;"11" Cel o _‘\';

In this thes1s is presented a br1ef rev1ewdof re]evant concepts -
and 1nvest1gataons perta1n1ng to the phys1o1ogynof cerebra] blood flow
regu1at1on and the pathophys1o]ogy of SAH \ An the 1atter,.emphas1s is ’ : f %
placed on 1nvest1gat1ons dea]]ng pr1mar11y w1th seroton1n 1nduced/cerebra1 - 't%
fvaSOspasm' Fo]]ow1ng this; a descr1pt1on of the methodo]ogy and | )

' 1nstrumentat1on employed in the present stud1es is prov1ded The spec1f1c

( 3
objectives, exper1menta1 des1gns results and d1scuss1ons for each of the

Atwo stud1es are subsequently presented separate]y This format was adopted

because of s1gnf1c1ant d1fferences which- ex1sted between the two studies
/regard1ng obJect1ves and exper1mental des1gns Finally, the conclusions

der1ved from this work are summar1zed

ot o s
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to ihdUce changesvfn cortical f10w (2] 22) are at var1ance w1th the.h.:

..-,_,\, L.

-A1nterpretat1on of the above stud1es Moreover, the speed of the cerebra]

,vessel'response to a]terat1ons ?n CO2 and the rap1dity w1th wh1ch CO2

enters ce]]s {in compar1son w1th H+) suggests a more d1rect effect of

- C0,0n the cerebra] vesse]s (23) On th1s ba51s Gotoh et a]‘ (24),

k

McDowall and Harper (21) ahd Sh1nohara (22) have suggested the 1ntra—

ce]]u]ar pH of arter1o]ar smooth musc]e ceI]s is. the dom1nant factor in

_the contro] of CBF. _ : D o . o -
1 _ : L : N

The mechan1sm through wh1ch the 1ntra- or extrace]]u]ar H+ affects

the cerebra] c1rcu1at1onr1s unc]ear | However, the exc1tatory state of

|

vthe smooth musc]e membrane is clearly 1mportant 1ntdeterm1n1ng the ab1]1ty.
of the- smooth musc]e ce11 to respond‘to vasod11ator or vasoconstr1ct1ve |
?st1mu11 Th1s has been recent]y ascerta1ned by the exper1ments of

| Kuschinsky (20) and Betz (25) in which pial artery responses to H+ were

shown to be markedly dependent upon 1oca1 Ca++ and K+ concentrat1ons

Other 1nd1rect ev1dence wh1ch may be offered 1n th1s regard is the fact
that conditions wh1ch decrease CBF, cerebra1(metabo]1c act1v1ty, and -
presumab]y smooth musc]e react1v1ty, d1m1n1sh or abollsh the response of

the cerebral c1rcu1at1on to a]teratlons in PaC02 (26 27 28)

B. Arteria] Oxygen

The cerebra] circulatory effects of a]terat1ons 1n arter1a1 oxygen

(Pa0,) over a wide range are - modest and in the oppos1te d1rect1on when
2

compared to CO2 1nduced changes D1rect observat1on of pial vesse]s

revea]s a mild vasoconstr1ctor response to h1gh oxygen tens1ons and a-

vasod1]ator response to Tow oxygen tens1on (29 30) Cerebral b]ood flow

measurements in man by Kety and Schmldt (6) have shown correspond1ng
~
changes in cerebra] perfusion rates with a 13% decrease in mean flow w1th

S



, 1nterpretat1on 1s supported by the observat1on that adm1n1strat1on of 0

when top1ca1]y applled (34 35) Furthermore,_lts conce

' f’1nha1at10n of 85 = 100% 02 and a. 35% flow 1ncrease w1th 1nha1at1on of g

A]though the CBF effects due to changes in CO2 tens1on are. much

‘_“-more pron u eduthan those due to changes 1n oxygen tens1on, the decrease

I3

kS gin 95 to hypox1c (Pa02 ]ess than 45 - 50 mm Hg) 1evels wh1ch occurs

1nf]uence of hypocapn1a becomes 11m1ted by a. vasod11atory hypox1c

']:‘1nf1uenc (31) The net resu]t is that a decrease 1n arter1a] carbon
{;;d1ox1de tens1ons to less than 20 mm Hg resu]ts in no change or a sl1ght

”hiincrease in CBF Th1s hypox1c vasod1]at10n and increase 1n CBF appears

| ,dur1ng hypocapn1a OVerrvdes the effects dUe to CO2 and the vasoconstr1ct1ve

Vo

,'»to be re]ated tonan 1ncrease in anaerob1c g]ucose metabo]1sm w1th subsequent

-

deve]opment of 1ntra and extrgge]]u]ar t1ssue ac1dos1s (32) Th1s

3

2

-'a11ows further decrease 1n CBF w1th extreme hypocapnia (33)

Under norma1 phys1olog1ca1 cond1t1ons, the 1nf]uence of oxygen on o

4-

CBF may be cons1dered neg11g}b1e S1nce,the Oxygen d1ssoc1at10n;curveris‘

re]at1ve1y f]at over a w1de range, changes 1npoxygen tensions over th1s

. range do not affect cerebra] oxygen de]1very and therefore prov1de Tittle

-st1mu1us for CBF change -On the other hand, with 1ncreas1ng degrees of

'

t]SSUE hypoxia. the effect of. oxygen on CBF becqpes 1ncreas1ng]y 1mportant

'and predominates over CO

N -

‘ C Adenoswne

The 1mportance of adenos1ne as one. of the factors gnvof%%d in the -

metabo11c contro] of the cerebra] c1rcu]at1on 1s current]y under

~

1nvest1gat1on Adenos1ne has been- shown to d11ate cat p1‘ larte,rw]e"s" |

the 1schem1c dog bra1n (34) and .in other c0nd1t1ons whe e the cerebra]b

i e
ration. rises in " -



P

f oxygen supp1y is’ reduced (36) Consequent]y, Rub1o et a] (36) suggestedﬁ'h

that STnce bra1n adenos1ne and H+ 1ons were a]tered in pa

" m'.‘- NEUROGENI(: FACTORS v

11e] 1n theseﬂ
l

cond1t1ons they m1ght act together, perhapsﬁsynerg1st1ca]1'h,tquegulatev nb_,h -

".

the cerebra] c1rcu]at1on

iconcom1tant changes of H+ and K* in the per1vascu]ar space Th1s ra1se“ ey

the poss1b111ty of 1nteract1ons between these jons and aden051ne. More4f,

ﬁ”)

a0

"of adenos1ne on cerebra] vessels dur1ng a] ered f ct1ona1 states \s

“
o

',fdoubt that the cerebra] arter1es possess a r1ch*adrenerg1c and cho]1nerg1c

v-“supp]y (37) These f1nd1ngs have st1mu1ated extensavetresearch effects '

e PRSI RN

to 1dent1fy a funct1ona1 ro]e for these nerves.t A]though some stud1es

bR

have prov1ded 1nd1rect ev1dence to support the view that autonom1c nerves

"can 1nﬁ]uence CBF, the funct1ona1 51gn1f1cance of cerebra] vesse]
vf1nnervat1on has yetqu be . estab]1shed . In the fo]]ow1ng an overv1ew of

.”.recent1y 0bta1ned evidence for and aga1nst a funct1ona1 1nnervat1on of the

=8 ¢

cerebra] vesse]s is presented e T ‘VZ' - SR o s

A Sympathet1c System S

It 15 now we]] estab11shed that the adrenerg1c 1nnervat1on of

o

cerebra] p1a1 arter1es and- arter101es ar1ses from the super1or cerv1ca1

- ; \:.4‘3

':sympathet1c gang]1a (38) ' Superf1c1a1 cerebra] arter1o1es w1th a: d1ameter ﬁ#-ﬁ;,”

Qﬁ*; \- . ; .

SRR Sih i o *9“5"-".’»"3%‘.7;

"f’*fbetween 100 to>300 m1crons rece1ve the most dense 1nnervat1on per vesse]

AT e e e i .-,

‘s1ze whlle p1a1 arterwo]es (d1ameter 15- -20 m1crons) are less dense]y f’“”:”W“ R
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slff 1nnervated, sometImes accompan1ed by on]y one nerve flber Thls pattehn
a fof 1nnervat1on suggests that the larger arter1o]es would be most strong]y _
- 1nf1uenqed'by sympathet1c act1v1ty It has been suggested however, that >\K
L T 51nce fewer musc]e ce]]s are present 1n the smaT]er arter1o]es the : f
‘{presence of on]y a few nerve f1bers cou1d st1]] const1tute s1gn1f1cant )
l.'1nnervat1on for these vesse]s (3]) A @{ e,
o stng a m1cro appixcat1on techn1que to exam1ne the 1nuvavo‘cat p1a1‘
arter1es Wahl et a] (39) found a s1gn1f1cant vasoconstrictor response to
‘-,_' )“v.norep1nephr1ne 1n p1a1 arter1es rang1ng {h d1ameter from 30 to 22 m1crons
'vThe magn1tude of the response was: 1ndependent of vésse1 size. However
when the mock cerebrosp1na] f1u1d 1n which . the norep1nephr1ne was dlsso]ved
'conta1ned 22 mEq/litre of b1carbonate, norep1nephr1ne had no effect.

api & y g
Maximal response to norep1nephr1ne was observed w1th a bicarbonate

'y

;,:concentrat1on of .11 mEq/]1tre, a concentratlon whlch 1t$e]f had no effect
".*von vesse] d1ameter‘ .The s1gn1f1cance of these results is unclear s1nce
“;normal-cerebrosp?na] f]u1d b1carbonate concentratlon in prlmates is
‘}25 mEq/]1tre (40) Raper et a] (81), using preparat1ons of norep1nephr1ne‘;
'tkf'igj}fi1n art1¥1c1a] CSF conta1n1ng 25 mEq/]1tre of b1ocarbonate, found no’
b : response of cat dog or rabbit p1a1 arteries to dlrect app]1cat1on of
these so]utlons Moreover, p1a1 arterles showed no change in vessel
(Esﬁ‘ca]1ber with stlmu]at1on of the. 1p51]atera] superior cervical gangllon
Numerous other stud1es, utilizing a w1de variety of exper1menta]
approaches, have a]so been unable to demonstrate significant influence of ]
_sympathet1c act1v1ty on the cerebra] artertes In an1ma1s, and in man,

'fa-adrenerg1c b]ockade with phenoxybenzam:ne or phento]am1ne by 1ntra-

w““ﬁlvascular 1nfuswon (42,43) or by d1rect m1croapp]1cat1on (44) to p1a1

“1suhasnno effect on rest1ng CBF or vesse1 dlameter Sjmalar]y;'gf A

— e el T 4 P o] e e e
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adrenerg1c receptor b]ockade w1th propano]o] by 1nterna] carotid artery

;1nfus1on (45) or by d1rector m1croapp]1cat1on (46)Adoes not affect the

' re51stance vesse]s of the cerebra] c1rcu]at1on

The e?fects of c1rcu1at1ng adrenerg1c amlnes have been examined in

;dog§ (47) baboon9 (43) and man (48 49) . . From these stud1es it may be

dtconcluded that var1at1ons in b]ood catecholamine ]eve]s (norep1nephr1ne

)

’“‘.and ep1nephr1ne) have'no effect on the cerebral c1rcu1at1on However

MacKenz1e et a] have recent]y reported that cerebral c1rcu]atory

responses to norep1nephy1ne are dependent upon the 1ntegr1ty of the blood

brain barr1er Thus, arter1a] 1nfus1ons of adrenerg1c am1nes or the1r\

blocking agents, may fail to produce adequateiﬁoncentrat1ons of these

vy
agents at*the smooth musc}e receptor s1te. Th1s cr1t1c1sm, however,

‘cannot be appNed to results-obtained using direct perivascular application

-

of these agents.
Recent animal studies in whjchgcervica1 sympathetic stimulation

(electrical) has been performed (%ﬂ 52) have not, demonstrated a s1gn1f1cant

" decrease in CBF under otherw1se norma] physiological cond1t1ons A

similar finding by Sk1nh¢3 (42) must be con51dered important in this regard

since this study was carried out in man and Sympathetic,stimu1ation was

achieved in a physio]ogica1 manner'1 e. distension of the b]adder This

;stimu1us did not a]ter CBF in the seven patients tested in sp1te of the

marked concurrent 1ncrease 1n b]ood pressure:

The.bu1k~of.ava11ab1e evidence thus 1nd1cates that,‘in;the absence
of changes in blood pressure, arteria] C02, or other factors.affecting
CBF, changes in sympathet1c activity exert little or no 1nf1uence on the
cerebral c1rcu1at1on. Further attempts to.define a funct1ona1 role for

the Sympathetjc system in the regulation of cerebral blood flow have been

S
Loy o




ey

concerned with‘the infiuenee ef synpathetic'aettyjty on ¢BF responses ;-_'
during altered physf01ogica1 eOndttibns | ‘

| Fraser et al (53) observed a reversa1 of hypocapne1c vasocon-
str1ct1on 1n exposed monkey bas11ar arterxes f0110w1ng top1ca1 app11cat1on

i

.of the a—adrenerg1c blocking agent phenoxybenzawjne. ‘This finding is "in
accord with results bbtained'in cats by“EdvtnsSon et al (54). :In this
latter study p1a1 artery constrictiof 1nduced by hypervent11at10n 39.*
released 1mmed1ate]y f0110w1ng sympathectomy. ﬁames ‘et al (55) ound that
:cerebra] blood flow response to changes in. PaCO2 1n.Baboons was B
~ accentuated fo]]ow1ng sympathectomy and’ attenuated ddr1ng sympathet1c
stimulation. Converse]y, Harper et al (56) demonstrated a s1gn1f1cant

-~

decrease. in CBF dur1ng sympathetic st1mu1at10n in hypercapne1c baboons
~Furthermore, in this 1atter study, 1ntracarot1d infusions of noreplnephrtne
at normocapn1a had no effect, but resu]hai1n 51gn1f1cant decreases in
ECBF dur1ng hypercapn1a | ’ |

In the light of these observations and the faet thét‘sympathetic
fibere‘innervate the extraparenchymat resistanee,vessels, Harper,et aTb(56)

| §uggested the presence of a dual control mechanism wherein the_cerebral

circulation acts ‘as two resistances in series: (i) _the extraparenchymal

vessels which aré influenced by autonomic activity; (1) the intra-

.parenthyma] vessels which are regulated locally by c anges'in blood gases

. , N _ \
and‘ce11u]ar metabb]ism Thus under normal céndition\\chanqes in the

+

nextraparenchyma] vesse]s due to a]tered autonomic act1v1ty can be .
compensatedAfor by appropr1ate responses of the 1ntraparenchyma1 veSéeTs;i
The sdhmatfon'of these‘events‘wou]d result in a constant.blood flow.
-Hpﬁever, if 'the intraparenchymat vessels are uneble to compensate because

of dilation due to increased CO2 or low blood pressure, the‘effect.of R

9



sympathet"c act1v1ty on cerebra] b]ood f]ow is now revea]ed

Not all observat1ons, hOWever, support such a hypothes1s Intra-

carotld 1nfus1on of norep1nephr1ne dur1ng breathlng of 8% C02, a st1mu1us B

, )

‘t"

fﬁwh1ch wou]d be expected to max1ma11y leate 1ntraparenchyma];vessels,;

_has no effect on cerebra] b]ood flow 16’man (57) Waltz et a] (58) found

no cons1stent s1de-to s1de d1fferences in cort1ca1 b]ood f]ow and arter1o]ar

'ca11ber in cats fo]]ow1ng chron1c un1]atera] superlor cerv1ca] gang]1onectomy

Furthermore measurements of cerebra] b]ood f]ow 1n man dur1ng hypercapn1a

(42) and in baboons dur1ng hypocapn1a (59) have fa11ed to reveal any

-s1gn1f1cant effect of 1ntravascu1ar 1nfus1on of alpha- adrenerg1c b]ock1ng
agents under these cond1t1ons As prev1ous]y noted however, 1ntra—
'vascular adm1n1strat1on of sympathet1c am]nes or the1r b]ock1ng agents

: . '-‘\ "
, may be 1neffect1ve due to barr1er mechan1sms ' . Ty

Lo The stud}es outﬂ1ned above demonstrate, desp1te cons1derab]e effort

'f.that the phys1o]og\ca] ro]e of the sympathet1c 1nnervat1on of the )
:arter1a] system sypp]y1ng the bra1n is not yet clear Stud1es on the

'gfeffect of neurogen1c act1v1ty:on cerebra] c1rcu]atory responses to

changes in perfus1on pressure have a]so provided conf]1ct1ng eV1dence

-These stud1es are d1scussed in the section dea]1ng with cerebra] auto—

regu]at1on

B Parasympathet1c System -

Stud1es of cerebra] vesseTS us1ng h1stochem1ca] techn1ques have
irevea1ed ‘the presence of a we11 deve]oped cho]1nerg1c 1nnervat1on of
»cerebra1 arteries (37) : Th]S cho]1nerg1c nerve supp]y occup1es an o

anatom1ca1 a#rangement on the vesse] wa}ﬂ wﬁﬁch is very s1m11ar to the [

o

o

adrenerglc system and 11ke the adrenerg1c f1bers, extends to arter)olesmvﬁ

Q

'w1th diameters of 15 m1crons Inev1vo m1cro app]lcat1on of the

'parasympathom1met1c agent carbacho] to cat p1a1*Vesse]s has been shown

7
.
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':3f:to 1nduce a vasod11at1on wh1ch can be b]ocked w1th atrop1ne (60)

LN

'flihffsuggest1ng the ex1stence of cho]1nerg1c d11atory receptors App]1cat1on '

35fiof atrop1ne 1n the absence of carbacho] however,.has no effect

'Therefore, 1t appears un]]kely that rest1ng p1a1 arter1a] tone is gf
1nf]uenced by cho]1nerg1c act1v1ty T“”*fjlifeéf'
- Parasympathet1c cho]1nerg1c fibers appear to pass pr1mar11y through

the facial ne ve (61) and there 1s exper1menta1 ev1dence to suggest that

e

'st1mu1at1on of the sect1oned end of th1s nerve resu]ts 1n vasod11at1on .;w*

f nand 1ndreased cerebra] b]ood f]ow (62) In contrast, acety]cho]1ne has :

;'gaibeen demonstrated to cause contract1on of the 1so]ated cat m1dd1e cerebral

".artery (63) The reason for these d1screpant results is not c]ear but

"may be re]ated to the marked]y d1fferent cond1t1ons under wh1ch the

' -experIments were conducted

o A study has- been recently reported by Hoﬁf et a] (64) “in uhich B ‘

: cerebrovascu]ar responses to hypercaph1a and hypox1a were tested 1n

| baboons f0110w1ng unilateral and.b11atera1 fac1a] nerve sectﬁon ‘The»

. response of CBF to’ hypox1a and hypercapn1a was unaffected by fac1a] nerve
sect1on and the authors conc1ude\\that parasympathet1c f1bers 1n the fac1a1
nerve. p]ay no - ro]e in. cerebra] b]ood f]ow autoreguﬂat1on On the other
_hand, 1ntraper1tonea] adm1n1strat1on of atroplne to rats (65) appears to _'
-ﬁ;compIetely b]ock ‘the 1ncrease in cort1ca] b1ood f]ow assoc1ated w1th a’

' step 1ncrease in PaCO2 " Thus, while parasympathet1c act1v1ty may |

*fh'1nf1uence cerebra1 blood flow regu]at1on the or1g1n and s1gn1f1cance of

this act1v1ty has yet to be determined. > -

- C: Bra1n Stem Centres ". o 1},4 .

Recent ev1dence has accumu1ated suggest1ng the presence of bra1n

‘  stem centr@s wh1ch part1c1pate 1n the contro] of CBF E]ectr}cala(66)

/,A,
/



"‘fffﬁand pharmacoTog1ca1 (67) st1muT

at1on oﬁ bra1n stem structures have been

7’shown to 1nduce Targe 1nCreases'1n CBF wﬁ1ch 1n Targe port1on are
-1ndependent of concurrent 1ncreases 1n cerebraT metab011sm Shallt et aT

A'f(26) and more recentTy Fenske et aT (68) have demonstrated aboT1shed

';“ii;'responses of the cerebra] c1rcu1at1on to 1ncreases in PaCO2 foTTow1ng ;;;_:~ff

"’fl:bra1n stem Tes1ons in an1maTs Further suPPOrt for the presence of a

s system ar1s1ng from bra1n stem centres, (pr1mar11y th

centnaT neurogen1c 1nfTuence on. cerebraT bTood fTow may be adduced

s
1

from recent h1stochem1caT stud1es (69, 70) These stud1es

ave

\conv1nc1ngTy demonstrated the ex1stence of a’ centraT noradr erg1c B
4ocus coeru]eus)‘ﬂln
wh1ch prov1des noradrenerg1c nerve term1naTs to smaTT nntra arenChymaltp_,t,

‘cerebraT arter1es The onTy study (71) reported to date‘oh the funct1on.”

1‘_jof these nerves has g1ven 1nd1cat1on of the1r 1mportance . In th1s study :

/

‘the Toca] appllcat1on of carbachoT 1nto the Tocus coeruTeus area in
“;-sympathectom1zed monkeys produced a reduct1on 1n CBF and an 1hcrease in T

'?ﬁcap1TTary permeab111ty The 1ntraventr1cu]ar adm1n1strat1on of the anha

‘mblocker phentolam1ne had‘the oppos1te ertect On the bas1s of these
. :f1nd1ngs the suggest1on was»made that the centraT noradrenerg1c system -:Qj:'

'33?f1s 1mportant in the reguTat1on of CBF and cap1TTary permeab111ty

e

;'Iv CEREBRAL PERFUSION PRESSURE - AUTOREGULATION R i

g A Introduct1on N o “,‘Qi"ai]f L e
S ﬂﬁ Moderate var1at1ons in cerebraT perfusxon pressure, yhether 1nduced

s vt

ihby changes in bTood pressure of 1ntracran1a1 pressure, are'normaTTy Y

| compensated for by. appnopr1ate changes in cerebrovascu]ar re51stance SO .
that cerebra] bTood fTow remains_ constant The term autoregeu]atIOn 154
now commonTy used to descr1bed this process |

: Attent1on was f1rst d1rected to th1s phenomenon by the stud1es of

oo
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’

‘7,1techn1ques for measur1ng CBF has repeatedly conflrmed the Prese”u' B

| _:autoregu1at1on 1n an1ma1s and . man - (4)a: In ﬂatholog1ca1 stbdnes ”varylng

‘ capac1ty is exhausted An1ma1 stud1es (76) show that CBF rema1ns constant

WO1ff (72) and Fog (73) who obserxggﬂthat,p1a] arter1es d11ated in

response to a decrease in, b]ood pressure and constr1cted 1n response to

an 1ncrease 1n b]ood pressure More recent]yt/app1lcat1on of quant1tat1ve o

g T

, degrees of autoregu%atory 1mpanrment haVe been observed (74), show1ng

.

that CBF autoregu]at1on 1s a graded phenomenon

Under norma] phys1o1og1ca] cond1t1ons CBF remaTns constant untll

v;v_MaBP 1s decreased to approx1mate]y 60 mm Hg (75) W1th further reduct1on e

\

. with 1ncreas1ng 1ntracran1a1 pressure until CPP is 40 60 mm Hg. These o

fobservat1ohs, and the fact that cerebra] vesse]s d11ate w1th 1ncreas1ng

1ntracran1a1 pressure, 1nd1cate that a s1m11ar regu]atory mechan1sm ex1sts

for both changes in 1ntra- and extravascu]ar pre55ure The upper ]1m1t ‘of

'the autoregu]atory response to 1ncreased MaBP has been 1nvest1gated in

'baboons (77), and man (78) In these stud1es b]ood pressure ]eve]s in-

:'CBF The. flnd1ng of a post hyperfens10n hyperemla in baboons suggests -

vascu]ar pressure thus a110w1ng CBF to 1ncrease.“‘

' factors have been shown to

excess of 14Q- ]50% of the rest1ng value were accpmpantgp by 1ncreases 1n %@;'

»that unphys1o]og1ca] d1stens1on of arter1es occurs W1th excess1ve 1 tra-

B./Factors'Affectfng AUtor_gu]ation‘

—r

In CBF exper1ments in o]v1n changes in perfhs1on pressure, s'veral

111cant1y a]ter the no ma1 auto" : atory,

‘.response. At h1gh PaCO 1eve1s (grea er than 60—70 mm Hg), CBF passively
2 .

~—

'changes in response to a: decrease in. perfus1on pressure Under these

.‘cond1t10ns cerebra] autoregu]at1on appears to be abo11shed presumab]y

3 - Y RS

- . : B



1because of the additive effect of two Vasodi]atof factors; On the other:
hand, the vasoconstr1ctor stimulus of 1ncreased pepfus1on pressure will
ma1nta1n or decrease CBF 1n the presence of cerebra] vasod11at1on 1nduced
by moderate hypercapn1a (79) or papverine (80). Thus, theﬂblood carbon
dioxide lTevel. is a ‘major factor determ1n1ng the Tevel of perfusion
pre5§ﬁre at wh%ch CBE autoregu]ation can be demonstrated. The mechanisms'
which are effective in cerebral autoregu1afion and CO2 reactivity, howevee,
.are dffferentm Jﬁmerous investigqtjons (81,82) have unequivocally
demonstrated intect autoregu]ation';n the presence of impaired CO2
reactivity and vice 'versa.

Various types of pathological 1nsu]t to the bra1n result in
1mpa1red CBF autoregu]at1on, 1nduced per1ods of ischemia (83) and hypox1a

(84,85) have been shown to have this effect. It is generally accepted

that;;he mechanism responsibt€ for impaired autoregu]atiéh f0110w%ng

' iSchemia or hypoxia is the devElopment of tissue lactic acidosis which

. . »
) - .

causes 'paralysis' of cerebral arteries.

C. Mechanism.of Autoregulation -

Studies of CBF autoregulation have not answered the fundamental
question as to the mechanism by which this response is effected. At
present, three theories retain yide support.

(1) The myogen1c theory postu]ates that the st1mu1us for changes

y

in arter1a1 d1ametéP\Js a change in transmura] pressure (1ntravascu]ar—

extravascular pressure); the smooth musc§% of the artery respond1ng to an

*fgérease ih preséufe”With‘contraction and vice versa. A resting tone is

Ry Yoo
e,

e
* & PR

1mp11ed for norma] perqu10ﬂ»pressure
Pl T g i’

- ‘ .
Lo fﬂ%Z@ The metab011c theory for CBF autoregu]at1on vmp1les-an 1n1t1a1

T oo -

»

pass1ve f1ow change Adn the d1rect1on Df “thangé in perfusaon pressure

e
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The f]ow change then a]ters the chem1ca1 milieu of the tissue, for examp]e,
‘the loca1 concentrat1on of CO2 (and therefore H+), wh1ch secondarlly
induces changes in arter1a1 diameter to keep flow constant.

(3) The neurogen1c theory postu]ates that neurogen1c 1nf1uences

control, or at 1east modify CBF responses to changes in perfus1on pressure

a
cy
}

Much indirect evidence has been presented to support both the‘
myogenicC and metabolic theor1es. However, differences in the methodology
emp]oyed, a wide variety of exper1menta] des1gns, and 1nattent1on to
‘other factors affecting CBF in these stud1es have probably contr1buted'
greatly to the 1ack of consensus that st111 exists.: This is exemp]ified
by cons1derat1on of two recent studies. _

Symon et. &) (79) stud1ed hemodynamic .reactions to rapld pressure )
changes in an isolated va3cu1ar are of the cerebral circulation in the

baboon. This was accomplished by catheter1zat1on'of Labbe‘s vein and .

a branch of the middle cerebral artery with monitoring of outflow in the

vein. Acute pressure increases in the artery resulted in rap1d

o

appropriate adeStment of cerebrovascular resistance, often complete
within 10-15 seconds. The authors, arguing that matabolic changes in

cerebral vascular resistance could not occur with such a short 1atency,

. Teee e el o,

concluded that their f1nd1ngs were best exp1a1ned on the basis of the -

LAY -~

o

myogen1c theor B e A TE I NP Y

P L e e T TR BT . - C - P

In the setond study, also in baboons , Kawamunavet al (86) tested

: autoregu1at1on by 1nduc3ng 1ncreases 1n b]ood pressure w1th an, 1nf1atab1e

balloon Positionad in tha aorta. £erebra],b]ood f]OnyﬂS measured with
electromagnetic flowmeters around both internal jugular veins. Acute
increase$ in perfusion pressure resulted initially in an increase in CBF

. . /
which gradually returned to steady state levels in 3-5 minutes. . Cerebro-

v Yo . o e

vascular re51stance 1ncreased gradual]y over th1s same per1od This'fype o

- i
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}.equally apparent that autoregu]at1on41s a comp]ex phenomenon and s un=

: port1on of the ﬁgrebra1 vascu]ature

|

of response, in wh1ch cerebrovasgﬁ]ar resistanc 10w]y adjusts to a\_
change in cerebra1 perfus1on pressure, is thougjt\tofbe'compatible with
a metabo11c mechanism of autoregu]at1on

The resu]ts of 1nvest1qat1ons on the role of neurogenic influences
in cerebra] autoregu1at1on are- also 1ncons1stent CBF responses to
a]terat1ons in perfus1on pressure are norma] in animals with chronic
sympathectonw (87 88). Some investigators (81) have reported impaired
autoregu]at1on 1nfpat1ents which acqu1red autonomic insufficiency (89)
wh1}e others (90) have reported negat1ve results. Alpha- -adrenergic
b]ockade does not affect CBF responses to a decrease in perfus1on pressure

(88) but appears to impair autoregu]atory constriction to an increase in

perfusilon oressure (86) Atrop1ne adm1n1stereq into the. Vertebra] or

" carotid arteries (91) does not affect autoregu]ation o the other hand

the. anticholinesterase agent neost1gm1ne has been reported to impair the ~'-
cerebral vasoconstrictor response during intracarotid and intravertebral
infusion of this agent (92) ‘

| From the stud1es out11ned in- the - above it 9§ apparent that the

Kl

mechan1sms controlling CBF autoregu]at1on are far from cJear It is - o~

R

~~Tikely to be an exc]us1ve property of. any one factor or of a part1cu]ar

-




CHAPTER TWO
- T PATHOPHYSIOLOGY OF-THEVCEREBRAL CIRCULATION IN "~
SUBARACHNOID HEMORRHAGE |

I. INTRODUCTION J
| C11n1ca1 Studies (§3 94) indicate that-the 1n1t1a1 response to

' extravasat1on of b]ood from a ruptured cerebral aneurysm is an abrupt |
rise in 1ntracran1a1 pressure which tends to approach mean blood pressure
‘levels. During the period of peak elevation in intracranial pressure

CBF is severely reduced. This reduction in flow allows hemostatic ,’
mechan1sms such as c1ott1ng to take place. Once clotting has occurred'
spat1a] compensat1on in the cerebrosp1na] f]u1d compartments permlts ICP

.

to decrease to less dangerous}]eve]s.without further hemorrhage from the -
e aneurysm. ‘Presumably, failure of hemostasis by clotting would resylt in
cpnt1nued hemorrhag1ng, h1gh IFP 1ow CBF andfrapid'progression to fatal
cerebra1 1schem1a | | -

) B Some pat1ents surv1v1ng the 1nat1a1 effect of a SAH may do SO°

: w1thout ev1dence of bra1n 1n3ury wh11e others demonstrate va§y1ng degrees

R A L — o

of neuro]og1ca1 def1c1t However, the subsequent c11n1ca1 course of these'

e e e ~pat1ents 163 var1abJe and appears to be related to three maJor factors

PR3 B S-S \ -
. Rt ’

N . SRR (T) Recurrent hemorrhage from the aneurysm R ~‘*c{f‘"

0(2) Onset of cerebra1 arter1a] spasm.
(3) Development'of cerebral ischemia. .
At present, little is understood of the changes in the cerebral
circulation which permits a recurrence of the SAH. That it typica]]y

. occlrs at 7 to’ T4 "days fo11ow1ng the«1n1t1a1 hemorrhage (94) is

g v v o o
- A a@an JReC

suggest1ve of d1sso]ut1on of the hemostat1c c]ot Re]ease of spasm in

[EVEN

. arteries proximal.tp.the aneurysm-and a decrease in ICP hare'a]so been

17
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' suggested as contributing factors in recurrent SAH.

‘ The incidence. of cerebra] v sospasm subsequent to aneurygm rupture o
is approx1maié1y 40% (95,96, 97) S 1In man ang1ograph1ca1]y v1sqa]1zed
vasospasm is usua]]y de]ayed in onset by 3 to 4 days and may last up to »;
3 to 4 weeks (98,99). |

Spasm of the cereé}a] arteries may be localized or diffuse. Local
spasm occurs as a preferential narrow1ng in-one or more vessels, usua]]y
near the aneurysm, and affects dnly a short segment of an artery D1ffuse
spasm. is character1zed by a gen&na11zed narrow1ng of the cerebra] arter1es
Wilkins et al (96) exam1ned the records of 120 pat1ents with spontaneous

SAH and suggested that spasm beg1ns as a 10ca1 event adJacent to the

;aneurysm and -is subsequently propagated to other areas

B CEREBRAL VASOSPASM - PATHOGENESIS
Because -of widespread belief that cerebra] ‘vasospasm is the major
factor contributing to the deve]opment of cerebra] 1schem1a in pat1en¢s .

._w1th SAH, 1ntens1ve research has been carried out in an attempt to 1dent1fy_
a:the factor( ) fh blood which are capab]e of produc1ng pro]onged con-
str1ctlon of ‘the. cerebra] arter1es Most 1nvest1gat0rs have conc]uded
that mechan1ca1 1rr1tat1on produces only loca11zed trans1ent vasospasm

Among the b]ood borne‘factors which are capable of cau51ng cerebral
vasoconstr1ct1on, norepinephrine, prostag]andins E2 and F2d and serotonin
have beenmtherOSt‘wideiy investigated. However, Onfy serotoninbappears
to fulfill the criteria suggested by Zervas (100) as being necessary for
defining'an agent respdnsib]e for cerebral vasospasm:

(1).The.substance must be vasoactive.

- (2) Jhe‘sUhstance must be‘reCOVEred at the site of SAH.

(3) A specific antagonist to this agent must prevent spasm.



>(4)'Remoya],oflthﬁs'aoent must reT?%veAspasmbjnuthe experimental . .T
E mode] : , .- o - . .. _' ‘ ’ . - - e (“ '..’:‘“v.: ;.’:o.‘_‘. T
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"SerOtonin (5 hydroxytryptam1ne) is a h1gh]y act1ue vasoconstr1ctor
,‘wh1ch is widely present in mamma11an t1ssues However, a]] the serotonIn
present 1n ‘blood can be found in concentrated form in the blood p]ate]ets ':
. (10]) Dur1ng c]ott1ng, the act1on of thrombin. on . b]ood p1ate]ets causes'
.re]ease of approx1mate1y half the seroton1n, the remainder be1ng re]eased
s]owly over severa] days These propert1es of seroton1n ]ed early’ |
_1nvest1gators to postu]ate that it m1ght be respons1b1e for the cerebral
arterial spésm which was be1ng observed in pat1ents w1th subarachno1d
-herorrhage,(SAH) from rupture of an 1ntracran1a1 aneurysm

Ear]y exper1menta1 attempts to 1mp11cate serotonin 1n post- SAH L -
' cerebra] vasospasm produced w1de1y varying resu1ts A1though serotonin
‘ 1nvar1ab1y caused constr1ct1on when app11ed top1ca11y to exposed cerebra]
) arter1es (102, 103, 104) the degree of constr1ct10n observed 1n one
such study was markedly 1ess than\that obta1ned w1th b]ood (103) SAn
_another study,.marked constr1ct1on of the bas11ar artery was produced
by an apparent]y seroton1n -free fract1on of blood (104) » Furthermore,
although 1ntracarot1d 1nfus1on of seroton1n in monkeys produced cerebra]
~'vasoconstr1ct1on (]05), no d1fi@?ence in seroton1n blood 1eve]s were \
found'betWeen-pat1ents thh SAH (w1th or w1thout cerebral vasospasm) and a
- contro] _group (]CG)

"In contrast w1th the afore ment1oned resu]ts, recent investigations

have produced substant1a1 ev1dence indicating that seroton1n p1ays a

major role in the genes1s of - post -SAH cerebra] vasospasm The resu]ts LT

-of these 1nvest1gat1ons -are summar1zed be]ow

17 Dep1et1on of b]ood serotonln ]evels by Sq 75% prevented the




“( }fIn v1tro exper1ments ut1]121ng segments of~dog cerebral

~~~~~~

__--m,...,f,'\,‘; PN

-“:-:xzrﬂg»ﬁ,‘rarter1es as a;b1oassay system demonstrated‘thatf‘ A
S L ‘ .
(a) On]y seroton1n (out of numerous vasoact1ve substances
tested) was . capab]e of produc1ng max1ma1 cerebra] artery

PRI

contractJon at a COncentrat1o L

CIOtted bIOOd (]09) s ST S S L

_(b) The oontractiﬂefactivity 6f cerébrospinal'fﬂuidﬂqolTected__fif
A from pat]ents w1th SAH was due to seroton1n (110) |

_f:;]i >(3)'C1sterna magna 1n3ectaons of b]aod or seroton1n at phys1o]oglca]

| --fconcentrat1ons produced quant1tat1ve]y s$m1]ar degrees of | |

"sdspasm of the dog bas1]ar artery mC1sterna] 1nJect1on of/ghenoxy—
_benzam1§1 (a seroton1n antagon1st), re]1eved both the. '
vJseroton1n and b]ood “induced’ spasm (111)
" (4) In- vitro bov1ne m1dd1e cerebra] artery segments contracted

when exposed to concentrat1ons of . seroton1n found in human

~ plasma and SECNW (12).

4

(5) Human. cerebrosp1na1 f1u1d from pat1ents w1th SAH and cerebra]

vasospasm caused marked contractlons of 1so]ated human cerebral

arter1es (113).




’ CHAPTER THREE ‘
g;,;it;f_;;:;;;',‘._j:‘ EXPERIMENTAL STUDIES = MATERIALS AND METHODS
fa'Ta;::JFF;_‘ A descr1pt1on of the mater1a]s and methods ut111zed in the
B | exper1menta1 stud1es “is. presented\beTow Many of:-the, techn1ques were
unchanged throughout the course of. the étud1es In some areas\changes :
'i were’ made and” these‘are po1nted out to the. reader However, unless.--
spec1f1ed otherw1se the techn1ques descr1bed perta1n to aTT experxments

e smmes L TR

The fwrst'study (Study A) was an 1nvest1gat1on of the effect of -

W s o Ame e

SAH on CBF autoreguTat1on "“In the secondAstudy (Study B) the effects

of subarachno1d bTood and serotonzn on the cerebra] c1rcuTat1on were

" exam1ned and<ebmpared

I. AMIMAE‘PREPARATION

Juvenile and adu]t female rhesus (macaca mulatta - Study A) and

cynmngous (mggaga_1ru5'— Study B) monkeys were ut1T1zed Sedatlon waslh.
; ach1eved w1th 1ntravenous sodium pentothaT (25 30 mg/kg) EndotraeheaT
tubes were 1ntroduced and,the an1maTs were vent11ated w1th a Harvard
var1ab1e phase resp1rator ParaTys1s of the an1maTs was 1nduced w1th
1ntravenous tubocurar1ne (Study A) or ga]]am1ne (Study B) and maintained
~<) w1th additional supplements as requ1red L1ght generaT anesthesia was'
/ ma1nta1ned throughout the e;her1menta] perlod w1th a m1xture of ‘nitrous

_ox1de (N 0) and oxygen (02) from a reservo1r in a rat1o of 2 to 1.

Body temperature was cont1nuous1y mon1tored by an esophageaT

o K:jfthermometer (TeTe—Thermometer YéTTow Spr1hgs Instrument Co ) and

ma1ntaﬁned betWeen 36hand 38 degreés centigrade by a sma]T heat1ng pad

e bynogra hi(type R) Recorder) was pehfbrmed“in aTTﬁan1mals.:T.‘-f”"‘f

Az.@. co .
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.....

pos1t1oned be]ow the an1maTs Standard Tead electrocard1ography (Beckman =S

FemoraT arteryvcatheter1zatwon was performed,ln fhe anesthet1zed S
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an1mals and arterial- b]ood samp]es ‘were 1mmed1ate1y obta1ned for pH . and

b]ood gas ana]y51s (Instrument Laboratory Inc., pH/Gas Ana]yzer model 113).

By ad3ust1ng the vo]ume output from the resp1rator, arter1a1 pH, carbon
d1ox1de (PaCO , and oxygen (Paoz) va]ues were kept w1th1n -the phys1o]og1cal

range dur1ng surgery Thereafter arter1a1 pH and blood gas- ana]ys1s was

performed dur1ng each measurement of cerebra] b]ood f]ow Hematocrvt

determ1nat1ons, required for CBF calculat1on Were carr1ed out frequent1y4;.;‘a

»-_. - T uoa (S
N N N

(4 to 6 t1mes) in the course of ‘each exper1ment

H}w‘

Mean arter1a1 biood pressure (MaBP) was cont1nuous]y monltoredyby

C e e s e

-w.‘.v s -

a pressure transducer (Statham P23dB) connected to the femora] artery e

‘:.catheter Cerebrosp1na1 f]u1d pressure (CSFP) was also cont1nuous]y

mon1tored by another pressire transducer (Statham P23dB) connected toa -

catheter pos1t1oned in the ]umbar subarachno1d space Both preSSUre
transducers were calibrated aga1nst a mercury manometer pr1or to each
exper1ment Zero drift was checked frequent]y dur1ng the experlment and
adJusted as required In Study A a. cannu]a was poslt1oned in a femoral
vein for cont1nuous 1nfus1on of the pressor drug aram1ne b1tartrate fffffj"{"~

(40 50 mg in 500 cc norma] saline).

/ A cranial tW1st dr1LJ hole (1 5 mm d1ameterj 0.5 to 1.0 cm dorsal
to the nas1on,»was performed in the animals to be subjected to
subarachnoid injections Hemostas1s was achieved with bone wax app11cat1on
and the defect was sealed until the“time of subarachno1d injection.
Cerv1ca] d1ssect1on to ‘the common carot1d artery bifurcation -
was performed with the aid of an operat1ng m1croscope (Codman Mark I1).

In Study A the externa] carot1d artery was 1so]ated and doub]y Ilgated

| 1mmed1ate]y d1sta] to the or1g1n of the externa] max111ary artery ~ The -

L

g

externa1 max1]] y artery was cdreful]y d1ssected frgm surroundlng t1ssues

* - A
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:““:and doub]y 11gated approx1mate]y two centlmeters dasta] to 1ts orlg1n

& 4-— 4 -

".A 21- gauge po]yethy]ene catheter was “then 1nserted 1nto tbe 1nterna] carot1d

.artery via the externa] max1]]ary artery " The catheter was connected to
_ S
an 1n3ector devace (Append1x I) V1a a 3 -way stopcock

In Study B the cerv1ca1 portlon of the common carot1d artery was

‘."carefu]]y exposed R 7-0 s11k purse string suture was p]aced in the wa]]

' cof the common carot1d artery approxlmately two cent1meters prox1ma1 to

' the b1furcat10n The d1ameter of the c1rc1e formed by the purse- string

. suture. was approx1mate]y one mﬂhmeter A 20«-gauge catheter (Mechcut)

"7‘~',{f1 METHOD OF SUBARACHNOID INJECTION

was then 1nserted 1nto the common carotid artery through the - space enc]osed
by the suture and threaded to the or1gln of the 1nterna] carot1d artery.

The externa] carot1d artery was clipped at 1ts or1g1n useag a8 modified
aneurysm c]1p The carot1d artery catheter was then connectede\ﬁthe

1n3ector dev1ce via a ]6 gauge catheter and 3- way stopcock assemb]y At

the end of the exper1ment the carotid catheter was removed and the purse—_f

A\

- _strvng suture tlghtehed to c]ose the small arter1otomy A;', T

e L e

“
- J—

Pr1or to subarachn01d 1nJect1on a‘c1rcumferent1a]]y beve]ed |

'19 gauge . sp1na] need]e was carefu]]y 1nserted (under f]uoroscopy) a]ong
the flo6r of the anterior fossa 1nto the ch1asmat1c cistern. Adequate
'p]acement of the need]e wasconf1rmed w1th return of cerebrosplna] fluid
after removal of the. need]e sty]ette The need]e was then secured to the
"skull by a screw device.’ ‘ ' | o

;; In Study A subarachno1d hemorrhage was 1nduced by - manua] 1nJect10n
of 4 m] of fresh autogenous arter1a] b]ood under - constant pressure

_,DuratIOn of the 1nJect1on was approx1mate]y 25 seconds Mock subarachno1d

'-;hemorrhage (MSAH) was 1nduced by. the same procedure using art1f1c1a]
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F.cerebrosp1na] f1u1d (TT3)~at normaT pH ( 7 35) and temperature (37°C) L

In Study B 3 m] of fresh autogenous arter1a1 bTood art1f1c1a]

cerebrosp1na] fTu1d or serotoﬁdn—so]ut1on were 1n3ected into-the
'subarachno1d space us1ng the same procedure as 1n Study\A In aTT .
‘f experwments art1f1c1a1 cerebrosp1na] fTu1d was freshTy prepared from oo

stock soiut1ons JuSt prlor to subarachno1d hemorrhage The seroton1n _j

s . N

.....

.'so]ut1on Was: prepared by m1x1ng a sma]] vo]ume of seroton1n stock ;i .
fvsoTut1on (0 5mlat 1 x 10 M) 1nto TOO ml of art1f1c1aT cerebrosplnaT_

f]u]d to produce a. final serotonip. concentrat1on -of 5 x 107! 6 M.

-

I11. ADMINISTRATION AND DETECTION OF 133y,

Cerebra] blood f]ow ‘was measured by the ]33Xenon intra-arterial
‘1nJect10n method deve]opment by Lassen, Ingvar and their assoc1ates (117) .
An automat1c 1nJector deV1ce.was ut1]1zed to 1n3ect 2 5:t0.3.5 -
m11]1cur1es of ]33Xe into the 1nterna] carot1d artery The construct1on, o
’:operatangrcharacter1st1cs, and 1n v1vo test]ng of the 1n3ector system

‘.fare descf]bed 1n deta1ﬂ in Append1x I _‘ » _
Reg1ona]-c]earance rates for ]33Xe were measured hy a six-
_Tdetector sc1nt1]1at1on counter assemb]y constructed in th1s Taboratory
~(F1g 1). Four of the detectors recorded the radﬁoact1v1ty from

supratentor1a] regions - frontaT par1etaT, occ1p1ta] and temporaT

(detector #1,2, 3 and 5 respect1ve1y) Detector #4 and #6 recorded

rad1oact1v1ty from the orb1to ma&111ary and cerebeTTar reg1ons respect1ve1y.fi' :

Each sc1nt1TTat1on counter comprlsed of 0.60 cent1meters dlameter,
1. 25 cent1meter th1ck sod1um—1od1de thaT]1um act1vated crystal coupTed
to a T 25 cent1meter diameter photomu1t1p11er (PhT]]TpS XP TOT) w1th a )

truncated pTex1gTass light gu1de The detectors, spaced at a dlstance of

’\\

1 cent1meter from each other were mounted 1n a sta1nTess steel coTTTmator

. ant
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the b]ock face ‘ An/addL:TT'a]'1 5 cent1meter Iead co]]1mator app11ed to i
_;!;a__s__sihe»b%ock”faceﬂensured measurement of rad1oact1v1ty from d1screte vo]umes‘f

of bra1n t1sSue .The " 1soresponse curves for two adJacent co]11mated ‘

detectors are shown in F1gure 2. Rad1oact1v1ty was a]so/measured from the
s-ssj3>tf. contra]atera] A\ﬁe u51ng a: 1arge sc1nti]1at}/n'c6unter with a 2. 54 cent”-.:

e

SR meter.dlameter 1. 2? cent1meter,thrcﬁ sod1um-1od1de tha111um/aét§vated

cr sta1 < However, only the reg1ona] cere ood flow data was-ut1112eddi*

”Nin the data” analyses.
Pu]ses from each detector were amp]1f1ed and then 1nput to s1ng]e

channe] ana]yzers wh1ch accepted pu]ses w1th energy greater than 70 Kev (F1g 3)

)
v P -

The output (samp11ng t1me 2 seconds) from»each s1ng]e channe] ana1yzer was

FRE- S A

-~ -~ e

i(wfdJi 'fed 1nto the data acqu1s1t1on system V1sua] d1sp]ay of the 133Xe

“g‘ “ c1earance from each brawn reg1on was proV1ded by. a sma]T mon1tor ]ocated . fh;.f,:
) r?w1th1n the 1aboratory- Data acqu1swt1on and retr1eva1 -was accomp]1shed
't;y1a a; contro] te]etype a]so located 1n the 1aboratpry The rad1o1sotope

c]earance curves were ana]yzed by an on s1te d1g]ta1 computer Background

e

'W:rad1at1on was’ recorded for a two mlnute per1od and'a ca]cu]gted mean value was
1rsubtracted irom the c]earance éurves pr1or to computer ca%cu]at1on'of regional
ucerebra1 ‘blood f]ow va]ues B o ST t.* . t' | |

- Correct p]acement of the mu1t1detector system was ach1eved by
app]y1ng a p]ast1c temp]ate (w1th six rad1opaque cwrcular markers w1th
d1ameters 1dent1ca1 to the detectors) to the 1atera] surface.of the sku]].
Man1pu]at1on of. the monkey s head or adaustment in the pos1t1on of the

'ydetector assemb]y under f]uoroscopy ensured accurate pos1t10n1ng of the

'mu]t1detector system (F]g 4).
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Lateral cerebral angiogram showing scintillation detector
placement. Detectors 1, 2, 3 and & measure rCBF from the
frontal, parietal, occipital and temporal areas of the bhrain.
Cerebellar and orbitomaxillary perfusion is measured by
detectors 6 and 4 vecpectively

(.



.2, 3and 5).

&

Mean hemispheric blood flow (mHBF) was determined by averaging.

flow values from the four supratentoria]ly -placed detectors.(brobes 1,

IV, CALCULATION OF CEREBRAL BLOOD FLOW :
Cerebra] b]ood flow va]ues ut111zed in the data analysis were
. calculated by the he1ght/area (H/A) and 1n1tra1—slope—1ndéx methods (ISI).Q
:Many deta11ed discussions of these méthods of CBF'ca1cy]at}bﬁs‘havé been
presented (]17’118) and will only be reviewed here.
The H/A method formulated mathematically by Zierler (119) can be

appTied to ca]cg]gte the mean flow values from the clearance curve «

according to the equation:

(Hy - Hyo)

rear = A]D—Background

* X ° 100 ml/100gm/min

where Hozcorresponds to the total number of indicator particles to be

cleared, and H]O the level of the clearance curve at 10 minutes. A]O is

determined by integrating the counts recorded during 10 minutes and A

133

denotes the mean tissue{ blood solubility coefficient for '~ Xenon.

The initial-slope-index (ISi) method utilizes the calculated
R S%gﬁéyof the first 1.5 to 2.0 minutes of the logarithmic clearance curve.

An estimate of the mean CBF can be readily determined using:

+

T

rCBF ;.

1sp = VOQxg 2.30 D, -m}/100gm/min

1n1t1a1

]33X6noq partition coefficient of grey matter

-

where xg'corresbdnds,to the

and D represents the numerical value of the slope of the curv&{

Because of the profound ihfluence of carbon dioxide on cerebral
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' _ - 1 o . '
perfusion, particular care was taken to maintain PaCO2 levels within the

physiological range during steady stéte etudies[ Both uncorreeted and
corrected flows were calculated; corrected (to PaCO2 = 40‘mm Hg) flow
values were~uti4ized jnvsubsequent~data ana1y§ﬁs.°“Fdn each millimeter:
ehange in PaCO2 a correctlon factor of 2.5 percent for CBF change in the

same d1rect1on was 1ncorporated into the computer program (120). In the

ot N

° Ypost- hemorrhage perlod spec1a1 care was taken to keep PaC02 va]ues near
40 mm Hg- because of a possible effect of the subarachno1d 1n3ect1ons on

tarbon d1o«1de responsiveness.

+

The partition Coefficient for 133

"Xe in the grey and white matter

was ca]cu]ated accord1ng to the. method of Vea]] and Mallett (121) using

the so]ub111t1es of ]33

5
the-hematocrit influences the solubility coefficient of ]33Xe'in whole

Xe in the grey and wh1te matter of baboons Since

blood ‘and the blood-brain’ partition coefficienf, a cerrecffon equation as
described by Veall and Ma]iett'(]Z]) was incorpdrated into CBF calculation.
A mean partition_;oefficientufor the brain was calculated on the baéis
‘of a 52:48 grey to white matfer ratio as de;ermined»for the baboen brain
by James (122). ~ |
The calculation of CBF presupposes that;fne ciéarancé curve-
represents a single transit of the tracer and that the tracer does not
recirculate to the counting field. Even though the Tlungs function as an
effective filter for inert gases wifh low solubility (90 percent of ]33Xe
is cleared during the first passaée through the lungs and tne remaining
10 percent is distributeq in the fota] cardiac output with only 14 percent
of the recirculating\activity distributed to the brain) recircu]atfon does
1’occur. .However, only %n the presence of gross pu1monary‘{nsnfficiency or

with a rebreathing ventilation system dges recircu]ation-become a

Co



s1gn1f1cant factor :in CBF determ]natlon (]]7) In the present exper1ments
. exha]ed ]33Xe was removed by a hose at a slight negat1ve pressure to-. the

respirator. Correct1on for rec1rcu]at1on was: not performed

ce t @ 4r o« @e ]
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Tl e e V};?ANGIOGRAPHTCﬁL%STﬁDifgu
. . : \
Cerebril ang1ograph1ca1 stud1es vere performed in a]] an1ma}s by

forcefu] 1nJect1on of ] 0 to 1.5 m11]111tres of meglum1ne 10t$a1am&te
e B

‘i(Conray 60) 1nto the 1nterna] carot1d artery. Only- lateral a
~ !

were .obtained and care was taken to maintain magn1f1cat1on factors

giograms

constant. during each experlment . _
Only the large 1ntradura] vesse]s were, measured; 1ntradura] R T
1nterha1 carotld (IDICA), m1dd]e cerebral (MCA), prox1ma1:pericallosal
(PPA), and d1sta] per]ca]]osa1 (DPA) (Fmg.sS). Arteriall(intra1umina1)
calibers at these perdetermined frxed Tocetions were measured with a
micrometer 1ens system“pos1t1oned at a f1xed foc%] d1stance from the,
film. Of the two to three films obtaqned from each ang1ograph1ca] '
sitting, the one showing the arterial phase most d?st1nct1y was-se]ected
for measurement studfes. Each;artery was ‘measured four times and the
.meen values thus ootained were utilized far statistiéal analySis;
Comparison of arter;a1 oe]ibers in 30 pairs of flilms. revea]ed no significant
difference between measurements obtained from the first or second film

(taken two to three minutes apart).

VI. NEUROLOGICAL ASSESSMENT

Neuro]oglcal exam1nat1on was performed in all monkeys in the

-~

post anesthetic per1od A five d1v1s1on neuro]og1ca] grading system was

Y

utilized for eva]uat1on of the an1ma]s

’

Grade.i@ alert, acttve and vocp], no ev1dence of neuro]og1ca]
def1c1t, accept. food and water. - . / s
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Lateral cerebral angiogram showﬁng §{£é§ of Cérebra]

arterial caliber measurements.
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‘:';f'neurolog1ca1 def1c1t

Grade I1: m11d1y obtunded not as act1ve or voca],;nojsjgnificant»_.f»

2R SR f”u‘ty4> : : S
* Grade’ III moderate]y obtunded ‘neurotogical: def1c1t (1 e.,

vn';‘hem1pares1s,_parapares1s, cranial. nerve: patsy), usually assume: a sem1—-,~-
...-supine position but sit up when st1mu1ated respond to all forms of ,

st1mu1at1on {auditory, touch, pain) : v o R ;'. W
Gnade FV-: Severely obtunded, Severe neuro]og1ca1 def1c1t (1 e. _ -
hem1p]eg1a, quadrap]eg1a) 11tt1e or no response“to pa1nfu1 st1mu1at10n, e e

frequently exhibit genera11zed 1nterm1ttent ¢lonic se1zures ‘of variable crr e
durat1on L

. Grade V mor1bund, unrespons1velto all forms of st1mu1at10n,
: fa111ng vital -signs (fa]]1ng BP arrhythm1as, sha]]ow 1rregu1ar
resp1rat1ons) oo BT ; _
I. "”ﬁHARMI‘-\GOLOGICAL.:.IN:Vi_IRO_ STUDIES -
.ujhe tfssues utiTized in the in-vitro studies were:
:(1).Human umb1]1ca1 cord arter1es obta1ned w1th1n 30 45 m1nutes
R fo]]ow1ng de]1very “
”'”(25 Dog- and monkey cerebral vessels removed w1th1n one ha]f hour
o of. sacr1f1ce by exsangu1nat1on
'(3)eRat s tomach fundus strips obta1ned within 10-15 n1nutes of.
Aﬁsacr1f1ce
Tissues were p]aced into coo]ed oxygenated mod1f1ed Krebs—
. Hense11et so]ut1on after d1ssect1on Sp1ra1 strips were then cut and
'.mounted in Jacketed 5 or 10 ml organ bathstma1nta1ned at 37 degrees
cent1grade and. aerated¢w1th a SA C02/95% 02 m1xture (pH 7. 4) After
a 2 hdur recovery period the response of the tissue to var1ous agents'
_(Seroton1n, cyproheptad1ne monkey'serum) was tested iipmetr]c tlssue
responses were measured using a force d1sp1acement transducer (Grass-
Model FT) connected to a Grass 4- channe] po]ygraph (model 5-D) or a Beck | %V
dynograph (Model" B): The modi fied Krebs-Hense11et so]ut1on bathing the -
tissyes.in,the organ‘baths nad‘the fo]]oning composition (mM): NaCl 116;

? T )
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: ]1 2.
e Monkey serum serotonin concentrat1ons were .estimated by comparlng
serum 1nduced contract1ons to contract1ons obta1ned using known con-

‘ centrat1ons of seroton1n A minimum of two concehtrat1ons “of seroton1n

SR and two concentratlons of serum were ut111zed for each serum seroton1n

L
~ i,
M w

determination (4-point. assay)
In other 1n ~vitro exper1ments, the response of the tlssue (monkey

cerebra1\arter1es) to cumu]at1ve concentrat1ons of seroton1n or spec1f1c

concentrations (5 x 10° M) of seroton1n and serum were determined in the =~

. presence and absence of the serotonin antagon1st cyproheptad1ne at a

_ concentrat1on of 5 X 10 6

VIIi. ELECTRON'MICROSCOPY-STUDIES

: Fixation of monkey_éerebra] Vessels was performed by intracardial

‘ ~infusion w1th Krebs-Ringer so]ut10n containing 4 percent g]utara]dehyde

1n M1]10n1g s phosphate ffer After perfus1on for approx1mate1y 10
from the Teft cerebral c1rcu]at1on were removed at sites wh1ch
corresponded to the sites used for ang1ograph1c determ1nat1dns of vessel

ca11ber - IDICA, MCA, PPA and DPA. A small (3mm x 3mm x 2mm deep) block.

KCI 5 a: Cac12, 2 5 NaH2P04, 1.2; Mgc12, 123 NaHCO3, 22. 03 D glucose,; L

- m1nutes (500—600 cc) the bra1n was carefully removed Samples of vesse]s

of cerebra] cortex and ]eptomen1nges was removed from the super1or port1on

of the. precentra] gyrus and from the superior tempora] gyrus A1l samples

were p]aced in small vials conta1n1ng the perfus1on fixative immediately
upon . remova] from the brain. .
| Tissues were postfuxed-in 1 percent'osmiumitetrokide,dehydrated
1n‘a ser;es.of ethanols, and.- imbedded:--in-Epon. »After_staining, sections
were viewed with a: JEM-7A e)ectron mﬁcroscope. | |

© e
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o CHAPTER FOUR
o EXPERIMENTAL STUDIES-OBJECTIVES

EXPERIMENTAL DESIGNS RESULTS AND DISCUSSIONS
Two major: exper1menta1 stud1es were. conducted Each study exam1ned
. different but re]ated pathophys101og1ca1 aspects of SAH .There-are com-
u,ponents wh1ch are- .common  to the two studies, however forcﬁﬁe purpose of
c]ar1ty, each is presented be]ow as a separate 1nvest1gat1on - Both

studies are presented»1n a similar fashion.

1. STUDY A - THE EFFECT OF SAH ON rCBF: AUTOREGULATION AND CEREBRAL‘~
VASOMOTOR TONE . . o |
" A. Objectives )
(a) Determination of noENd] rCBF‘autoregulatocy response to
increases ih"cerebral perfusion pressure.
(b) To examine‘the e%fect of SAH on rEBF autoreguiatory response
and vessel caliber fesponse’tO‘fncreases in cerepra] perfusion

pressure .and to compare these effects to those obtained with

a MSAH.
ey ' o kq s o TR
(c) Determination of normal vessel cdliber responses in the major
-. cerebral arteries to increases in cerebral pressure.

(d) To document the neurological status of the animals following

- SAH and MSAH.

36
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B. Experimenta1’Design; e

RegioneT CBF respbnse to incneasessin heBP was determined in 17
-rhesus: monkeys dur1ng a pre- hemorrhage contro] per1od (3-5 hrs')ﬁ LPrior:
to beg1nn1ng rCBF measurements, base]1ne angiograms were obta1ned and
examined for evidence of surgically induced trauma to the cerebral
arteria]Isystem. Two te four rCBFiflow'measurements were then carried
out at resting MaBP-teve1s,?following which'MaBP wasvinereased in steps.
6f 10-15 mm Hg-and a rCBF measurement was ‘done at each MaBP_]eve]?'-MaBP
.1ncreases were induced using intravenous tnfustons of metaraminol bitartrate
_v(Aram1ne) A minimum of 5 minutes was allowed for stab111zat1on of the
cerebrovascular response to an—increase in MaBP before carrying out a f]on
measurement. In general, the maximum increase in MaBP was 30-40% above
the resting value. . - o

AFoT]Oang cdmp]etion of pre—hennrrhage testing of rCBF auto-
hégu]ation, angiographyswes performed at resting MaBP 1evels; and within
]0¥15 minutes at hypertensive 1eve]s‘ | .

SAH was induced in 12'anima1s In a contro] greLp, compr151ng 5 o
anfha15, mSAH'was 1ndn€ed. Hemorrhage was always induced during normo-
.tension; After a11owing_]5—20 minutes for stab11jzat1on of'the effects
~of a hemorrhage,‘nCBF autoregulation to increases in MaBﬁ was again
tested in the same manner as the pre-hemorrhage test of autoregulation.
Unon completion nf post—hemorrhage testing of autorequlation. angiography
was again performed at resting MaBP levels, and within 10-15 minutes
at hypertensive 1eve]s

The an1ma1s were then a]]owed to.recover. from the anesthes1a They
were observed for 1-2 hrs and themr neurological status was evaluated.

They were then sacrificed and the brains removed for gross pathological

examination.
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C. Resu]ts ‘
I (a). Card1ovascu1ar and cerebrosp1na1 f]u1d pressure responses 1

- The va1ues ef PaCOZ, pH and CSFP obta1ned dur1ng the rCBF
studles are summarlzed in Table 1. Care was. taken to maintain PaCOz near
40 mm Hg during rCBF measurements.and ang1ography‘ CSFP was measured in'
6 anima]svwith'SAH and in 3 animals with MSAH. Mean .CSFP-was eignificantiy
e]evated (p<0. O]) dur1ng the post-SAH per1od but rema1ned ‘at normal levels
dur1ng the per1od following MSAH. The s1gn1f1cant e]evat1on in CSFP
observed during the post-SAH period appeared to be partly due to moderate

increases .in CSFPAwhich occuyrred when MaBP Was.increased. Therefore,va

‘linear regression-analysis of the relationship between CSFP and MaBP wés’
performed (F]g 6) The regreSsion equation is: CSFP =-0.73 + 0. 13 MaBP.

- The s]ope of the regression line is s1gn1fﬁ¢ant1y different (p<0 01) from

zero.

-During subarachnoid injection 6f blood or'artificia1 CSF, CSFP
increased fap1d1y; the peak pressure occurring 20-30 seconds after the
beginﬁing of the injection. A typical example of cardiovascular and CSFP
reeponses to a 4cc injectjon of blood is shown in Fig. 7. When CSFP
approaehed ﬁeBP levels the MaEP began to increase (Ceshing fesponse), and
in some an1mals was assoc1ated with trans1ent (2-3 min) bradycardia and _
£KG changes Sinus arrythm1as, premature ventricular contractions,
increased T-wave amplitudes and S-T e]evet1on; werF noted. The mean CSFP

and standard deviation occurking with injection of¥4\m1 of blood and

artificial CSF was 141:58 mm Hig (n=6) and 139#9 mm Hg (n=3) respectively.

CSFP and MaBP levels stabilized within. 3-5 minutes fo]Lowing’suearachnoid

. injection.
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TABLE 1
[~
| GROUP . SAH C MSAH o
o | ~ PRE-SAH . POST-SAH \ PRE-MSAH  POST-MSAH
PO, M3 +29  39+59 | 407 +3.8 80 +40
- PaDy 12.2 + 8.6 130.6 8.0 1216 + 9.6 2.8 6.7
.M. 7.8+ 004 T.39:£.0.05° | 7.38: 0,08 7.39% 0.09 . -
CSFP 7.9 1 3.7 18.4 + 5.1 87+ 19 864+ L5

SAH= subarachnoid hémbrrhage

,|')‘,

MSAH-~ m0ck~§ubarachn6|d_hqmorrhage”

<

Mean and ?tandard deviﬁtionS'af blood gases, pHuahd
cergbrosp1na1 fluid pressure. (CSFP). in aninials
subjected to SAH and MSAH.
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(b) Autoregulation f R (
Pre- and post-SAH tests of autoregu]dtion were cﬁnducted 16 17 .*%f
monkeys. CBF (mean hemispheric blood flow) response tovincreaées in MagP
in one animai.from the SAH gfgﬂp is i11ustra§ed in Fig:ys. In this animal,

pre-SAH CBF remained relatively constant despite 1arg%'jﬁcréases dn MaBP..

Fo11ow1ng SAH CBF increased pass1ve1y with 1ncreases in MaBP. Regional

.~ *

CBF autoregu]atlon in th1s same anwma] is shown in ?19 9 A B C D. Befare
SAH, an increase in MaBP from 121"to 151 mm Hg had mo effect on CBF in any
of the 6 regionsijasured. When autbregu]ation was again tested during
“the 3 hougpperiod fo]]é@inQ.SAH, an increaée in MaBP from 120 to 150 mm Hgq
caused a marked increase in CBF in all regions. -

Linear regresgion analysis of the\pfe— aﬁd bost—hbmorrhage group
data was carried out (Fig. 10}. The slope of the regression line for the

pre—hemorfhage data is positive, but not significantly different (p>0.05)

*rom zero. This regression line was #sed as an index of intact auto-

-
-

regulation and compared with thg:fesdlts'obtained from analysis of the
post~ﬁemorrhage déta. fﬁe results éhow that the slope of the post-MSAH
regression line wa§ hof_significantly different from the slope of thei
pre-hemorrhage 1ine., In contrast, the post-SAH regression line slope was
significantly greater (b?0.0l) than the slope of fhe pre-hemoyrhage line.
(c) Cérebra} Vessel Reactivity
- A linear regression analysis of the relationship between angio-

.graphically determiﬁéd cérebra] vessel caliber and MaBP was performed
(Fig. 11). Data obtained from heasurempnts of the intradural internal

- carotid artery (IDICA) was used for the analysis. Since the IDICA was

the vessel wmost consistently well visualized on lateral angidgrans,

™
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F1g 9 Pre and post-SAH 1atera] angiograms showmg regional CBF va]ues '
(H/A method) at adifferent blood pressures. - A. Pre-SAH during -
normotension; B. - Pre-SAH dumng hypertensmn, C. Post- SAH
during normotension and -D. Post-SAH during hypertension.
Note global 1mpa1rment of CBF autoregulafion after SAH.
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36.8 + 0.05 MaBP
11.1 + 0.23 MaBP
32.9 + 0.06 MaBP
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Fig. 11 Linear regression 1lines shov'vfng' the
© . relationship between caliber (VC) of the H
_-intradural -internal carotid artery and
mgan arterial blood pressure. . ‘
- Pre-Hem - VC = 1,367 - 0.0018 MaBPp
' . SAH - VC = 0.679 + 0.0073 MaBpP

MSAH - VC = 1.38] - 0.0018 MaBp
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measurements ‘taken at -this Site provided the most complete and accurate

assessment of cerebral vessel calibeér responses to changes in MaBP.

Satisfattdry éngiograms we}e obta{ned at different MaBP levels in;13 :

- animals during the pre—ﬁéﬁorrhage»period,'in 8 animals following SAH,

»

S

and in 4 animals following MSAH.
' | During the pre—hemorrhagé period the IDICA constricted in‘}esponse
to increases iZ,MaBPg following MSAH thersame respénse was observed.
The‘regfessioh lines for both cases have a negative slope and are not
!gignificantly differént. "Following SAH, IDICA ca]ibef response to an
increase in MABP was markedly altered. This regression line showed a

posittve slope which was significantly different {p<0.05) from the §]ope

of the pre-hemorrhage regression line. -
, “, ";‘;,_ . . . s .‘.‘%
- Fe

&

(d) Neurolégical Assessment
of Fhe ]2'anima1sbwith SAH, 4‘were classed as grade II, 4‘grade
f113-3<grade IV, and one grade V. There wis no éTéar re]ationsﬁip betweeh,
neurongfcaT grade_éﬁd—dggreéhaf”cerebral autoregulatory impairment
~f0110wihg SAH. Mean post—gAH MaBP/CBF‘(ISIVMethod).regressjpn,]ing s10p2
vé]ﬁes fdr grade I1I, III, and IV. animals were 0.33 (:0,08), 0,35 (;0.17),
and 0.30 (£0.15) respectively. The animal classed as grade V had a

Post-SAH regression line slope aof 0.13 m1/100g/min/mm Hg.

Two animals with MSAH were classified as grade I, two grade II, énd o

lone g?ade V. There was no apparent cause, found at post—mo}tem examination,
for the poor status of the grade‘V MSAH animal. 1In éenera] the animals

with MSAH fared better than those with SAH. However: many of the SAH
animals were still improving at the time of sacrifice for post-mortem

examination of the brain. The 12 SAH animals had essentially 'pure’

BTy Tt i ke et e Tt L
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A

- Subarachnoid he rrhages as i]]gs;rated in Fig. 12. No blood was found

in the éubaraqﬁn id%spagéfofthe;MSAHAanimals.

|

\ ’on:ea}1yirep6rts in which é retrdépeétive analysis
of patient data wis performed. In particular, the reports by'Storne]]i

and French (123) and Allcock and Drake (95) are ffequent]y Quoted. In 1973,
Robertsonf(]24) stated that h... the Jeading.cause of death and morbidity
in'the p§§1eﬁt with a ruptured intracranial aneurysm who reaches hospital

in other than a moribund state is from the effects oﬁgcerebraISVasospasm."

When consfdered from a hemodynamic poin£ of view there can be Tittle
doubt that cerebral vasospasm, if severe enough, will result in decréiiéd l
cerebral perfﬁsionl cerebral edema, hypoxia and imfarction. Howevér,
mony clinical studies‘(125,]26,]27) habe clearly demonstrated the presence
of m&rked vasospasm i tin absence of neurological impaifméﬁf 6? decreases
i cerebral perfusjon. In these clinical studies and also in animals |
studies ,128), neu ological statys has‘generally correlated best with CBF,
whet" r or not cerebral vasospasm was present. A comprehensive, anaTytica]
review of cl{nicqj“reports dealing with the subject of cerebral vasosgasm  |
was récent]y pgblis:ed by Millikan (97). A total of 46 papers published
: tween ]9383ap&_]9-4 were anal- zed for evidence tﬁat cerebral vasospésm
{s reTatea.gg:hs}tality and morbidity in patients with SAH. Finding
tﬁat no firm eviden%e of . causal relationship between vasospasm and brain

- damage was ﬁrovided&by'the existing literature, the authdr performed astudy of
. | ‘

)
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regu]atory mechanisms may s1m11ar]y occur’ in pat1ents with SAH

54

neuro]og1ca] abnorma]1t1es 1n a further series of 198 consecut1ve pat1ents

~with acute SAH The conc]us1ons wh1ch were derived from th1s 1mp0rtant '

study (as presented by the author) were: .

(1) There- 1s nov€ﬂ1n1ca1 pwcture cons1stent1y present co1nc1dent* ’
w1th known cerebra1 vasospasm. |
(2) Cerebral vasospasm has no effect on the morta11ty from SAH due
.to aneurysm. k “ -
(3) There is no re]at1onsh1p between the frequency and. severity of
, the comp11cat1ons from surgical or conservat1ve treatment and
the presence or absence of-vasospasm
1 (4) The prevention of comp11cat1ons must be achievéed-by 1ncreased
techn1c:] skill w1t the ob3ect1vetqflprevent1ng the cerebral .
1nfarction, which iE\fhe anatohiC»substrate for the'compfication.
Thus, cerebral vasospasm alone 1s an 1nsuff1c1ent cond1t1on for .
deve]opment of neuro]og1ca1 comp11cat1ons frequent]y observed in pat1ents o
with SAH. Other factors, acting alone or perha;s in. concert with
vasospasm, must therefore be 1mportant \in th1s regard |
It has been demonstrated that ‘the. egégc1ency of norma] regu]atory
mechan1sms contr0111ng‘gBF, such as COf@Eea%g1v1ty and CBF autoregu]at1on,
is impaired in the presence of patho]dqmca] cond1t1ons such as trauma (129),
brain tumour (130), and cerebral apoplexy (131), and that th1s 1mpairment
may p]ay an 1mportant role in the mana@ement of these conditions. Recent

W o
stud1es have provided ev1dence which suggests that 1mpa1rment of CBF

.

Kutsuzawa et al (132) tested CBF responses to 5% CO2 ‘inhalation in

L9 patients during the acute per1od (<20 days) following SAH and found

--that.the CO2 vasodilation response was impaired. .Subsequent studies in

baboons (133) and monkeys (10) have confirmed this observation.
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‘ : v ,
Stud1es of CBF autoregu]at1on nn the . presence of SAH have been

. performed in cats “(134), baboons (]33) and man (135) Yamaguch1 and

Wa]tz (134) performed concurrent measurements of CBF and cort1ca1 arterlal

L

‘vesse] d1ameters in cats,subJected to 'SAH 1nduced by m1dd1e cerebra1 artery

puncture (BF was- s1gn1f1cant1y decreased in the 1sps1]atera1 hemlsphere

(same s1de as punctured artery), and in some cases in the contralatera]

- hemfsphere dur1ng the measurement per1od fo]]ow1ng SAH (1-2: hrs) These

decreases in CBF were attr1buted to spasm of the major vessels (a]though

not v1sua11zed)at the base of the bra1q Cortical>artery measurementS-in

. R ‘
these anwma]s suggested that’ cerebra] autoregu]atory responses were-

: 1mpa1red by SAH However the tempora] lobe retract1on necessary to

~

'7'perform the arter1a1 puncture may have contr1buted to the presence of these

abnorma] vessel responses

Hash1 et al- (133) 1nduced SAH in baboons by injectikon of ]O m] of

. hepar1n1zed blood into the sﬁbarachno1d space near the b]furcatIOn of the

internal carot1d artery. Measurement of cerebra] venous outflow were
performed during a1terat1ons 1n MaBP induced by 1nf1at1ng and def]at1ng a
ba1]oon in the aorta CBF autoregu]atlon ~when tested in thlS manner at
30-60 minutes fo]]ow1ng SAH, was noted to be 1mpa1red when CPP was- ]owered
but not when it was ra1sed A state of hyperem1a was present when auto-
regulation was tested at’ 30 60 m]nutes fo]]ow1hg SAH, suggesting that
significant cerebra] hypox1a occurred dur1ng\the prolonged - e]evat1on in .

ICP which accompan1ed the subarachno1d injection of blood (]0 mlnute

‘;}1n3ect1on) It is well known that CBF autoregu]atIOn to a decrease in

-_ CPP is 1mpa1red dur1ng cerebra] hyperemia (85), and that this 1mpa1rment

is probab]y due to post hypoxic vasodilation.. Twenty four to 48 hrs

after SAH cerebra] edema developed and autoregu]atlonowas found to be

55
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impa%red to both increases and decreases in CPP.

To this aufhor's‘know]edge,\Héi1brun et al (135) have reported the

‘6n1y clinical study of CBF autoregulation following SAH. Global loss of
" autoregulation was found in 3 of 5 patients tested pre-operatively.  AN

“patients had evigencé of diffuse ischemia and areas of focal vasoparalysis

(impaired autorégulation) as determined by regional CBF measurements with
133xe. 1In 8 post—aperative patients focal vasoparalysis was present in 6,

2 of fhesg with global loss of autoregulation. Interpretation of these

results is made difficult by the fact‘rhat hydrocephalus (angiographic

. évidence) was frequently present in these\patiehts,-suggesting the

possibility of de€reased. CPP below thé’autoreguTatbky'range. Aunto-

regulation was tested by Towering the MaBP in. the pre-operative périog4

. In the poéf—operative period avtoregulation was tested either by lowering

or raising the blood pressure. However, no information is provided

regarding which method was used in individual patients.

On the basis of the ahove studies it can-be concluded that no clear
evidence of impaired aUtoregu]ation following SAH has been presented.:

The present study was carried out in an attempt to resolve this important

3

question. Rhesus monkeys were utilized because of the similarity between

the cerebral circulation in these animals and humans. The hypertensive

agent used (Afamine) to test autorequlation has previously been shown to

have no effect on normal cerebral autoregulatory responses (136).
R ;
The animals used in the present study demonstrated efficient pre-

-

hemo?rhage autoregulatory responses which maintained cerebral perfusion

reMatively constant in the presence of moderate increases in“gfood pres-

sure. Furthermore, these increases in MaBP produced vasoconstriction of

the large cerebral arteries and were without effect on C5F pfessure.



57

Therefore, the cerebra1 arterial responses obtained pr1or to 5ubarachn01d
1n3ect10n of b]ood or artificial CSF were un1mpa1red by. the exper1menta]
preparat1on.

Subarachno1d hemorrhage was induced over a shprt period of time
which resulted in CSF pressure increases similar to those reported in
patients exper1enc1ng a SAH (93). F0110w1ng subarachnoid 1n3ect1on of
blood, CSF pressure remained elevated at normotens1on and when MaBP was
subsequently increased to test CBF autoregu]at1on, concurrent further
increases in CSF pressure occurred. There is experimental ev1dence which
indicates that, when total "vasomotor para]ys1s" has developed,a comp]ete]y
passive rgfét1onsh1p ex1sts between ICP and MaBP and large 1ncreases in
ICP resu]t from moderate increases in MaBP (137) The factors respons1b1e

for fhe increase in ICP appear to be. acute cerebral edema and passive
dilatation of cerebra] vessels (138). In the present study, cerebral
arterig] ca]iber\meaghrements demonstrated that arter1a1 dilatation occurred
in response to increases 1n MaBP after SAH, 1nd1cat1ng that increased
vascular volume was at least partly responsible for the e]evarion in ICP.

Increases }n CSF pressure with elevation of MaBP will tend to
prevent an increase in CBF and may ledd to an under est1mat1on of the
.degree of autoregu]atory impairment when MaBP is used as an index of cerebral
perfusion pressure. It is evident that this occurred to some degree in
the present study. However, analysis of the post-SAH relationship between
CBF ahd MaBP still revealed significant impairment of CBF autoregulation.

It was considered possible that a subarachnoid injection causing a

large transient increase in CSF pressure could of itself cause impaired

o

cerebral autoregulatory responses. Therefore, a control group of animals

was tested in which artificial CSF was injected into the subarachnoid

, /
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space. A]though'fhese hnima]s experienced CSF pressure increoses similar
to those measured for the SAH group, the CBF, arterTa] ca11ber and CSF
| pressure responses to 1ncreased MaBP - a]] remained normal. Thus, the
cﬂonges in cerebral arter1a1 react1v1ty observed with SAH - were not re]ated
to an 1nd.€ase in CSF Pressure but rather to the presence of blood in
~ the subarachnoid space. Shannon et al (139) and Sugi et al (140) have
reported 1ncfeasesrin CSF lactate and pyruvate and decreases in CSF
bicarbonate ;nd PH within a few hours following injection of b]ood into
" the Suberachnoid space in animals. Similar CSF acid-base and metabolic
changés have been‘described in patients with SAH (141, 142). Such increases
in C8F acid metabolites occur following 1sche;1a or hypoxia and are cons1dered
to be regponsible for impairment of CBF autoreguTation (143, 79) However,

v\v_v".

there is experimental ev1dence which indicates that s1m1lar ancreases in
CSF acidity can or1g1nate from glucose metabo11sm of b]ood cé]]s 1; CSF
and presumably also lead to 1mpa1~ed autoregu]at1bn (144 ]39)

The abnorma] cerebrovascu]ar responses observed following SAH in
the present study are in agreement with recent c11n1ca1 observatons in
patients with SAH. Hayashi et al (145) observed 1ntracran1a1 “pressure
waves" which were re]gf&aato periodic breathing of the Cheyne Stoke. type
and variations in arteriqal pre;sure. The resu]ts of other 1nvest1gat1ons
indicate that such repeated'e]evations in intracranial pressure may
eventually lead to complete "vasomotor oaralysis" and severe sustaiked \\\\
1ntrackan1a1 hypertensioo. Indeed, the authors foond that the more
seripusly i11 patﬁents,demonstr;;éd ICP levels in excess of 1000- H20
and total 16ss of normal cerebrovascular reactivﬁty. Simi]ar]y,»Sakurai

et al (146), in testing CBf’autoregu]ation and_response.to hypercapnia

in patients with SAH, found a close relationship between degree of

-2
.
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"impaired Fegctivity and neurological condition.
Tﬁ% precisé conditions under which cereb;al vasospasm contributes to
the deve]opment of cerebra] 1schem1a have not been e]uc1dated Martins
et al (147) have suggested that the 1nterp1ay of many factors, including
vasospasm, brain edema and impaired autoregulgtion determinesfcerebra1
5érfusiop after-SAH. Similarly, our results ghppdrt the coﬁéept that
the effect of vasospasm.on CEF will depend in large measure, 8n the i
siatus of autoregulation, intracranial pressure and systemic-blood
pressure. However, the manner 1n which vasospasm-and thbse factors are
related in determ1n1ng cerebral perfus1on can only be postu]ated
w1th normal reactivity and perfusion pressure, distal compensatory
vasodilation can maintain normal CBF even in the presence of severe J
‘arte}igl constriction. Further dilatation to Eompensate for a fall in per-
" fusion pressure hawever, is 1mpa1red (148). Thus, a precarious state of
"compensated vasospasm" may develop in SAH'pétjents and ischemia may be
precipitated b& systemic hypotens&oh or increased ICP. On the bther
hand, the occurrence ofjsevere Qasospasm,in a non-regulating vascular  °
_bed may produce ischemia directly due fo 1acé of distal compensafory
di]aéation. Agaih, fhe ischemia potentfa] of the vasospasm under these
conditfons is enhanced when éssggiafed with increaéed ICP or decreased
MaBP. It is evidence'that, eveh without vasoépasm, the combination of
sevefe]y impaireq cerebrovaécu]ar reactivity and a fall in perfusien \\~7//
» Ppressure can produce critically low levels of CBF.
THese ie]ationships indicate the importance of MaBP and ICP in
determining cerebral perfusion in patients witﬁ SAH and impaired autog

regulation, whether or not significant vasospasm has developed. Moreover,

they suggest that inE%?ggés dn blood pressure may improve cerebral

perfusion, particularly in patients who develop hypotension and/or vaso-
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spaém. 'Iy must be emphasized, however, that there is a potentia}-danger
to the brain from répeated or sustained increases in blood pressure if

this results in severe concurrent increases in ICP.



11. STUDY"B. THE EFFECT OF SUBARACHNOID BLOOD AND SEROTONIN ON rCBF,
CEREBRAL VESSEL CALIBE%\NNEUROLOGICAL STATUS AND CEREBRAL
ARTERY ULTRASTRUCTURE.

-

'./

. A. Objectives = . | o

This study comprises three-parts: In-vitro pharmacdlogjcé]

experiments; in-vivo experiments; and electron microscopy examination of

cerebral vessels. The objectives of each portion of the study are listed

below. . = -
(a) In vitro expérifents
(i).To determine the phy;jolpgica] concentration of serotonin

A\
in monkey serum

(ii) To assess the ab111ty of cyproheptad1ne to b]ock serotonin
and serum induced contract1ona in monkey cerebral vesse1s
(b) In vivo exper1ments
(1) To quantitatively determine the effect of a subarachno1d
~injection of artificia] cerebrospinal fluid on rCBF,

cerebral vessel caliber and other physiological parameters

in a control group of cynmolgous monkeys.

(if) %0 quantitative]y determine the effect of a subarachnoid'$
injectfon of b1ood’and physiological concentrations of
" serotonin on rCBF, cerebral vessel cé]iber and other
physiological parameters in the cynmolgous mohkey!
iii) To determine and compare the effect of the specific
" serotonin antagonist, cyproheptadine, on subarachnoid :

blood and serotonin induced changes in rCBF and cerebral

vessel caliber.
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(iﬁ) Tb asseés thé relationship betweenffhénges {n céfébfa]v
Ivesse] caliber and rCBF. o
(vf_To assess the duratiaon of changes in rCBF and cérégral‘
vessel EaTiber fo]]owing'subarachnoid ipjection of blood
and seroton1n |
(v1 To determ1ne the effect of cerebral circulatory changes
induced by subarachnoid blood~and serotonin on neurological

status.

(c) Electron m1croscopy

(i) To determlne the effect of cerebral c1rcu1atory changes

YR

1nduced by subarachno1d ‘blood and serotonin on the u]tra— =

a

structure of cerebra] vesse]§%§% the arterial, arterio]ar ;

/

and capillary Jevels.

-«

B. Experimental Desigh

In-vitro eXperimenés were carried out to obtain an estimate.bf the
normal concentration of serum Serotonin'in monkey serum. The regqué'of
these experiments determined the concentrationtbf the seroton1n solution
to be 1n3ected into the subarachno1d space in the in-vivo exper1ments A
secohd set of 1n vitro exper1ments was conducted to verify the ab111ty
of cyproheptadine to block serotonin and serum 1nduced contractions in
monkey cerebral arteries. |

The expérimental design for the in-vivo experiments consisted of
3 major experimental categories which Q;?é established on the basis of
the type of subarachnoid fnjection to be performed; bloed, serotonin and

artificial CSF. tach major category was then subdivided iﬁto aone group

which would-receive cyproheptadine and one group which would not receive

R
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) Subafachnoﬁd HemorrhaQe”(SAH) 4 |
2. .SAH fo]]ow%d'by seﬁotenin b]ockinélagent* (SAHQCH)
3. Subarachnoﬂd serotonin injection (SSI)
4. SSI fo]]owed by serotonin b]ock1ng agent (SSI -CH)
5. Subarachnoid artificial CSF. injection (MSAH)
6. MSAH fo]]owed by seroton1n blocking agent (MSAH- CH)
* 1. V Cyproheptad1ne 1.0 myg/kg.

These treatment categor1es were assigned to randomized b]ocks

- each random1zed b]ock containing the 6 treatment categories in random

- grder. Exper1ments were then performed agcording to this des1gn A

r

_Treatment categories 1, 3 and -

total of 30 monkeys were utilized in th1s serles of experiments, each
treatment group containing five animals. ¢

Experimental protocols u!’ﬂized are summarized below.

t

4

Surgery = Cerebral anglography - 2 3 rCBF measurements + Cerebral
Ang1ography -+ Subarachnoid 1nJect1on of b]ood serotonin solution,
or art1f1c1a1 CSF > 2- 3 rCBF measurements - Cerebra] angiography -
4- 6 rCBF measurements - Cerebra] angiography - Reverse anesthetic -

Neuro]og1ca1 assessment -+ Post- mortem exam1nat1on

cyproh@ptadfne. The! 6 treatment categories which were thus estahlished

63
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i Treatment Catego?ies 25 4 and 5:

RSurgery > Cerebral angiography -+ 2-3 rCBF measurements - Cerebral

\ ’ : .

| angiography -+ Subarachnoid injection of blood, serotonin solution
or artificial CSF -+ 2-3 rCBF measurements - Cerebra] ang1ography >
Serotonin blocking agent -+ 4-6 rCBF measurements > Ang1ography >

Reverse anesthet1c -+ Neuro]og1ca1 assessment - Post mortem examination

The maJor variables measured were rCBF, cerebra] -vessel caliber,
cerebra] perfus1on pressure (MaBP-CSFP) and neuro]ogica] status (2 hrs
and 16-18 hrs post-anaesthesia). éecondary variab1es measured included

PaCOZ, Pa02, pH"heart rate (HR) and hematocrit (Hct).

4

Fo]]ow1ng completion of the above exper1ments, an add1t1ona] 4

“monkeys were ut1112ed an wh1ch the concentrat1on of the serotonin
. N

so]ut1on 1nJected'ﬁnto the subarachno1d space was increased ten- fo]d
" The experimental protocol utilized was slightly different for these

animals in that cerebral angiography was also performed immediately

following subarachnoid injection and only 2-3 rCBF ‘measurements were

-

done prior to taking the fi;alﬂangiograms. These animals dﬁd_npt receive
cyproheptadine. ' .

After the fiﬁa] neurological assessﬁent 18 of tﬁe'ihiifal 30 g
monkeys were re-anaesthetized by intravenous injection of sodium pentothal
and perfused with g]utara]dehyde. This group comprised 6 animals with SAH4E
/ wifh SST and 5 with MSAH. Cerebral vesse]s obta1ned from these an1na]s
were 2xamined by electron microscopy for ev1dence of ultrastructural

.

cthanges.
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C. Results

(a) In—vitro experiments

N A bioassay qetermination of the serotonin concentration in monkey '

serum s shown'in'ﬁig. 13. The dose- response Tines for serum and
serotonin are para]]e] over the concentrat1on values tested. The
equivalent seroton1n concentrat1on for 94 serum is 5.6 x 10 7,M and for
100% serum is 6.2 X\]O -6 M.- Va]ueg for all such_EFrotonin bioassay
determinations are given in Tab]e 2 The mean serotonin concentration
values (1.6 x 10 -5 M) for.cynmo1gous monkey serum was higher than the
mean value for rhesus monkey serum. This discrepancy, however was due -
to a very high value obtained from one cynmolgous monkey (C-1). The mean
concentration value obta1ned for cynmo]gOus monkey serum is 7.4 x 10~ 6

~

when C-1 is exc]uded. ~The median value for the cynmolgous group is

-6

6.3 x 10 " M.. On the basis of these®results a concentration of

5 X 10—6\M for g;roton}n was defined as a physiological concentration.
Thus, in. suQsequent int- v1vo exper1ments, a'solution (;rt1f1c1a1 CSF)
containing 5 x ]O M serotonin was used for suborachnoid injections ;
(with the exception of a separate‘group of-4 anima]s in‘whicn 5 }glofs M
serotonin was used.) 1 '

A second series of in- vitro experiments were conducted in wh1ch

65

cyproheptad1ne was used to block serotonin and serum- 1nduced contract1ons

in monkey (cynmolgous) 1nterna1 carotid (ICA) and bas11ar arteries (BA).
Serum and serotonin (5 x 10°® M) induced contréctions were completely
blocked by ;’x ]Oz6 M oyproneptadine (Fig. 14). Subsequent injection of
the prosfag]andin FZa into the organ bath demonstrated that the arter1a1
preparations were st1]] capable of v1gorous contract1on Serotonin dose-

response curves were determined with and without cyproheptadine in 2

3
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TABLE 2
RESULTS OF BIOASSAY OF MONKEY SERUM SEROTONIN CONCENTRATIONS

Serum - _Tissue - Mo]ar Concentrat1on of Serum 5= HT
R-1 Unbilical Artery C o lax 07
R-2 Basilar Artery 2.5 x 10 ) 2.9 *;10—6
R-2 Middle Cerebral Artery 2.0 x 10” :

R-3 - Umbilical Artery 3.5 x 107°

R-3 Umbilical Artery 6.2 x 106 } 5.0 x 107°
R-3 " Umbilical Artery 5.3 x,10°6 |
R-4 Basilar Artery 1.2 x 1072 :

R-4 _ Umbilical Artery 23x 100 7.6x 107°
R-4 " Umbilical Artery 8.4 x 1076 J .
R-5 UmbiTical Artery : 1.1 x 107°

. mean = 8.0 x 10-6
C-1 - Umbilical Artery 6.9 5/10"5
c-2 - Umbilical Artery v 6.3 x 1076
c-3 Umbilical Artery 1.1 x 1075
C-4 Umbilical Artery I 3.4 x 1076
5 Umbilical Artery 4 1.7 x 107°
C-6 Stomach Fundus 2.8 x 1070 5.2y 106
C-6 Stomach Fundus 3.6 x 1076

-6 - -
c-7 } Stomach Fundus "3.8 x 10 : 3.4 % 10 ﬁf
C-7 Stomach: Fundus 3.0 x.10°®
| ’ mean = 1.6 x 1075
 overall mean = 1.3 x-1079"
{

R - Rhesus

C - Cynmolgous -
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vessels .(‘Fig‘k 15). Cyproheptadm: (5 x 1070 M) completely b]ecked the \\
response to serotonin in both the ICA and BA. In 5 ICA and 4 BA fL
preparat1ons; tne percentage maxima]l contractlon with 5 x 10 6 M seroton1n

" was 84.3 (+16 2) and 93.5 (+6 2) respect1ve1y In the presence of

5 x 107 -6 M cyproheptad1ne the correspond1ng va]ues were 2 3 (+3 6) and

.02(+05 . , --;')“ L AN

(b) In—v1vo experiments .

Phys1o]og1ca1 data values from the 30 exper1ments done accord1ng to -

‘a random1zed b]ock des1gn are presented according to treatment in Tab]e 3
. .

and Table 4. This data is further subdivided lnto three group1ngs

Grdup I - Pre subarachno1d 1nJect1on data ‘ _
‘GPOUDAII - Post subarachno1d 1n3ect1on data obta1ned pr1or to the first .
' post 1nJect1on angiograms:
Group Ifi —‘Postesubarachno1d 1n3éction data obtained fnllowtng tne.first

p0<t 1n3ect1on angiograms or I V. administratton df"
cyproheptad1ne | l
'7‘.The§e resu]ts demonstrate that physio]ogieal stabjlity was'maintained

in. the course of these experiments. : v _'" i

| Peak CSF pressures (mm Hg) observed dur]ng subarachno1d 1n3ect10n of
3 cc of blood, serotonin so]ut10n, or art1f101a] CSF were 126+36 (n=7),
121 + 83 (n=10), and 129 + 52 (n= 7) respect1ve1y These }ncreases in CSFP
were often accompanied by 1ncreases 1n MaBP bradycardia, and EKG changes- h
Premature ventr1cu1ar contract1ons, S T e]evat1ons, T-wave 1nvers1ons, and
arrythmias were frequent]y noted. EKG patteérn and MaBP usually returned to
normal in 3-5 minutes. CSFP remained elevated fol]ow1ng SAH but returned a
:to.norma] levels following SSI and

(1) MSAH - Mock Subarachnoid Hemorrhage -

The effeets of MSAH on CBF (mean hemispheric blood’ flow), -cerebral

[
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7

vessel ca]iber‘(IDICA).and-CPP are ehown in Fig. 16. Cerebral perfusion.
remaﬁned at or near pre;MSAH\]eve1s during the 2-2% hr period fol]owingv.
MSAH . Cyproheptadine adminietration in 5 of the 10 animals at appr0ximate1y
1 hr aféer MSAH had’ho effect on CBF.leimilar]y, cerebrai vessel ca]iber
(IDICA) was unchanged following MSAH in 10 an1ma1s or following subsequent
cyproheptad1ne adm1n1strat10n in 5 of these an1ma1s CPP remalnedcconstant
except for a 10-15% decrease during the 1qtter part of the experiments in
the group of 5 animals wjthout cyprdheptadine.

(ii) SAH-Subarachnoid Hemorrhage o ‘ 5 R . .

. The.effects of SAH on CBF (mean hemispheric blood Flow), cerebral

‘Avesse1 ca11ber.(IDICA) and CPP are shown 1n4F1g 17. Following SAH a *

s1gn1f1cant but trans1ent decrease in CBF occurred w1th1n 1 hr cerebraT% ;

. r}“ﬁ&‘& k ”
perfus1on had returned to pre hemorrhage ]exgﬁm.-, szequent1y temﬁlfed L

g§ssent1aﬂ_y unchanged whether or not. cyproheptadlne was adm1n1stered
- CBF changes, whether spontaneous or 1nduced by SAH, invariably

occurred s1mu]taneous1y and a]most equally 1n'a11 4 cerebral regionﬁ_ |

monitored; This finding ié shown for dne enimals in which a SAQ wasi

performed (F{g. 18).

rIDICA caliber was significantly decreased at 1 hr'fo]]owiﬁg SAH and

: at 215-3ﬂrs in the animals ‘ndt,receiving cyprbheptadilne. IDICA caliber )'n(

anima]srreceiying cyproheptadine was ngt'significantly different from the:

ure—SAH value; however,-the recovery in IDICA ealiber'observed‘fdllowing Ik
‘cyprphepiédine was, minimal. ATthough a11.aniné1s demonstrated'some poscj>
SAH decrease in_IDICA-ca]iber,ﬂqn1y 3 had decreeseg in excess of 25%.  The ;
cerebral vasospasm observed in'one of these enfnéls'is shownjinvFig.v19;=_%
In this enimal the percent decrease in IDICA, MCA PPA and'DPA ca]iber et';f

1 hour post SAH was 27 42, 34 and 23 respectlve]y, at 2% hrs_thev

correspond1ng va]ues were 30, 23, 29 and 20 Thus,_on]y-the MCA -showed

J
\
N
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. = ' *
Fig. 16 Mean and standard deviation of CBF (mean hemispheric blood flow),
" intradurnal 1nterna1ﬂ carotid artery (IDICA) caliber and cerebra] / o
perfusian pressure-(CPP) for 10 animals subjected to
subarachnoid injection of artificial cerebrospinal fluid (3 ml.)..
Dashed lines, connect val, for 5 of the 10 animals which
received intravenous cyproheptadine (1 mg/kg) . -
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. " Fig.

-

17 ‘Mean and standard deviation of CBF (mean hemispheric b]bod

flow), intradural internal carotid artery (1DICA) caliber
and ceyebral perfusion pressure (cpp) for 10 animals subjected

to suybarachnoid injection of blood (3 ml.). pashed 1ines
connpct vatues for 5 of the 10 animals which received intravenous

_cypyoheptadine (1 mg/kg) .
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Fig. 19

-

'SAH~induced‘aﬁgiographic‘cerebraT vasospasm

A.
B.

Pre-SAH lateral angiogram

“

- Post-SAH (1 hr) lateral éngiograms showing

moderate‘diffuse'vasospasm

. \
Post-SAH (2% hrs) lateral angiograms.’
Vasospasm is stil] present S
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83 .
a decrease'in spasm in- the 2% hrs following. éAH o '. I

n tCPP, Tike CBF was s1gn1f1cant1y decreased immediately fo]]ow1ng |

SAH suggest1ng that the trans1ent decrease in CBF observed fo110w1ng SAH

may have been part]y due to a- fall 1n CPP An 1ncrease dn CPP (~ 15%)-was'l
.observed in the SAH CH animals dur1ng\the Tatter port1on of the experimeﬂt

No concurrent. change in CBF was observed in these an1ma1s. The cause of ‘ :
the increase in CPP was not ev1dent '7' | ' o PO - v')€5

(ii1) SSI - Subarachno1d seroton1n 1nJect1

-

vessel ca11ber (IDICA) and CPP are shown in Figf 20: Subarachno1d\w hb‘°*?
Jin. ec ion of serotonin 5 x 10 -6 M concentrati n caused a sma]T nonsignificant“
. - )

decrease in CBF in this‘group of 10 anima]s IDICA'caijer

d,CPP rema1ned

°

unthaﬂQEd fO]]OW1ng ss1 and f0”0“”"9 SUbseqUent cyprohaptadane’”"
NS

;fémg;;;;;‘g);;,:,,a;;;._.;a.e;sa;- ;4‘-@2-%’4*“_?-’ BRI

‘e

adm1nastrat1on in 5 of the an1ma]s;
A further series of,exp@
| & Friin so]utlon 1n3ected-1nto the

g : _hg effects of thhs SSI on CBF  ~ g
(mean~hemisoheQiA b/ Tomg “cerebralausisel ca]1ber (MCA) and CPJ are

shown in F1g 2131 CBF decreased following|SSI and was SIgnf11cant y'Tower

i

than pre hemorrhage levels at 40 m1nute§ post §§% 4\subsequent ‘ragua] a"" ’

A

° -

: 'recovery ‘of CBF occurred wh1ch was comp1ete in ]% hours ) 'Q
The. resu1ts of vesse] ca11ber measurements are shown for the MCA

.
Ry
B
M
ES
:

¥

i

)

wh1ch exh1b1ted the greatest degree of spasm fo]]ow1ng SSI 'gerebra1 I 'ia
ang1ography, performed at 4 5 m1nutes fo110w1ng SSI 'revealed that the R /"}j*

:spasm occurred a]most 1mmed1ate]y ’ Progres$1ve re]axatlon of th1$ spasm

voccurred and at 2 to 25 hrs vessel ca11ber was not s1gn1f1cant]y d1fferent‘

e from the pre hemorrhage va]ue Cerebral vasospasm wnduced by subaradhnOId

© b

.
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Mean and standard deviation of CBF (mean hemispherit blood ‘flow)',. .
intradural internal carotid artery (IDICA) caliber and cerebral.

“perfusion-pressure (CPP) “for:10 animals subjected to *

subarachnoid injection of a 5 x 10-6 M serotonin solution
(3 ml.). Dashed lines connect values for 5 of the 10. animals
ﬁhich received intravenous;cyproheptadine (1 mg/kg); '
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F1g 21 Mea[ and gtandard devwatwn of CBF- (mean hem1spher1c b]ood

flow), middle cerebral artery (MCA) . caliber -and cerebral
perfu51on pressure {CPP) for 4: animals subgected‘to

R ‘ subarachnmd mgectmn of a 5 x 10-5 M semtomn so'lutmn
) ’ (3 m] ). o ‘ S ‘
. “ ) . . .
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‘“"~:lﬁ5an1ma1 1n F1g 22 CPP rema1ned falrly‘constant throughoUt the dqratTOn'
m;ﬁof these exper1ments 55’*;'”" ' S o

| *(c) Neuro]og1ca1 assessment

’*‘jbassessment were arby;rar11y c]assed as grade V

\"ffhv*f2 hrs One an1ma1 had no 1oca11z1ng neuro]ogjcal defTC1t b“t was.
'c"7,:moderate1y obtunded and wgs classed as grade III

" ”"”'?had a pro]apsed rectum wh1ch became strangulated durlng thé course of the
’i‘rahﬂ1ts death at ]6 hrsi'”*'”””

. exam1nataon bﬁf*

\’anc151on Another an1ma

N

( 1) SAH
v.,"i

*maps

't

The an1ma1s were neuro]og1caT1y assessed at 2 hrs and at 16 ]8 hoursjfﬁdfla”

s';vfo]1ow1ng reversa] of anaesthes1a Resu]ts are shown”for each type of?ii"‘\

. .1'

E1ght of the ten an1ma1s subJected to a subarachno1d 1nJect1on of

R u

”1s an1ma1 however, o

N

‘r{ffexper1mEnt and th1s probab]y contr1buted to 1ts poor status¢at 2 hrs and

a1n appeared groSs]y norma] at post mortem

1_Tn;th1s group d1ed w1th1n 11 hours of

) a

”fdanaesthet1c reversa] w1thout apoarent cause f-ff h

The e1ght an1ma1s w1th SAH whxch were con51dered neuro]og1ca1]y B

fnorma] at 2 hrs rema1ned unchanged at 16 18 hrs The two an1mals c1ass1f1ed

gﬁas grade IV at two hours d1ed short1y thereafter Each of these two

1ma}s were stab]e dur1ng the exper1ments and had norma] or near-normal

f CBF and vesseﬁ ca11bers Just pr1or to reversa1 of‘anaesthes1a There was

;Lf;exper1ment in ¥ab1e 5 An1ma15 wh1ch had exp1red pr1or'to.neur010g1ca1“' SR

‘“ff[art1f1c1a1 CSF were neuro]ogaca]]y norma] (grade I or II) when assessed at ’:‘<w




{P re- 551 1atera1ﬁ
“nﬁ_concentrat1on is. 5 X 10-5~M;..u,

cerebra] ang1ogram._ Seroto 1n

;Post SSI (1 hrs) 1atéra] anglograms

ﬁ“;EfPost SSI (2 hr 40 m1n) 1atera1 anglogram. :fhé L
' "_fjsever1ty of the vasospasm 1s decre sed L

l

. q,‘

 “-fPost(§SI 3 m1n) 1atera1 ang1ogram show1ng d1ffuséfw?*=***”
'j §vasospasm PR o g
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(m ) ssx “ At

One an1ma1 w1th SSI was moderate]y obtunded w1th no 1oca1xz1nq

. neuro]og1ca] def1c1t at 2 hrs and d1ed at TO 12 hrs The cause of death 1n; L

L fff[ifth1s an1ma] was not ev1dent A11 other an1mals w1th SSI (5 X 10 6 M or f}"
”**;*75 x 10 5 M seroton1n) were neuro]ogjca11y5norma1 at 2\hrs and atr16 18 hrs

f;A;;(D) Cerebra] Vessei U]trastructure |

Tlssue samples were obta1ned from anvan'ii;TohﬁsurV1ved up to 18
Txf--::hrs fo110w1ng reversa] of anaesthes1a 0hppr0x1mate]y 22 hrs fo]]oW1ng
f;iﬂgfif?,subarachno1d 1nJect1on) Of the 18 an1maIs studwed 6 had a SAH 5 had a’

M and 7 had a ss: f;(5,qx 10 6 > M)

Arter1e_4_arter1oles and cap1]lar1es

:stud1ed

Part1cu]ar,att%nt10n was"pa1d P

}ﬁwh1ch demonstrated cerebraP vasospasm fo]]owlng SAH,/ho“ever,7these e
‘v'fjjan1mals a]so revea1ed no ev1dence[of"cerebra] edema or damage to the wa]]

’ '9h1§f}fof cerebra] arter1es from the vasospasm

F1gures 23 25 and 25 show typ1ca] examp]es of the cerebra] vesse]

i
L4
3
4
B
¥

'":,1u1trastructure of arter1es, arter1o]es and cap111ar1es obta1ned from

. /
;;23)’ These smooth musc]e ce]]s were morphologxca1]y

"~:3"jnorma1 1n both the SAH and MSAH an1ma]s, ce]] membranes, nuc1e1 and

I I

. }m1tochondr1a were 1ntact The s1ng]e cont1nuous Tayer of endothe]1a1




f?;:ﬁig§f23 Arter1h1 u]trastructure fjx?ﬁ'“E;A'“;'fff"gf;i};"

&

v.f_A D1sta1 per1ca]]og@1_arteryifrom aHMSAH anlma]
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- . A; Piél'artéridle’from a MSAH animal

.

‘Arteriolar .ultrastructure

B. Pial arteriole from a SAH animal

" In both cases, the media (m) and endothelium (e) are
normal in appearance. . ' :

(—(.? o









;from,anMSAH an1ma1

Cort1ca1 cap11]ary from a SAH an1ma1

parenchyma are. uorma] in appearance.,.

In both cases astrocyt1c processes (a) and surround1ng _ ;-£
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" the preparat1ons Characteristic tight junctions between endothelial cells

were- a]ways observed ' Simi]ar_normaﬂ structural -featur-s were present in

small arter1o1es (F1g 23)"in both:SAH and MSAH animals " The preSence of

musC]e ce]]s w1th1n the. 1nterna1 elast1c 1am1na (F1g 23 and F1g 24) was

/"7
., not an uncommon occurrence " The 1nterna1 e]ast1c 1am1na was smooth 1n a]]

. cases, - suggest1ng that these vessels were not 1n spasm at the time of

“removal from the bra1n C

Cap11]ar1es 1n cortwca] t1ssue samp]es (par1eta1 or ‘temporal. cortex)
frqm an1ma1s wzth SAH ot MSAH were found to have a round, normal appear-

-ance w1th norma] t1ght endoth11a] connections (F1g 25) Per1vascu1ar

astrocyt1c processes showed ‘no ev1dence a{ swe]11ng, nar did adJacent
areas of parenchyma , :
F . ) . " i

E. Discussion

o

(a) In-vitro Studies

&ioassay determinationeshowed that, following clotting; the_
|

seroton1n concentrat1on of monkey serum was approximately 5 x 10 -6 M.

This va]ue is s1m11ar to the serum seroton1n concentrat1on obta1ned in.

man (110), baboons (149) and dogs (T10). App11cat1on of serotonin at

5 x ]O”G'M to isolated monkey cerebral vessels produced'near maximal
contractions in a11'cases and"these contractions were comp1ete1y blocked

by a cyproheptad1ne concentrat1on of 5 x 10 -6 M. This concentrat1on of

cyproheptad1ne was also h1gh1y effect1ve in b]ock1ng serum . 1nduced con-

tract1ons in the same cerebral vesse1s | Thus, it appeared that the vaso- .

~

constr1ct1ve act1v1ty of the serum was due to seroton1n Other

vasoconstr1ct1ve agents which m1ght have been present include norep1nephr1ne p

and prostag]and1ns, in part1cu1ar prostag]and1n F2 However, marked = -

conttapt1ons of monkey cerebral. vessels were produced by PGF2 in the

o~ v
b L
X

. IR [ AnZepoasaa o i -
AL R R s .

e eniee i S

R e e LR S A AL A D



» K - K '_ . ‘_‘\ , - o ) ..
presence:of cyprOheptadine G1]bert and Go]dberg (]50) have recent]y

demonstrated that cyproheptadlne (]0 M) does not alter norep1nephr1ne
response in 1so1ated can1ne carot1d and femorai arterles / | d
These resu]ts suggested that the cerebra] vasospasm due to b]ood
in the subarachn01d space cou]d be due’ to the cerebral vasoconstr1ctor
y .

effect, of seroton1n and that thms vasoconstr1ct10n could be aborted by

, eyproheptad1ne o %

(b)'In—vivo‘StUdies Co ®. .‘b T | :IS
Subarachno1d hemorrhage, 1nduced by 1n3ect1on of‘b]ood into the
prech1asmat1c c1stern, resu]ted in a s1gn1f1cant but transient decrease
in CBF in all reg1ons of the bra1n, a pattern wh1ch has been observed by
"~ other 1nvest1gators under similar exper1menta] cond1t1ons (137, 144). -
Ho110w1nq aninitial: decrease CBF returned to norma1 ]eve]s wﬂthln\one
’ ~hour in-spite of a 3ngn1f1cant pers1stent decrease in cerebra] vesse7‘ B ';,
:,ca11ber: ‘%hese results, are in accord With the findings of other S :ﬁ
dnvestigations‘k125 127, 128) in whlch CBF was found to correlate t i "';/fu A
. poor]y with the presence of cerebral vasospasm . ' ‘ xﬁ
- An unexpected f1nd1ng in these experlments was the lack of/effect l
- on rCBF or cerebral vesse] ca11ber of suba achno1d 1n3ect1ons of serotonin Lm_
at.5 x 10~ -6 M concentration. 'This concent ation of serotonin produced
near- max1ma] contract1ons of monkey cerebra] arteries 1n vitro. A]though
some d11ut1on of the’ seroton1n may haveloocurred upon 1n3ect1on 1nto the
_'CSF spaces, the vo]ume injected was suff1c1ent to. dlsp]ace essent1a11y
all of the CSF in the basal c1sterns These resu]ts suggest that cerebra]
vessels in-vivo do not d1sp1ay the same sens1t1v1ty to serotonin as

_isolated cerebra] wesse]s S I o ~

Allen et al (]09, 110, 111, 113) have recently performed a compre- o
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“

' In the1r 1n1t1a1 in- v1tro study (1

: ~or m1dd1e cerebra] arter1es were ut111zed seroto

u--tested wh1ch produced a max1%

7 known to be present in b1odﬁ 1n the present in- v1tro study the-;y S _~?»“j

h_max1ma1 contract1ons of dog cerebra\ arter1es w1th 1 x 10

vasospasm

,1n~CBF and vessel ca11ber in ‘the monkey

S 07 oA
hens1ve study of the role of seroton1n in the genes1s of cerebra] vasospasm. '

09) in wthh segments of dog bas11ar'

nin was the on]y agent

&

4

A

3

S

3

al- contract1on at concentrattons (5 x 10~ M) L
]

3

i

concentrat1on requ1red for maximal contractlon (Cmax) of mon ¥

key cerebra1
A
arterwes was TO to 15 t1mes greater Toda and Fu31ta (151) obta1ned

-6 M seroton1n,

in the same study human cerebra] arter1es obta1ned at autopsy were . ~ o
max1ma11y contracted when seroton1n concentration reached 5x 10 -6 M. .
A11en et’al’ (113) also ut111zed human cerebra] arter1es and found that’ the
‘Cmax was 5 x 10 -7 M. MOreover, seroton1n concentrat1ons of C&F obta1ned
from 2 patients 4 to 17 days after SAH were 1-2-%" 10 7 M, wh11e CSF from o 'g

control pat:ents w1thout SAH had no in- v1tro contract11e act1v1ty Th1s

ev1dence indicates a magor ro]e for seroton1n in the production of‘cerebra] LT

d

R

_ However the resu]ts obta1ned by A11En et al- are d1ff1cu}t to o - L fi

3 3
reconc11e w1th the observat1ons of the present study, subarachno1d 1n3ect1ons . %
of seroton1n 100 times greater than’ those observed by A]len et a] (113) in Ly

he ‘CSF. of SAH: patients w1th vasospasm produced on]y trans1ent decreases ‘

The durat1on of these changes

was 1% fo 2 hours and the-magn1tude of ‘the. decreases, wh11e s1gn1f1cant, who

was not 1arge A]\en et al (109) found that‘max1ma1 contractlons of

can1ne cerebra] arter1es were obta1ned w1th 5 x 10~ M seroton1n However,

o

1n "3 subsequent study c1s¢erna1 1n3ect1ons of seroton1n in dogs at much
S

h1§her concentrat1oﬁs (1 x 10 6 to\1 x 10~ M) produced only 20 30 per'f\ﬁv
cent decreases in the d1ameter of the bas11ar arterles (11]) These o

: : ‘,:' '." T
N . : ‘
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‘“f:if?results, and the s1m11ar resu]ts obta1ned in. the present study i

7'uconstr1ct cerebra] arterwes in the 1ntact an1ma1 Furthermore, 1t

‘appears that ]arge unphys1o]og1ca1 concentrat1ons of seroton1n are : .~=;#\'.:'

:'monkeys, demonstrate that the use of 1n v1tro preparat1ons of cerebra]

’ arter1es produces 1arge overest1matlons of the ab111ty of seroton1n to

e

A

B

requ1red to produce s1gn1f1cant in- v1vo cerebra] vasospasm 1f5:' IR I .

o caused by some ageht other than seroton1n, or (2) cyproheptad1ne when

3 musc]e 1n_suff1c1ent concentr

Intravenous adm1n1strat10n of cyproheptad1ne fa11ed to re11eve Qh'

W

the cerebra] vasoconstr1ct10n wh1ch had been 1nduced by SAH There are o

two poss1b1e exp1anat1ons for this f1nd1ng (]) The vasoconstr1ct10n was.

i ,fadm1n1stered 1ntravascu1ar1y does not reach the cerebrﬁ] arterla] smooth

Thus the resu]ts of the present study do not a]]ow the formu]at1on -

4‘, - B

".of any pos1t1ve conc]u51ons rega(glng‘tge ro]e of seroton1n 1n the product1on

.3.

of- post SAH cerebra] vaspspasm 1n humans Moreover, 1t shou]d be

'""emphas1zed -that in th1s and prev1ous stud]es the effect of" serotonIn has

been tested on* norma] ceTebra] arter1es, under norma] phy5101og1ca]

‘1n3ect10n4bf b1ood or puncture of the 1ntradura] 1nterna] carotld artery f‘*tgfiiE
l ‘Subsequent e]ectron m1cr05cop1c exam1nat10n of cerebra] vesse1s (2 an1ma15)

: p1n whlch severe spasm -was’ observed ang1ograph1calay revea]ed changes 1n . ‘h o

'cond1t10ns Such a state\1s un11ke]y to exist ‘in: pat1ents With post SAH {{‘ o

cerebra] vasospasm o u',ﬁ"”' f-,;'g';.{' i

:smooth muscle ce]]s as ear]y as. 8 hrs after onset of spasm These changes

PR

4 N *
v g

o

o

- (c) E]ectron m1croscopy stud1es | v
The- occurrence of ult?astructura] changes in. cerebra] vessels that ;;,p' i
have been 1n spasm has een recent]y*reported by Fe1n et al (152)

Cerebra] vasospasm wasi1nduced 1n rhesus monkeys by 1ntracisterna]

a ' <




.el‘_cons1sted of condensed 1ysosomes<and degenerat1ng m{tochondr1a On the "‘f

"111ght m1croscop1c ]eve] these vess@]s demonstrated a reduct1on 1n ]umen

'"'-js1ze and corrugat1on of'the 1nterna1 e1ast1c 1am1na VesseTs 1n wh1ch

: from onkeys wh1ch demonstrated cerebra1

’ ce]]s, rounded endow

"lesevere spasm pers1st d for more than 2 days conta1ned necrot1c muscle

e11a] ce]ls and separat1on of the norma]]y t1ght

:*{IendotheltaT”connect1ons\'

e

e

.:asospasm for’ up to 3 hrs

1vf01]ow1ng SAH were exam1ned for u]trastructura] changes These vesse]s-a"

d1d not demonstrate any u]trastructura] abnorma]1tﬂ ; Th1s flnd1ng may

-

o have been due to a‘number>of factors* (1) The vasospasm observed was :

*dybnot severe (2) 51nce vasospasm was not documented for 1dhger than 3 hrs,_.;i;_

Hbjthe durat1on of the spasm may have been cons1derab]y 1ess at 20 hrs, the t1me

at wh1ch the an1ma1s were sacr1fyged -The absence of vasospasm at 20 hrs

.~,_

11_15 1nd1cated by the'f Ct that shr1nk1ng and- corrugat1on of the 1nterna1

;;,dfe1ast1c 1am1na was ‘not’ observed

: o ..::.\g‘ . T
TP

7,;.-

Dodson et a] (153) performed an u]trhstructura] study on cerebra]

e : t1ssue obta1ned“from baboons subJected to 1nJect1on of 10 m] of b]ood

-wiﬁandow1den1ng of the extrace]]u]ar space These chan%ks were not observed

| 1nto the subarachno1d space 1p the reg1on;.ffthe c1rc1e of N11]1s

PR

r-1n the present study, cap111ar1es, astrocytes and sumround1ng parenchyma

. were norma] 1n aqpearance 1n an1mals with SAH, MSAH or SSI

These d1screpant resu]ts are probab]y re]ated to d1fferences 1n

. the method used to lnduce SAH In the animals stud1ed by Dodson et a]

!

&

':-10 m] of b]ood were 1nJected 1nto the subarachno17 space over a. per1od

‘h5f.pf ]Ovm1nutes; This resu]ted in a rise in: 1cp. (> 30 mm.Hg) Wh‘Ch

-

" AR P ' h;u? ,”' I

»\/in=the present study, cerebra] arter1es and arter1oles obta1ned

e -
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””*7gg3ff]asted 12 ]3 m1nutes Such a sustaineduhncrease in ICP was/suff1C1ENt

'ﬁfdto cause s1gn1f10ant cerebra] hypox1a as. evwdenced by the deve]opment

‘.”1hifof cerebra] hyperemwa*for 20 minutes fo]]ow1ng SAH In the present

A.;study, CSFP was elevated above 30 mm Hg fOr approx1mate1y 2 m1nutes o ‘~°51g
5 - i

:fbey subarachno1d 1nJect1on and no post 1n3ect1qn cere a] hyperem1a PR

}‘?';157edema and 1ntracran1a1 hypertenSJOn'Js dependent upon ghe durat1on of

~'.".v\_v . . >‘

| occurred Thus the cerebral edema observed by Dodson et a] was 11ke]y
caused by the re]at1ve1y pro]onged per1od of cerebra] hypox1a whlch
| t"occurred dur1ng the 1nduct1on of SAH o |

It WOU]d appear then, ghat the development of post*SAH cerebra] e

t"'

7.;

he ICP peak wh1ch occurs at the t1me of;“e

\SAH It seems reasonab1e
:to assume that the - poteht1a] for vasospasm 1nduced cerebra] 1schem1a wou]d
~;be great]y augmented 1n SAH pat1ents 1n wh1ch the cerebra] c1rcu1atfon

) ,‘1s a]ready compromlsed by cerebra] edema and 1ntracran1a1 hypertens10n

RIS
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 SUMMARY

Studies were carried out in 51 macague monkeys to further elocidate
vthe effects of subarachno1d hemorrhage on the cerebra] circulation.
"'Cerebra1 perfusion status was assessed directly by reg1ona1 cerebral b]ood
measurements obtained using the intra-carotid ]33Xenon technique, and
indirectly by cérebral ang1ography, neuro]og1ca1 assessment and e]ectron
microschpic observat1ons of cerebra] vessels Other parameters measured
included mean arterial blood pressure, cerebrospfna] fluid pressure,
heart rate, arterial blood gases and pH, hematocrit, and EKG.

Regional cerebral blood autoregu]ator& responses to increases in
mean arterial h]ood pressure were measured in 17 adult rhesus monkeys.
Efficient autoregulation With essentially constant cerebral blood flow
was observed during the pre-hemorrhage period. Angiographic determinations

~of cerebral arterial caliber responsesbto increases in meafi arterial
. blood pressure revea]ed a normal vasoconstr1ctor response. Subarachnoid
hemorrhage was then induced in 12 of these an1ma]s, 5 contro] animals were .
subjected to a mock subarachnoid hemorrhage by injection ‘of artificial

cerebrospinal fluid instead of blood into the subarachnoid soace.

Following subarachnoid hemorrhage, autoregu]ation was significantiy
‘impaired'and was associated with a loss of vasomotor tone. Mock

subarachno1d hemorrhage, in contrast, had no effect on autoregu]at1on or- 'jp- - sé
‘ cerebral vasomotor tohe.' No re]at1onsh1p was found between the degree of *?;:_.é
‘autoregulatory impairment in the subarachnoid hemorrhage group and neuro-
7log1ca1 status at 1 hr following reversa] of anesthetic.

» w=: Subarachno1d 1nJect1ons of art1f1c1a1 cerebrosp1na1 fluid, b1ood

gr seroton1n ‘Were performed 1n 34 cynmo1gous monkeys Art1fic1a1 cerebro— T
v > ® TLonoEe e
) sp1na1 f1u1d 1nJect1ons 1n ]0 an1ma]s did. not affect cerebral b}ood f]oy ]

L8 .o " "
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.




arterial caliber or neurological status.

o

-

Subarachnoid hemorrhage in a group of 10 animals resulted in a

112

transient decrease 1n regional cerebral blood flow and moderate vasospasm - -

]ast1ng at 1east three hours AdminiStration~of the serotonin blocking

agent cyproheptad1ne d1d not re]1eve blood 1nduced vasospasm “No SRR

s1gn1f1cant neuro]og1ca] effect could be attr1buted to subarachno1d .

hemorrhage.

Subarachnoid 1n3ect1on of a serotonin solution ‘at phys1o1og1ca1

| concentrat1on in 10 animals had no effect on cerebral blood f]ow,_ ,

arter1a1 ca11ber or neuro]og1ca1 status. However, when the concentrat1on

of the seratonin so]ut1on was 1ncreased 10-fold, subarachnoid injection

in 4 an1ma]s results in a transient decrease in cerebral b]ood f1ow

reversal of anesthesia. -

‘ s1m11ar to that observed with-blood. Th1s 1n3ect1on also caused moderate
«.vasospasm, however, the durat1on of the spasm was shorter than that

" observed with.blood. .Al1 4-animals were neurologically normal following

i

Electron microscopic observations failed to reveal any ultra-

structural changes in the cerebral vessels irrespective_of'the type of .

sifbarachnoid-injection or the presence of vasospasmfdﬁrihg*the“eXperimenta]m

pertod

- - o
’ L - e P
W d e e > - -
i -~ L . ~M.h e . e B3
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: ~The- nesu]ts of these stud1es suggest that o '~~-‘# N

(), Impa1rment of cerebra] blood flow autoregu]atlon and vasomotor

”vtone occurs fo110w1ng subarachno1d hemorrhage It 1s further“

suggested that this impairment p]ays an 1mportant role in
determining the cerebral perfusion status-of patients with

subarachnoid hemorrhage. 4 /
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(2} Cerebral vasodilation causing incr

) A us aiizf intracranial pressure
’ a - . » ’ ' ’ " . » 3 ' -
T may occur‘when arterial blood pressur

is increased in the

presence of 1mpa1red cerebral vasomotor tone
(3) Moderate vasospasm does not 1mpa1r cerebral perfusion. Angio-
: graphic_vjsualization pf”cerebra1 arteries does not -
accurately ref]eet fhe cerebral perfusion status.
(4) in*yitro studies overestimate the ability Qf serotonin to

constr1ct cerebral arteries in 1ntact animals. ’ '

(5) S1gn1f1cant vasospasm will not occur unless seroton1n is

'

present in high concentrat1ons Adn the subarachno1d space.

(6) Cerebra] edema and 1ntracran1a1 hypertens1on f0110w1ng

subarachnoid hemorrhage is re]ated to the durat1on of the

increase in intratrania]-pressureuwhwch.occurs’dur1ng bleeding

" from a ruptured aneurysm.
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APPENDIX I
AN AUTOMATIC BOLUS INJECTOR FOR USE IN RADIOTRACER STUDIES OF BLOOD FLOMW:
DESIGN /ND- EVALUATION

oot e ° =y 1

Ear]y rCBF studies in this 1aboratory were conducted us1ng the

™ : s T e T r

“Xe intra- arter1a] injection technique wherein the radioactive bolus
was 1n3ected by hand. In these studies. considerable variation in
measured f1ow va]ues under stable phys1o]og1ca] cond1t1ons was observed. «

An e]ectromechan1c dev1ce was constructed which automatically
]33Xe bolus used in the medsurement of rCBFr. Resu1ts are
presented wh1ch show that use of the automat1c bolus 1nJector in p]ace

of hand 1n3ect1on 1eads to an 1mprovement in- the prec1s1on of measured

flow values.  Additionat advantages of the device are d1scussed.

A. MATERIALS AND METHODS

(1) Instrumentation

The main features of the 1n3ector system are shown in Fig. 26

Two stainless stee], spring-loaded syr1nges, one conta1n1ng the rad1otraqer

solution and the other heparinized sa11ne, are each connected through

solenoid operated values* to an outlet manifold and thereby to the arterial.

catheter system. The approximate volume of the xenon syringe is ]% ml,

the saline syringe 37 ml, and of - the man1fo]d and catheter (#18 gauge tube
15 cm 1ong) 0. 25 ml.

: In .use, the."xenon va]ve" (XEV) is programmed to open for a pre-

. selected. time releas1ng a sma]] quant1ty of tracer into the manifold and

catheter. Fo]]ow1ng c]osure of the xenon valve the “sa11ne flush valve"

'(SFV) opens for a preselected time: flushing residual tracer into the

carotid artery. . ' » ‘ ) .

* ASCO Model 8262B , - .

3
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The electronic control system for the injector is shown schemética]]y.
in Fig. 27. Fo]]owing a push;bdtton "inject" commahd the clock/timer
circuits are reset the XEV ‘armed, and ‘the data acquws1t1on started.-
which background measuremen ts are~recorded, the XEV is pu]sed'end a small
quantﬁty dt treeér introduced into the'manifo]d, catheter and carotid
attery" A t]me deTay of.0.1 sec is a]]owed for the XEV to' close, after
which the S%V is pulsed and the bolus of 'tracer flushed into the carot1d
artery. Reg&]ar, short pulsing of the SFV prevents clotting at the
catheter tip. This "catheter 'clear" (volume 0.01 - 0.02 ml) is‘inhibited
‘during a b]ood‘f]ow measuremedt Loading ot radfoéctivity and saline into
the syringe system is fac111tated by override control (saline fill, xenon

f11]) %r/the appropr1ate solenoid valves.

(2) Experimental Procedure

s ih‘The method ofbcerebra1‘blood flow,ﬁeesufement uéiqg?the 133Xe
clearance technique has been deécribed (Chdpter 3)." In this study,
the he1ght/area method of ana]ysws was used to calcu]ate rCBF va]ues
for four reg1ons of the brain (Frontal, par1eta1, occup1ta] and temporai)
using the data obtained from four small sc1nt11]at1on detectors. In G
addition, hem1spher1c blood flow values were measured us1ng a 1arge,
collimated sc1nt1]1at1on detector positioned on- the contra]atera] s1de of
‘the hem1sphere be1ng_stud1edu Flow studies were conducted under stable
physio]goita] COndttions;uarteria] blood gases; bTood_préssure, heart
rate, EKG and hematoerit were-monitored in all aniﬁaj$. qA]] rCBF*
.values obtained‘were normalized tq a PaCOé of 40 mm Hg (120).

133

A standard 1nJect1on bolus of 3.0 mC1 of "““Xe dissolved: 1n

0.5 m of sa11ne was de]1vered during 1.2 secy fol]owed by a f]ush of

-«

o After a. presgt time delay .(120 seconds .in eurAexper1mentaj studles)jdqring'j,"'
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B so]ut1on voTume (whi1e ma ta1h1ng the‘quantatyvof 9 Xe.f1xed) was “>f'\'?

R

:.-B RESULTS o

0 8 ml of hepar1n1zed sa11ne dellvered 1n 2 7 sec

.\_‘

Three rhesus monPeys were ut1]1zed to determ1ne the effect of

changes 1n\1n3ect10n parameters on’ measured rCBF CIn two an1mals the j.;'" e

effect of decreas1ng the. sa11ne vo]ume by 50% or doub11ng the ]33Xe S \

'-w»a -;a-«d o

e e RS P R S
PRI y . . ° e
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. stud1ed “The th1rd an1ma1 was used to’ determ1ne the re]at1onsh1p

between the quant1ty of ]33Xe 1nJected and rCBF; two s1m11ar stud1es were

performed dver a f1ve hour per1od AR 5";?‘If

-

 The rCBF data obta1ned from these three an1ma] stud1es was compared

w1th rCBF data- obta1ned fromiear]1er contro] exper1ments In three rhesu5“ o

3

: monkeys A]though performed by a. d1fferent 1nvest1gator,uthese ear]ler M”'

'stud]es were carr1ed out 1n a manner 1dent1ca1 to the present study except

";that the arter1a1 1nJect1ons were performed by hand and no attempt was

-made to control 1n3ect1on parameters Reproduc1b1]1ty oferBF va]ues over'

‘

a 4-5. hour per1od was eva1uated for each group
- /z
A compar1son of hand#and automat1c 1n3ect1on techn1ques was
In these an1mals four- consecut1ve base11ne "YCBF determ1nat1ons were
made pr1or to a]ter1ng phys1o]og1ca1 parameters +In 11 of the an1mals

]33Xe 1nJect1ons were performed by hand and in 12 an1mals the automat1c

1n3ector system was ut111zed A]I f]ow stud1es in the 23 an1mals were

:.performed by th1s author. Reproduc1b111ty of - rCBF va]ues over the four

base11ne f]ow determ1nat10ns was eva]uated for each 1n3ect1on tethnique.

t o

The effect of altering 1n3ect1on parameters on the measured rCBF ’

values of a s1ng1e reg1on (par1eta1)of three rhesus monkeys is shown in

Fig. 28. The rCBF values of the remaining reg10ns plus .the hem1spher1c\\

°

\;.

~*carr1ed out: w1th rCBF data from 23 rhesus monKeys used 1n other exper1ments. ha
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Fig. 28 Cerebral blood™flow values for the par1eta] reglon

. in three thesus monkeys .. (See ‘text, g details).
A &B: Arrow 1, flush vo]ume decreas by . 50%,lj
arrow 2, flush volume normal,!?3Xe solution volume :
‘doubled while ma1nta1n1ng 1nJected act1v1ty at

- 3.0.mCi. €: The effect of varying the" -amount of
activity injected on parietal btood flow. Horizontal
lines indicate overall mean of par1eta] blood f]ow

values , - -~
P : - S /'~/‘ o

: "33)@ (mCi)




"5&;doub11ng the '

,7~1n3ected at 3.0 mC1- Inrtwo stud1es performed in the same an1ma1

110 to 4.0 mCi. - - | ERERICET R

’ va]ues y1e]ded s1m11ar resu]ts | Decreas1ng the sa11ne f]ush vo]ume by

50% d1d ndt produce any. s1gn1f1cant change in the rCBF va]ues nor d1d

]33Xe so]ut1on volume. wh11e ma1nta1n1ng the act1v1ty

the rCBF va]ues rema1ned stab]éd over a range ‘of injefted act1v1ty -of -

s L.

C i © /- s

The prec1s1on of. rCBF measurements in ear]1er contro] exper1ments o

~_‘(hand 1nJect10ns) ‘was compared with s1m1]ar measurements 1n the three

QN

‘an1mals used to study théweffects of varying 1n3ect1on parameters A

\

"(total of twelve harid 1n3ect10n studies (ten flows per study) of rCBF -7

y1e]ded a mean coeff1c1ent of var1at10n (percent ‘standard dev1at1on) of
14,7 if5¢5 (s.D.), w1th a range of 9. 3 - 26. O Twelve automat1c injector

studtes (e1even or~twelve f]ows per study) yielded a mean coeffidient of

var1at1on of 9.7 + 3 3 w1th a range of 5 1 -15.2 Thus, a s1gn1f1cant "

1mprovement (p < 0 025) in prec1s1on was realized using the automat1c

- injector system. Similar results were obtained in a comparison of the

v

‘vreproduc1b111ty\ ‘four consecutive bdseline flow measurements using both

hand (n = ]]) and butomat1c (n = 12) injection techﬁ1ques - This data is

| vpresented in Table 6 where the mean coeff1c1ent of var1at1on and 1ts

standard dev1at1on\aee95hown for the hand (H) and automat1cv1n3ect1on (A)

measurements obta1ned from each of the f1ve (four reg1ona1 and ] hemtspherid)

k Vdetectors. It is c]ear that the mean coeff1c1ent of var1atwon 1s

consistent1y~sma)1er~for rCBF measurements using the automat1c injector,

c. DIscussioNn .k
In addition to an”improvement in preoision for the'rCBF‘

measurements, a number ofvother 1mportant benef1ts are rea]1zed using

v_th1s automat1c 1nJector dev1ce For examp]e, follow1ng 1n1t1a] connect1on

a v
K
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. of the automat1c 1n3ector man1f0]d to the arter1a1 catheter the flu1d

'"f1]1éd system rema1ns closed. until the’ comp]et1on of the exper1menta]

. study\ Th1s one- t1me connectlon decreases the poss1b111ty of 1ntroduc1ng "

: a1r empo]1 1nto the bra1n and also great]y reduces the t1me\requ1red to -

‘ comp]eue a part1cu1ar exper1menta] study Exper1menta] durat1on is a]so

|

decreas d s1nce preparat1on of 1nd1v1dua1 tracer 1nJect1ons is avo1ded

‘tand bec use fewer hase]1ne (contro]) Flows are redu1red

: than 0. 5 mR when us1ng the. automatlc 1n3ect1on dev1ce

The . reduct1on in handTung of the rad1oact1ve mater1a] 51gn1f1cant]y

the rad1at1on dose to 1nd1v1duals 1nvo1ved In a hand: 1nJect1on

reduce
s1tuat'on where 15-18 measurements of f]ow are made dur1ng the course of

an ex er1menta] stxuug/a rad1at1on dose of approx1mate1y 20 mR is rece1ved

’by th 1nvest1gator handllng the syr1nges, th1s dose is reduced to less

|
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