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INTRODUCTION 
~ .. 

' ' ·. ,'· .. ' .. ·. -: : ·. ' 

· A .. - . Statement. of problem . ·. .• 

- .. -.···. 

The.· general aim of this research is .to .dete~~,·_the. effect of 

. selected. vasoactive drugs on regional cerebral bJ.pod. vol~e · (rCBV) ·.· 
' . ' 

· in the presence aTld absence of functional loading. · The dl:ugs . to be 

, -included are _the adrenal medullary hormone epinephrine .and: the·' va~o~ · · 

dilator papaver:ine. ' The nature'' or even existence' of 'an . effect by 

epinephr:ine on the cerebral vasculature has been_.debated ·e_ver_ since: 

ep~ephrine was recognized as an ·agent with sympathorrdmetid ·properties. · 

· Controversy also surrounds the distinct C1is:par'ity betw~en in vivo· · " 
' ' ----

. and in ·vitro vasodilatory responses to papav~rine ... Used._ together 

· aTld in conjunction with functional loading, we hoped .to gain. insight 

into . the role these agents play in al terin~ cerebral hemodynamics. . 
::-

To· achieve this goal a non-invasi~~ teclmique .for rneasurirlg -~. 

·reBV_~as developed and-evaluated usingmodifications ·of methods_ 

·described by Hoffer· and co-workers (1969). · For_ comparative ·purposes' 

selected drugs and similar techniques were evaluated in the hind- , · ' 
. - - . . . - -- '· .· - ' . . . 

limb, where it was possible to measure the blood _fiow(BF) qr blood 

volume (BV) by. alte_rnative techniques "tvith and without a metabolic.· 

load present. 

B. Review of related. literature 

1. Cer~bral.vas~ulature reactivity to drugs· 
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•'c' 

·, ,· 
·: .~- ~· 

•' 

... ·. . . . 

.· •, ·-

2 . ·~ 

. ' ' ~ 

':-~. ' .. ' 

.• DUring ~d ':ilnmediat~ly· after' a _period.: bf- rie~aJ .... -~ctivi-f:y '' ,-' _· 
' . . . - . . " ' ·. . . ,\'·".:•',·· 

. ' 

it s~ems probable that· there ~s_ .metabolic· p.ctivati~rt'-.of the, s:Ynaptic,,-

region. - Sirlc~ th~e is _constant bombarclment .. o:f the poSt~synapt:i.c-: -~- :' . , · · · · 
' . . . .~. . --~ . - . 

.._-membrane, f~m ~impulse tr~Smission; al!'-~ffici~!=-:-~eChanismJ)y which_·:' 

. 'J-;• 

. to achieve ,dynamic m3intenance- of ne~~ ·.··synClp$e~:c3ild ~c~lls_ 

would appear tobe required. · .. Sudha meChcullsm might·~eq_ture .. ·· .. · : .. -·. . .-" ,,. 

alteration-of a ra~e lfuuting eve~t whicl).-·holds :m,:cpeck_a 

', reacf~on-'for' 'supplying et:l~IDr for the re~i~trib4tion 'oi. ions· 

. · ·across meTnbranes _and_ resynthesis- of ~ansrrd.tters. 
·-.-• ... 

. such -~s glucose. ,and oxyg~ are- ~sseritial·:,to' :maintairi ·.the ~bio-<·:-., .. ,-
•'. ' ·.·>;. ,' { 

. ' . .· ' . ' . . '' ·. ,, . -· . -·· . ;:_ 

. brain cells (Meyers and Ericsson; 1H71) ..... These ._metabolites _-­

must· be :9-vailable -for:the -critical time. wh~·the~/~e·peeded 

durin!?; bursts of cellular activity .. · .. :fu.a like ~~. noxioUS' 

. waste. products must -be removed from. sensifive-:n~Je. sit~s.< Not:.: 
. . ' ' ' . '. ~: ':: . - '-~ : ·: -: ·:·t .. :~::··_. 

· _only ~s · increased. meta.OO:Lic · ~ctivi ty neQe.ssciry ·;for r~e\IVcll · qf 
.. . . ,· ~-

; -transmitters and maintenanc-e· of th~ sodium PumP-/._but __ C:U.so c -~- ·:. • '.-·. 

·corrcinuous·s±irrnilati~n in the absence of-prbper.~substr~te- ~pply -. ·:·· -_ 
c -' ~ • - • - • • • • • • ·- • • • - ·-

· . might . lead to . atrophy. ~r , cell death (RobErt~: _and .. Matthysse';.- . ! 
. ' 

~970). ·Although s:Ynaptic ·events are short-term, they may be .. · ,, 
', ·-: < 

•' link~c:l to' a longer 'termed bioch~cal e~ent'which pep~~~sh~s~-; 

·:used.·· mei:arolites i11 ~t _l.east _.two ·yjay~. involving-the-_ ·act:i.~n .of---" 

agents. released. ·41t~ the· exi:racellulcrv _--fluid:·-- .. 1) by :feedback.-· 
. . . - . - . ' - - . . - -~ - ~ ·' . 

. control on_ th~ _ active c,ell, ·or 2) .. by establishing. ·a.. n~Urc:>genically _... . . 
, I 

.' .... 
-. :.., ' 

·-, 
---

; ~ 

•'"' 



produced vascular. event .. This latter alternative may operate 
.. - . . . . ' . ' . . ....... ·.· .. 

through a ... population of nerve cells t~at .. · is ooiquely. sensitive 
' . 

to metabolic state having far reaching effects 'on the heino- ' 

dynamics in extensive parts of the brain where the neurons:. , 

project. · Such. mechanisms are well-known. for . the peripheral. · 
. . . . . 

systems .where special cells detect .peo2·;· p02 or. pH of the· . · · 
. . . - . . . 

• • • I ' • 

blooo and .alter cirCUlatory or respiratory functions accoro·ingly. 

' Although frequently 'demonstrated the effect. of. a functional'' 

load· or metabolic activation in the CNS .on regional blood floW . 
• • • r 

(rCBF) has not been generally appreciated. Sokaloff (19 61) · 

·made· a key observation in qualitative terms using a·. radioactive 
. . . . 

' ' 

in~ tracer gas clearance rate to demonstrate rCBF. ·The · 

.concentration .of trac~ in. brairl regions was determined by · 
' I ' ' • 

. . . . . . . 

producing autoradiograms · of brain secti<?ns and comparing the 

density of exposed film over regions which were under .increased 

functional load with those having normal activity. There .was· 
. : . ,· . ' •'.. - .. 

evidence of increased blood flow in the lateral gyrus , lateral 

geniculate ganglion' and superior colliculus' in response to' 
. . . -

photic stimulation to the eye, these studies refined previous 

observations (Serota and Gerard, 1938.) .. ·However., the areas 

affected in Sokaloff' s experiments were so small ·compared: to ... 

the entire brain that total blood flow was not significantly 

changed from control values. To attempt to relate cerebral 

functions. to total CBF and metabolic ·rate would be like trying 

to correla~e activities of parts of the body to cardiac.output 

and total oxygen consumption. Sokaloff' s results were confirmed 

3 



.-

py McElligott and Melzack (1967~ using thermistor probes im-
. . . . ' . 

planted in the ·brain to determine rCBF ~ The use of .temperature · · 

probes to measure BF was challenged on ·the grOunds that metabolic 

-activity also produces heat, however, these argllinents -w~e. 
. . . . .. 

logiQally disposed. of by Melzack and Casey (1967) ~sirig · . 

peripheral nerve as a model. A large ntmtber of other studies·. · 

using various techniques came to th~ same :conclusion,. supporting 
. . . 

a localized flinct.ional vasodilation in cerebral_ tissu~ -(Meyer. . 

and Goth, 1961; Baldy-Moulinier and Ingvar, 1968; .Freeman and > 
. . 

Ingvar,_ 1968 ;· Bondy, 1973; Moskalenko, et _al. 1974) .... Special·,.· 

mention should be made of recent. work -reported by_ Ingvar and: ·;: .. -

co-workers from Lund, Sweden_.· Using humans, they ~irst re~rted 
• • • • • • • < 

(Ingvar and Risberg, 1967) an increase in .rCBF during mental·:. · 

effort as determined by .external monitoring of xenon-133 

clearance. This was ·followed by reports of characteristic 
. . . . . 

rCBF patterns during: organic dementia (Ingvar· i3.nd Gustafson, 

1970), memorizing and reasoning (Risberg and Ingvar., 1973) ," :··. 

and speech and reading ( Ingvar and Schwartz, 1974) . · . Indirect'--~-:. • · 

evidence for the_close association of neuronal cells ·and vas~·· 

culature in _the brain was found by Barker (1972) using micrO~- , . 

anatomical methods in which India ink injected vasculature 

from slices of rat brain disclosed a reduction in the number 

of nerve cells per length of capillary from arterial to 

. venous end. Barker hypothesized_ that this Has· due to a · 
' . . ' . . 

reduction in concentration of vital-metabolites or_ build up 
. . . . . 

of waste products as blood proceeded thriough the· vascular tree.· 

4 



In ·a· review article Lierse· (1963) _slliiiffi3.rized the position 

thus: 'Up to now, capillary density remains the only ana-. 
. . '· . . - . . 

. ' . . . 

tornical indicator of the oxygen consumption of limited . . 

regions ·of the, brain. ' .. 

b.· ·.. Autoregulation 
. ' 

. . 

The· .seeming rigidity of the skull .• led Al~der -~o~ , · 
(1783) to suppose that . expansion of cnurlal· cont(Onts was ·•. · .. · 

severely l:i.mited and that changes in 'thE! ca.J.iber of cerebral 

vessels was tmlikely. . . - ~~ .' . 

. ·. ,.,: 
..... 

This observation was one of sev~al . whlch Monro. rrad~ . fuJ1n ,. 
; ~ . . . 

post-:rrortem .examinations and it was. appa:rcint that Monro 
' . 

together with other anatomists of his t~e--recogn.ized _neither 

the origin· nor. significance of cerebrospinal. fluid. . Monro·' s ·~ 

general concept was· confirmed· by Keliie (1824 a and b) partly.··. 

from the pof:?t-mortem observations of inen. wh~ ·had succumbed ·to . 

exposure and partly from experiments on dogs. . This c~ncept 

subsequently became known as the Mo~~Kellie· doctrine -and· 

. . ··· 

J '.·· 

exertect :p:>werful. influence over the int~retation .. of· exp-~imental 

results m the nilleteerith century anQ._ for some years of the .. · 

present century. 

The perceptive work of Burrows (1846) acknowledged_ the 

condition of the rigid skull, while realizing. the importanc~ of 

the cerebrospinal fluid (CSF). Burrows ·emphasized ·that although·.· 

the brain wB.S incompressible this wa~ not 'aS important as the·· 
. . . 

fact that changes 'in brain' vascular vol~e co~ld occur 'at.·the 

expense of other fluids. The incornpressibili ty of the skull· _must · 

. \ 

·,1_· 



be qualified in considering the "t~rk of Magend~e (1836) and 
. . . . ' . . .' .' . 

·many more·recent investigators ·who have demonstrated that the· ·. 
. - . . . . . . . 

. occipito-atlantoid ligament possesses sUfficient elasticity to.·. 
. . . . . . . ' 

·. transmit pulsation's . of the CSF, similar to the membranous . 

· covering of the. anterior· fontanelle. in yonng children. · Pressure­

volume measurement·~ made by Langfitt,. ~7einste.in and J.(assell 

( 19 6 5) indicate that the volume of an intracranial balloon 

·can be increased some 2 to 7 ml.before CSF.pressure starls to 
. . . ' 

. . . 

rise. . In this. regard, studies have revealed that th~ ·. escape • 
. . . . . 

of CSF around the cranial . ~d ~egrn~tal nerves ·may be deTilOnstra~ed 

by dye injection (Key and Retzius, 1876; Weed, 1914). It would 

seem, therefore, that the vascular volume of the bra:in could . 
. . ' 

be expanded and reduced within cerlain.limit~ to ·accornodate 

func~ional loading. 

As vessels . penetrate the cerebral slll."lface; ·they are 

.sheathed by 'extensions of the pia nater; so that, vessels are' 

surrounded by a ·subarachnoid space which. contains CSF (Rosen-· · 
' ' ' 

blum, 1975). ·. These eXtensions are known as the Vii:chow-Robm·· . 

·.spaces and end at . the capillary level.· It is proposed that · 

changes in total. CBV will be compensated fo~ by reciproCal·· 

changes in CSF volume; indeed, a circadian rhythm in CBV has 

. been observed in the mouse with changes of up to a.OOut 20 )11 _:":·: 

per gram of ·tissue (Edvinsson, .Nielsen and Owman, 1973). 
' ' 

Ecirly studies of total brain blood flow indicated the total 

CBF remained constant over a wide range of arterial blood pressures, 

i.e. autoregulation occurred. However, thi~ does not ·exclude · 
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regional changes due to shift.ing of flow. and · vol:ume · within 

the brain~ .Autoregulation requires appropriate adjusiJnent 

·in vascular caliber with vessels constricting when the 

systemic pressure rises and dilating. when the.syst.emic pressure.·· 

·falls. · Direct observation shows that· the pial arterioles parti-
. - . . . . 

. . . . . 

cipate in. this response (Fog," 1937; P.apela and. Green, 1964). 
. . . . . 

. Pial arterioles_ (30-60 )l diam.) are not as sensitiv~ t~ pr~ssure 

reductions, but they dilate when mean arterial pressure (MAP) 

drops below about 80 rran Hg, whereas pial arteries (loo· J:l diam.) · 
. . 

. . . . . . . . 

dilate even when the reduction in MAP is relatively minor •. It 

appears that in the usual range of blood pressure (80-120 ~ Hg.), 

the IIE:intenance of flow in the face of reductions in pressure · is .· 

achieved by adjustments in caliber of the larger vessels (Kety and 

Schmidt, 19~8 b). 

The mechanism by which ·the adj ustmeri.t in vessel. caliber 
. . 

.. occurs in response .to changes in arterial pressure. has not. been· 

clarified completely. Two general mechanisms' . myogenic and 
metabolic, have been proposed. The myogenic hypothesis (Bayliss, 

1902) states that the vascular smooth muscle is inherently 
. . 

responsive to stretch or changes in tension. An increase in 

transmural pre~ sure causes increased contraction of the . vascular··.· 
' - . . ' . . . . ,. 

smooth muscle and results in vasoconstrict-ion (F9g; 1937; Heyer. 

and ·Denny-Brown, 19 57 ; · Yoshida,· et al. , 19 6 6 ; or Ekstrom~Jodai; 
~ . . 

et al., 1969). Evidence for the metabolic theory was first· 

presented by Roy and Sherrington (1890); this theory proposes · 

that changes ill blood. pressure· produce transient changes in · 

flow resulting in passive- variation ill vessel_ caliber. These 
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changes ·m flow, in turn,' alter the 'concentration of" vasa~· 
active metabolites and the vascular smooth muscle subse- . 

_ quently responds to the- new concentrations of metabolit.es­

(Carpi, 1972). -Attempts to distinguish between these tWo­

mechanisms ha~e- been. based on- tvP types of.-~Xp~J.ments. -- One-
. . ~ . 

type is- concerned ·with the speed of· response. It ·has been -

shown under certam conditions that autoregulation ,is c;:t fast 
- ' 

-process (Yoshida --et al.,- 1966); howev~, the claim that-_ 

_ metabolic mechanisms are slower· due -to the delay of diffusion 

- has been challenged (Fieschi et al., 1968; Fieschi et al., 

1969). The results of _another type of exper~ent on changes 

'in v~ssel diameter occurmg in response to a:h :increase in 
. ~ ., ' . ' 

venous pressure are oore helpful. Increases .in venous pressure_ 

should constrict arterioles if the myogenic· mechanism is opera- '_­

tive; as increased pressure is transmitted to th.e- arterial_ system 

and an increase in tranSTIII..lral pressure w6uld result._ On the 

other hand, -the associated decrease in flow wuld result in dilat-ion 
. . . . . -

of the arterioles if the metabolic mechanism is .operative. The 

evidence as reviewed supports the myogenic hypothesis , but _the 

evidence is not complete (Kontos, 1975). As fudicated by the 

finding of impaired autoregulation even though CO reactivity - 2 . -
- - -

' ' ' 

was intact in patients with acute cerebrovascular lesions (Fieschi 

et al. ,- 1968), the best conclusion may be that both ·mechanisms 

play ·a role in the autoregulation of CBF'~ 

As described above, when autoregulation is operative a 

reduction of systemic blood pressure m healthy B.E.i'l. and m 
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. . . . ,· . ·. . ·.. . . . . . 

· experimental an:L'11als · to about half nor'l'fk3.1 does not lower · · 

the CBF significantly. However, it shoulq,.be noted that· . 

. under hyporlc and hyPercapnic conditions~ autor~gUlatiori. l.s 
. .. . . . . 

impa.i.red since. the rel~tionship between pressure and flow·. 
. . . . . 

·.becomes passive, with hypotension p:roclucing .· a· drop j.n .. CBF. 
. .~ ... 

. Also, when hypotension is first present, hypoxia· and hyper- . : · .. · 

· capnia fail to produce the usual increase in CBF. (Davies, 196.9) •. 

c. · · Neurogenic qontrol 

.• The existence of autonomic 'receptors' in smooth muscle 

of pial. and. intracerebral vessels has usUci.lly hinged 'on' whether~ :: . 

· there is autonomic innervation. The argUment may. be academic ··. 

·since it was recently demonstrated COwman .et .a.i., 1973) ·that in,.· 

·. thE?· case of the umbill.cal artery autonomic receptors. Cire pres~t _· 

without a nerve supply to· the receptors. With the ·advent of the 

. : Fq.lck~Hillarp fluorescence . methcxi for the ·histochemical demon-· . 
. . . ·. . .· .. 

· stration of catecholamines, (Bjorklund, Falck and Owrncln, 1972) ···'· · ... 

the presence.of adrenergic innervation in~the brain'blood vessels. 

is ·conclusive. The ,question is no longer ·:i_f cerebrai ~essels. ·a1,..e .. 

uncler neurogenic :infiuei1ce' bu-t rather how. tJ.U.s influence ~y adr~~ ·.· .. 

nergic nerves . operates iri . physiological . control of cerebral blood 

flow. In a recent review_, ·Rosenblum (1971) . stated. that there is no 

reason for researchers to " ... believe that :pOsitive results · 
. . . 

(related to neu.rOgenic mechanisms) are artifact~ of. the experi- · ... 
' ' . . 

mental. situation, caused by variables not controlled. by the 

investigators". 

In several respects the intracranial· vascular system is 
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uniquely situated and would be expected. to be different: as 

already noted it is iri a _rigid compartment;; further~ owing · 

to·· the presence of the blood· brain barrier_ (BBB), circulating· 
. . . . . 

compounds may not have ·immediate access to_· vascular rece~tors · 

(Oldendorf, -1974). However, BBB does-not exclude action on 
. ' . 

exquisitely sensitive. cells which ar.e. either stimulated by . 
. .· : . ... . ·,' . . '' . 

. . 

extremely low levels of agents or are more easily "accessible ·. 
. .. ' . 

. . 

th:iuugh an opening in th~ BBB. · Such openings have. been · · 

demonstrated in the area postrerna, supraoptic crest, · sub-
. ' . . . . . . ' . 

forni~al organ, pineal bOdy, . pituitary . gland ~d choroid · .... 

plexus (Truex and Carpernter, 19 6 9) . . Further unique character- · 

istics _of the cerebral circulation include the venous system 
. . 

(also heavily irm.ervated by· adrenergic nerves) which has a 
' . . 

·different construction compared to peripheral· veins~ .Although_ 

the dura mater is closely applied to the inner surface of the · 

· skull this is. not so for the spinal region. The epidural ·space, 

which encloses an abundant venous plexus _and fatty areolar 
. . 

. . . . . . 

tissue, is interposed between dura and the_ bony vertebral· canal 
. . . 

and segmental ligaments. Maynard et al. (1957) have shown that 
. . . . 

intracerebral venules ·may be up to 3 0 )1 in diameter before they. 

acquire a muscular coat. Venules are generally indistinguish- _· 

able from small capillaries having. an endothelial layer resting 

· on a basement membrane. Not only resistance vessels but also 

vessels with a caliber correspond:illg to that· of conduct:illg 

arteries receive autonomic irmervation; :ill some areas that inner-. 

vation is more-extensive in distribution arid density than in 
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vascular supply of -any other organ of the body '(Owman, ··: 

Edvinsson and Nielsen, 1974). 

The ultimate deinonstration of physiologically· important 
. . . . . . . - . . . . 

neurogenic activity may now be at hand.as a result of two 
. ~ecently reported abstracts· which suppo~ the hypothesis of. · ... 

. Owrnan and co-workers· (1974). Based upon histological. and 

other in vitro work, the locus coeruleus (l~cated •. in the brain' 
. . . . . . . . .. ·. _· .. ·_ . 

stem) appears to be a center of -neurogenic intracerebral micro- . 

· circulatory control (this may be considered analagous to an· 

intracerebral sympathetic ganglion) . First,· us:ing rnicrocannulae . · · 

to stimulate the locus coeruleus with carbachol,· Raichle and · · 

. associates · ( 197 5) have _produced a prompt reduction in CBF and · 

an :increase in BBB permeability. The irltra:ventricuiar adrn:iili -· .· · 

stration of the alpha-blocker phentolamme_ (25-100 pg) had the 

.opposite effect lwhich could imply that tonic sympathetiQ con-.· . 

. striction was reduced. This suggests that the central· noradre-. · 
- . . . .', 

nergic system in the brain may have the dual function of regu- ·. 

lating capillary perrneabili ty, as well as, blood flow· .... The 

· second abstract presented at the.· same symposium was· by de la Torr~, 

Walker arid Mull~ (1975), who postulated a role of brain stem / . 

. noradrenergic neurons (seen associated with intracerebral ·arteri­

oles).as the source of irrnerv~tion of blood vessels. This was 
. . . . .. ·. _.• .· 

. based on microelectro.de stimulation or ablation experiments done .. 

in conjunction with rCBF measurements. 

d. Autonomic agents 

Study of the reviews by Sokoloff (1959) and Carpi (1972) 



·indicates that the pharmacological. evaluation of the ·effect of · .. · 

. sympathetic amines on cerebral. circ~lation has been at best . · 

. controversic?l and at worst unintelligible.· It is well . · 

established that marked changes in CBF. (and CBV) are produced 
. ' . . 

··by alterations :in pC02 and perivascUlar pH.:. Such chemic~· .· _- .. 

· mechanisms do not, a priori, exclud~ . neurogenic. control; both . 

mechanisms may even interact or exert their .actions through a · · · 

common final ·pathway. . ·For instance, if increased CBF is needed,· . 

a simultaneous increase :in 'sympathetic' tone could operate· to 
' ·.. . . . . . . .. _... . .·.·. 

·l:imi t the total intracranial blood supply to . amounts necessary 

for overall activity while the local, metabolically mediated. 

increase in flow is satisfied. The generalized constriction. 
. . . . . . ' . ' . 

. . 

would prevent a concomitant elevation· of intracranial pressure .· 

through an increase :in cerebr2tl blood yolume due to·. the· local. · 
. . . 

vasodilation added to the present volume (Owrncin, Edvinsson and, 

Nielsen, .1974) • Direct and une.quivocal evidence for· a -neuro­

genic III:echanism :in the brain circulation has been confined to ohly 

. a few stu~ies of the sympathetic system in whiCh severa;t. . anatomical, 

physiological and methodological-considerations have beeq_ 

adequately controlled (D'Alecy, 1973 ;_ D'Alecy and Feigl, 1972; . 

James, Miller and Purves, 1969). The locus coeruleus work ·, 

cited above brings a neH facet to the neurogenic. control · 

hypothesis w!1ich may necessitate-a re-evaluation of its importance 

relative to other control mechanisms. 

Evidence for the presence of adrenergic receptors in the . 

brain vasculature is adequate (Nielsen and Owman, 1970; · 
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Nielsen and Owman, .1971; Politoff and Macri, 1966; Uchida, .. 

·Bohr and Hoobler, 1967); however, the exact role assigned 

. to alpha or beta components is not clear .. Rosendorff .<1972);. · 
. . . . . 

· · . employing micrqinj ections of. tranSmitters and isotope clear- . 

. ance to measure rCBF in the hypothalamus , . preser1ted evidence. 

· ~hich. indicated that no~epinephrine. (NE) has a dilator.: effec~· · 

in low concentrations ·and a constrictor ·effect :in hlgher .doses.·.··. 
. . . . . : . .·_ ·.·. 

SUbsequent studies implied that the .effect ·WaS sim:ii~: when NE, 

wasendogenously released by-tyramine (Mitchell, Soriven Mel 

. Rosendorff, 197 5) . Appropriate blockers . indicated that dilator . 

effects are beta. and constrictor effects are mediated~ by··.~pha :. ' 
.· : . . '. · .. '··. 

receptors. This approach has one major weakness, which is 

probably. more attendant to the beta mediated· vasodilation; that . 
. . 

is, studies in which NE was applied to neurons· by· micrX:>ionto-
' . .· _·.. ' . . ... 

phoresis may increase (Boakes et at.., 1968; Johnson, Roberts and 

Straughan, 19 69.) or decrease C Biscoe &"'1d · Straughan, : .. 19 6 6 ; . · . 

Phill:ls and York, 1967) the ·firing rate. Neuron~ ,~citati~n 
.; ' . . .·_. -' ·... ·.' 

has also been reported for isoprenaline adrrcinistration (Jolmson .. · 
. . . . - . . . 

et al.-, .1969), and NE excitation roay be blocked. by.both alpha· 
. . . . . . . . . . 

· and beta antagonists, but rrore consistently vrlth beta ~tago- . 

· nists .<Brawley and Johnson, 1973). · Still. further alternative~:;> 

come' from the work of Stone (1971) who states that because of· 
. ' 

the 'similar latency and time course bei:weeri small,vessel· con- . 

.. striction and excitation of central neurons by NE,. the effects . 

on nerves in some areas of the CNS may be secondary to effects· 
. . 

·on the vasculature. Indeed, depolarization produced by hypoxia · 
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. ' . . .. 
L ' ' • 

is well known, and some investigators have pro:[X)sed that the 
. . . . . ., . 

oxygen supply to neurons is a major cell activity modulator· 

(Davies.and Bronk, 1957). 

Experiments by Seylaz and co-workers .(1973) using intra-
. . . . . . 

· arterial ~ctnrlnistration ·of isoprenaline .showed that. vasodilc;t.tion 

·was produced (and blocked by propranolol) .·in the caudate nucleus 

as measured by indwelling thermistor probes. These exPeriments·· 
. . . . . . . 

would tend to .support Rosendorff, if it can. be subst~tiated 

that these drugs. do not have an effect on nerve cell firing 
. . . ' ' 

when given via this route. The critical ·:Po:int· for comparison·. 

ill these studies is . that Rosendorff used . microinj ectiori while 

Seylaz lirtroduced drugs intraarterially; both observed vaso-

dilation with a beta agonist. 
·.1 ·.': 

e. . Papaverine 

Papaverine is reported to be the· only available pharmacologic 

agent that. has repeatedly been shown to produce cerebral vaso-:- .. ::. · · 
. . 

dilation (McHenry et al., 1970). Yet as· stated by Davies 

(1969). "The use of vasodilators ·to improve the cerebral 

function is fraught conceptually with at· least two hazards; one, 

that they will· lead to generalized vasodilation in the bOdy ·.· 
. . ' . . 

as a whole and thus to diminished . blood flow;. two' 'that. even if 
. . . . 

an increase in cerebral l?lood flow were to be shown as a result 

of their use, this might, as :in the heart (with dipyridamole), 

be at the expense of ischemic areas in ~he. brain". 

The major thrust .in papaver.ine research has concerned its­

use for the treabnent of stroke. Again, the evidence does not . · ' 
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. . . . . 

give us a. clear understanding,· but does mdicate 'the. direction .: .. ' 
.) 

. _of mv~stigation .which must -'be tak~: in . clinical "situati;ns· . -

· there must ·be an evaluation of both $mges irl' rCBF (not total 

· CBF) produced. by papaverine (or any other.· agent) ai1d a quantifi- ··. 

· catio!f of .the course. of patient recovery with· cl:J?Pr<?Pri~rt~· ·· · . ·_, ... 

,1, 

. controls ~d . statisti~al. evaluation · (this- requires· accur~te .. 

-diagnosis :into subcategorieS of stroke) • Certain i:ype~ of , .· 

stroke appear· :rrore susceptible. ·to successful papav~ine 

.-.: ;_ ·,' 

. . . . . . ·-

~eatrnent, naJne~y·. ~o-called "rrajor-vesse~· ~elusion'~· as_.:._. •. 
_, - ... ~ .-·. 

OPIPSed to srrall-vessel diseasewii:h infarction(Meyer et al., 

1965; McHenry. et. al. ·, 1970). '. -· ._.:' :· 

·In an experimental model situation; Betz · .. and SChma;hl ·(196~ ;: , .. ·· . 

. as. reviewed by. Carpi'. 1972). compared the .effect~ of.· papaverine . : . ··: .. 

. on . the . circulat~on ·0~' syrrrrn~trical cortical ar~s . ,in. the cat u:Pon ' 

occlusion of one carotid. cwf:ery.· .·When' th~ occlusion 'caused no··, 
,', ',·.( ' . 

. permanent change m homoiater~ cortical blood flow, ··the paPa­
. verme-induced increase of blood flow was identical· .in the ~· .... · ' ·'. :' 

areas. . ·However, ·. if the occlusion. caused a persistent reduction 

of the homolateral cortical blood flow' the·.·effect. of :pa.paver~e·· .· 
. . . 

' . . . ' . . ' ' ' . 
. . 

was reduced. proportionally on this side~ · The. disappearance· of 

..... the normal. vasodilato~ . resiX>nse. to papaverine in ·JJiain areas With •. · . 

:insuffi~ient arterial inflow· and the persistence_ of this·· response~: 
·. in normal areas suggests that papaverme CC!-Uses · an·· "intra- ·: · 

. •. c~ebral steal", with. a· f~her reduction of. blood: flow ·.m the.·· 

···damaged areas .. ~ Thi~ would be consistent with most. of the· clmical. ·· 

· studies cit~d _which have ·a high incidence ·of infarcti~n~. 

.· .. ·· 
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·Nevertheless, this should not be regarded as evidence· against -

the usefulness of papaverine in cerebral vascular insuff_i- . 
. . . . . 

. . . 

ciencies ·(Meyer·· et al ~ , 19 6 5) . Papaverine · ~y have a :delet·e-. 

rious effect on rCBF in cases where the drug carmot reach. the .·· 

locus of damage (as in. small vessel oec~u~i~n with infarction)'· 

but cErtain types of large vessel occlusion appear to . be 
. . ·. . . . 

· · relieved. ·. BecaU.se most of the studies. of papaverine's effE?cts 

. on cerebral circulatory insufficiency. did not consider. all the. 

parameters necessary i;:o determine its role ·.in regard to allevia- ' 

.tion of stressed tissues (with the ex~ep~ion of. Betz .. and Schmahl,· ... 

1961), ·no conclusion on the possible mechaniSIDS responsibl~- for_.· 
' . - . . 

qhanges. in ·cerebrovascul~ ~eactivity to papaverine ·in -~arlous 
. ·_ - . ' . . ' ' . . . '' ' - :. _; . . 

types of cerebrovascular disease would be justified .. Further· ~-

evaluation of papa;erine under con~lled ~er1m~tal conditions 

·is clearly warranted. · 

2. · Methods of rCBV or rCBF measurement 

Almost thirty years ago Kety and Schmidt (194.8) derrion- · 

strated that the Fick principle could· be used in·. the . measureffient. 
-. . . ' - . . . . . . . 

of cerebral ·blood flow. · In this technique,' they derived cerebral · 
. . . ·. . . -

blood flow- (CBF) by intermittently meas~ing .the bl~d·- concen.:. 

trations. of an inert, nonmeta.J:x::>lizable gas (nitrous oxide) 
' . . . . . . . 

in the carotid artery ·and .the jugular bulb ·while the subje~t _·. 

breath.ed the inert. gas . The resultant CBF values -were expressed 

in ml blood flow per 100 gram brain. per minute. Further, when 

CBF was multiplied by the difference in -concentration ·between. 

arterial and venous blood of metabolites' such as glucose; 02 
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and CO
2 

, their metabolic rates . could be. estimated. since that. 

tfule the li terErture on CBF measurements ~s cont:inued to expand 
. . . - . . : . 

. - . ~ . . 

(see reviews by:· Carr and Fisher, 1970;. Brocket al., 1969; .· 

Russell; 1971). Follow:ing the pioneer:ing work of.Kety ~here 
evolved an ·important distinction _between total_ cer_ehra.+_ blood· .. 

. flow measur~ents and the regional cerebral-blood ·flow <l:CBF) 
. j . 

measurements ·that were :rrore recently introduced and developed : 

· ,by lassen and· co-workers (see e.g~, Ingvar and las.sen, 1973) .·. 
. - .. . . 

The methods of lassen utilized isotope cleara~~e ~d.··. 
' . . . ' . . ~· . . . 

required. injection into. the. interrial carotid. artery. with . 

extracranial placement of a matrix ~f photoelectric<tubes for 
. . . ·. . . . ~ 

regional cotmting. Recent reviews. indicate ·that there is a ·• · 

· high . degree of interest in applying more sophisticated 

approaches to this concept of rCBF (Ingvar and Lassen; ·1973 ;·_ · 
- . . . . .. . . . . . : · .. 

Kanno and Uemura, 1975; Haltz, Wanek and Anderson, 1972) •. An· 
·. . . 

irn];X)rtant clinical and res~ch development: was made with the- . 

application of the more readily available scintillation 

camera (especially the. gamma camera developed ·by ADger, 1958)·_ .. 

rather than dependence upon the classic array of photottibes _·_,·· .. · 

which have only recently become comercially available at. a ~eat 

cost and with restricted utility (Cannon et al., 1974-; Heiss, 

Prosenz and Roszuczky, 197 2) . 

Regional cerebral blood flow can be calculated from isotope 

clearance data in two ways: mean blood flow ·(F) through the 

region in· the-view of the cotmter equals the prcx:iuct of the 

height (H) from the tracer washout curve_and the partition · 
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·coefficient· between blood and brain tissue (/l), divided by 
' . . . 

' . ' . .. 

the area unqer the curve · (A) . The . equatio~ (F = H 'A/ A) , based .. 

·on the · Fick principle, is similar to the Kety-Schmidt equations 
. . 

(1948 a).· Th~ curve. can be alternatively expressed as two.:. 
. ·/~. 

exponential-functions. ·This compartmental analysis. may be done, 

as described by Hoedt-Rasrnussen (1967) , if the half-times, f~r 

decay of a fast and slow component of the washout curve are 

.div:ided by gray.and white matter partition. coefficients to yield 
. . 

. flow in fast and slow c6mpariJnents. . The assumption was made that 

· th~se flows represent gray and white inatter flow. re~pectively. 

The multi-focal rCBF technique has several advantages; 
. . . 

1) it measures many regions of the braiD and thus:detects 

local· pathological- or physiological Changes, 2) _it measures. at . _ . 

: least two compariJnents ·(believed to be gt:'ay and white matter) 

3) it can disti.Tlguish b.etween flow and size of those two 

compartments, and 4) it can be repeated after a s~ort _time 

because the.isotope is readily·cleared ~m the brain. ·There 

are also several disadvantages, the major ones being· that ·. · 

it requires an internal carotid artery puncture; and seco~dly", : · 

its regionality is defined geometrically in only two planes 

(the x and y). The depth Cor z. plane) of the.· region can only 

be estimated -by the degt:'ee of isotope radiation attenuation· 
' . . ' . . 

from tissue within the volume of detection (if there were 

essen·tially no attenuation the volume of tissue would be shaped 

as a truncate cone pa.ssing through· the entire skull). 

Questions hive been raised about the use of xenon-13 3 , an 
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isotope which, because of. its low en.:~rgy, undergoes consider­

able absorption in the. head before .it rea~hes the_ detectors· 
. . . . . 

and undergoes ~onsiderable ·. Compton scatter, cau~ing the · 

regional· probes to . show overlap. At its best· energy erriission 
~ - . 

levels somewhere between 13% and 20% of the. counts are the· 

result of Compton scatter ... ..£D. so, the detector is affected 
. . . 

more by counts near the surface than from the depths, and it 

is likely tl)at during the course of the fiow study. there is 

diffusion first from gray to white matter, as the gray matter 

saturates first; later the opposite occurs with isotope 

diffusing from white .to gray matter as the gray matter de­

saturates first . 

. In spite_ of such problems with the xenon-133 clearance 

teclmique it can supply useful and unique information on 

regional cerebral blood flow. For example,. it was· used by 

Risberg, Ancri and Ingvar (1969) to cor~elate between rCBF 

and rCBV. This .. correlation is of· fundamental importance m the 

present research project. Regional blood flow and rCBV were .. : 
' • t • • ' • • • ' •• 

measured simultaneou~ly in the same cerebral region in anesthe~·-

tized cats ·with controlled respiration. Both values came . 

s.imul taneously from the same scintillation-detector using the 

freely diffusible indicator xenon-133_for flow determinations 

and the intravascular tracer PJSA-iodine-131 for volume estimates. 

A very high correlation was found between volume. and flow changes 

(r = 0.96, p(O.OOl). This finding indicates that variations 

of rCBV are accompanied by pro:p::>rtional blood flow changes. 
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This ·regional volume increase is hypothesized to . take place·. 
. . . ,·- . . . ' . . '.· .. : . ' 

~ia a dilation of the cerebral vascular bed or thrDugh recruit...: . 
. . . ; .-

ment. of unopened vessels. which become patent as .·flow incre~se~. _. 
. . . ·. ..·. ·_ . ' . ·--._ 

With the·- advent of high resolution fluorescence x-ray 

. detectioD. the use of nonradioactive tracers. (Hoffer et . al. , .• 

- 1969) allowed the next break-throtigh which stimulated- the·.--_ 

present studies (details of this- phenomena: are described · · 

below under. 'methods'). _The essential 'lll1iqt1e feat1..lr~s of_ this 
. -

approach are, 1) avoidance of emission frorn the scalp and s~l 

because of inherent- geometric characteristics, and 2) ·elimination 

of the problems attendant to isotope administration. Although. · · 

. it was claimed (Moody et al.; 1971) that the -t:racer could-be 

given by- inhalation or intraarterial inje~tion, the quantitation · 

- into meaningful data_ from inhalation ·-clearance measurements-

· - - has only recently been reported and that was for the radioactive . 

isotope xenon-133 (Obrist et al., 1975).- The_· use of either·· 
' . 

- -. transit time or clearance time made estimates of th~ flow para-
. . . . . . : . ' ' . ·: - .. 

meter only-, while application to volume measurements was hypo-_ 

. thesized later by Ter-Pogossian and his· associates C see: Hoffer, 

Beck and Gottschalk, 1971). Preliminary results were first_ 

reported by Ter-Pogossian et al. (1971/1972) for a technique 

similar to that used· in our studies. The key features of the · 

volume determination are to ~low the equilibration of a nonradio~_ 

active tracer that is restricted to the vascular_ space · (adminis- . -

tered by a relatively non-traumatic intravenous injection) and 
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to measure its concE;mtration in ·a three_ dimensionally 

defined volwne. Caiculation of blood volurne is made from 
. . . . 

· a ·concomitant .. measurement of _tracer .·concentration in . e3: 

sample of blood. During the course of . our research an . ext en- · .. ' 

sive study of this method was published in· a.· series ·of .. · 
. . . . . ' . ~ . . . ' ; ·- .. 

. rep:>rts from Ter-Pogossian' s laboratory (Grubb, Phelps. c3.11d . 

. . '~. . . 
. ., 

Ter-Pogossian, 1973; Grubb et al., 1973; Ph~lps, GrUbb ~d -· 

Ter-Pogossian, 1973 a and b). 

Recently, Kuhl et al. (1975) rep:>rted on measurement of· · ·· · 
. . . -

.rCBV determined by three dimensionally reconstructing teChne~: 

tium-99m brain· scan· data:. In this method~ a trarisver~e 

section ·scan is made after the_ venous injection of 'technetium~ 
... 

9 9rn-labeled red blood cells. Absolute tracer concentration is 

then calculated and a point-to-point esti.rnate is proctuced . . 

i ., 

.· that is· ~algous to an autoradiograph .. 'When the concentration 

of activity is determined, the data are' .converted. to· :a two.:. .. 

dirnE;msional map of rCBV . 

. ~omparison of the results from various studies of rCBV .. :. . . 

. are presented in Table 1, · the slopes of 'line~. calcuiated _ · 
·- '. . . . .-.. . . -.·_. 

from rCBV and either pCO 
2 

or. MAP are pr~serited because· these. : 

parameters are . of critical· importance m : quanti tat ion . of. the 

rCBV. As a crude ·estimate, th~ CBV may be considered. to be · 

about 5% of the tissue volume. 
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· TABLE 1. · REIATIO~~SHIP of pC02 or MAP to rCBV 

Animal pco2 .Slope 

Goat 0. 043 

· · Rhesus monkey ·o. 049 

MAP Slope Reference 

Smith et a1., 1971. 

.· Phelps, ··GrUbb· g Ter ... · · ~~ · . , 
.Pogossian, 1973 · 

.. Rhesus monkey .. · - 0. 015 

Baboon 0.049 0. 013 . Kuhl et al., .197 5 

. ' ., . ~ . 

,. ~· .. ·, 
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HATERIALS Al'ID METHODs· 

A. Theory of X-ray. activation for rCBV measurement 

X-ray·activation (or x-ray fluorescence) is a well·est~lished 
.... · . ' . 

. teclmique for the nondestructive qualitative and qua:rititat~ve · 

analysis of elements. There has been recent interest. in· the· 

application of this technique for in vivo studie·s in the field, 
. . --- . 

' . . 

of medicine; the value of different approaches is evaluated ·iri the 

reviews of Tinney (1971) and vJoldseth (1973). 

The technique of x-ray activation may be ·appreciated u·sing the 
. ~ 

analogy of more. familiar 'chelnical fluorescence'. corranoruy used in . 
. . . . 

catecholamine detection. In the case of chemical fluorescence, an 

ultraviolet wavelength photon interacts with molecular orbital 

electrons to produce a fluoresced photon of ·lower energy which is 

characteristic of the molecule from which it arises. In x-ray . : 
. . . . . . 

fluorescence, the incident photon is of x-ray wavelength and 

interacts with K or L shell electrons of atoms to produce an , 

x-ray of characteristic energy (and therefore wavelength) depending . 

on the. atom that is struck. (To elimi.l1ate possible misnnderstanding, 

the terms 'x-ray' and 'gamma-ray' do not distin&J,ish r,.vavelength 

or energy but only relate. to the origin of the photon; x-rays 

originate from electron orbital ·transitions, as . in x-ray tubes, 

while gamma-rays arise from activity in the· atomic nucleus.). In 

elements with an atomic number greater than 46, the L .and M to K 
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transitions are_ accompanied by K-shel~ x-rays greater than 80%. of 
. . . . ' . ·. 

·the time. An. L to K tran.sition would. produce a .inor~ energetic 

x-ray, · called l)B , while a .M to K transition woUld_ produce a Kc( . · · 
. . . 

Since the K....:shell x-rays are unique in. energy for each element,,· 

this provides a means of quantitatively. detecting the presence· of ..... 

· a particular element. 

The incident photon must possess an energy equal to or greater . · · 
. . . .· . 

than the · X-shell bindfug energy of . the element· .to. b~ detected in. 
. ' ' 

order to remove the K-shell electron. In our work, ·the fu vivo·.· 
.. --.--

. activation .of an iodinated radiographic contrast .material,· meglu- ·. 

mine (60%) and sodium (30%) salts of 3 ,5-diacetamido-2,4 ,6~triio-. 

dobenzoic acid (Hypaque-M, 90%), is used as a·tracerto measure ~he 

amount of bloqd per volume of cerebral tissue~ · . In this case the . 

exciting photon beam must have an energy ·greater than 33.2 keV . 

(the K....;shell binding energy of iodine) . The observed fluorescent 

spectrum of _iodine consists of K~ (28.5 _keV) ~d KP' _(32.4 keV). 

x-rays, as well as, any· scatt.er which results from the excitation 

source. 

B. Instrumentation 

1. Source of activation x-rays 
.- . . . . ' 

. . . . . . . . 

The excitation source may be considered :in ·terms of two major · 
. .· . 

features e . First' as alluded to previously' it If!U.St emit photons 

with an energy equal to ·or greater thari the binding energy·of iodme 

. (33. 2 keV). The closer the energy of the exciting beam ·is to the.· 

b.L">"lding energy, which must at least be exceeded, the _larger the 

probability for a useful photoelectric interaction (activated x-ray 
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production). However, the Lncident photon must also .have enough 
. . . 

energy to penetrate bone and soft tissueto ~ach the r$gion of 

interest. . Tinney (1971), by considering the K-shell x-ray 

··:fluorescence intensity to tissue s~:face dose·, .has .recommended. for 

an iodine tracer and' the probable organ depth~. 'to. be en~ouritered . 
. . . 

that the. optimUTn excitation energy be between 4o and 60 keV. ·:·,The 

· · . sec~nd aspect . to be considered is ·the intensity of photon flux· · ·· 

which must be great enough to produce st~tistically. $ignificant data. 

There are a number of available excitation sources su6h as.· long- .. ·.· 

·lived radioisotopes which .produce peaks of ·single ene;gy radiation, .. 

x-ray generators fitted with secondary' radiators which produce 
. . 

characteristic energy peaks. In this work the first two types of · ·. '. 
. . . '1. 

sources were used. 

A monoenergetic excitation source would theoreticaily be ideal· 
' . . . . 

if the energy could be chosen to give optimu.rn excitation. ·.There 

are only a smal;L number of monoenergetic isotop~s ~ and their energy 

range is limited. A long half-life· source· of large eriough mass · 

to achieve the.high photon intensity needed for in vivo studies 

. has limitations because .of problems in self-absorption and: geometry ... 

We ·used ·a disc shaDed one· curie source of americium-241 (59·. 5 ·keV 
• .L . . · .• ' .. 

gamma-ray), supplied by Monsanto Nuclear, for initial studies but 

found the beam intensity insufficient to produce. statistically 
. . . . . ' ' . . : . 

significant count rates in oroer to follow dynamic vascular events. 

later an x-ray .generator, the Kristalloflex 2H d. c. generator . 

manufacturered by Siemens was used. It had a 60 k.ilovoltage peak· 

(kVp) output. This powered a 1, 3 00 watt, tungsten target tube 

that had· a true focus size of 10 by 0. 7 5 mm2.. · Calculations of the.' 
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: maximum _allowable. kVp-am~erage combination~· C3Jld dat~ ·oh the.l:ela.ti~~- · . 

· · .. ship ·between the. tuPe current and .photon output at· 60 kvp .are given .·· 
. . ~. . . . . . . . .. 

... . in:Table .3 (ResUlts section). By selectively filtering the photon· 

· bearn of· th~- x~ray ·tube,. the bremsstrahlung distribution can hive 
. • . . . . • . . • . 'I • . ' . . . . . ~ • • ; ,: 

, its maximum energy shifted . high~r. and above the. binding · Emergy · , · · 
... 

··for iod:ine actiVation. ·. VJe used 0:48 mm of copper to filter the 
. ·, . . .. .. . _. . ·. . . . : . ·. . . .. .. . ,. . .. . .. . I . . 

beam ·and effects on bremsstrahlung distribut~on are . illus.tr~ted . in·:_: 

·sources: · 1) high photon density from a. small diamet~ -solirce _~it 

is· est:irnated ±Mt ev~n _though·' the x-ray tUbe has a· smaller.· ·'solJ!lee · 

diamet~, it prOOUces abo~t iolJ. t:L"lles as ttEnypooto~~ as th: ;. 
.americiurn-241 source); 2) the ·.energy output· ~an be.regUl~fed. by. 

. - . . . . ' -

changing the potential on the x-ray tube or using different: ·fiiters ;·· · 

3) _variable flux densities allow the use_ of high~ ·flux··.d.ensiti~s 

in. animals than would b~. safe in h~s (however~-- ~he same_ system 

. could be employed for hUman' subjects by reducing th~ . energy ~ut.Put.) ; .· 

4) . problems of radioi~otope' storage'' are avoided .. 
.· .. .::·. 

. . . .• ~: . 

· 2 . . · · Detection of fluorescent x-rays and data rnndling • 

The· dete~tor used in these studies . was a Nuclear. Diodes 

li thi~-drifted . silicon ( Si ( Li}) sernico~duct~r ·(or. less . accur~t~ly. 

' .. 'solid. state') detector with a 200 ~2 surfac~ and a~coTiliffilyfug rn·.: .. 
preamplifier~ . By definition, a semiconductor i,s -a very poor. 

~onductor. of electrical' charges. Th~ use' of. a . semiconductor as 'a :· 
·radiation detector is based on its ability to absorb x-ray energy·. 

. ' ' 

· photons with effec'tive ionization of the material, making it' briefly · 

conductive~ '; 

.·' .• 
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·Figure 1. Spectrum of bremsstrahlung produced by ·scatter 
from plastJ..C a Peak actl Vl ty J..S shifted to 
higher energies when 0. 24 rrm copper ·filters out 
some lotver energy photons. 

: l 

:.-.. 
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. ' . . . -~ . . ' . 

. With a high. voltage· potential placed across t}+e semiconductor crYstal · . 

. and negligible current. transmission in the ~ornEu noi1~-exci ted ~tate' 
. . . . .. 

. ' . . . . 

. : the absorption of _ionizing photons alloWs the flow.of pulses ·of 
.. - ., . ,· ... · . ·. ': . ·.• .. ' .· ... _: . :: .:·· . -;. 

·c-urrent. With:in l:imits:, the degree of semiconductor iqnizatJ.on (or. · 

.. the. amJunt· of Cl.lrTent. flow) is .dkectly. proportional to· ~he energy. 
. . . - . . . 

'absorbed due to the :incident. radiation. ' This burst of charge after : . 

proper amplificatio~ forms the basis for q_uantitating photon :energies. 
. . . '.· ·. . ,· -·. ·. 

·This amplified. burst is then changed f~111 :analogue to digi~ai. vaf.~es · .. 

. . :which. are sorted by a multichannel analyzer (HCA) into _a. :sp~ctrurn ·. · 
' . . 

.. of pulse amplitudes which are proportional to_ :the ·energy:of .the· ... · ·· · 

· radiation be:ing detected. This is schematically diagrarnmecf in Figure: . 
. ' •. . ' ·. . . •' .··.. · .... : 

·2, toget11er ·with a representation of· the origin ··~f a .fluoresced· 

x~ray described in the previous section .. If, as :in our case, jttst one··. 

·. ~particular energy photon is required to be. coUnted _(the 28.5 keV ,· 

K~x-:-ray ·from iod:ine), a device called a single channel ana;tyzer is.· .. 
. . --

used ·.to sort or filter: out the· pulses at some p!'e.:.set knpli~de .• ·. 
_. . •' . . ... · . 

. The counting of· a particular energy radiation_ takes.·pl~ce fu:the MCA · 

after the .detector has handled all photons thai:····cross ·it.:· ·As,· illus-. 

·trated · fu: Figure 1, when ·the whole ·spectrum is connted,· · the···~eatest · 

. number of .·events . arise from. scatter; count rates up. to 20 '000 per ..•. 
second· are :hot· uncorrmon. Compatability ·aTnong· components. and .high_ 

perfo~ce characteristics must be·. obta~ed at, ~11 times so · t~t 

mean:ingful counts are not lost. The orig:inal system' employed 
. . . . 

contained an amplifier ' which was . too slow t~o . keep up with the'. count 

rates produced by an x-ray tube, the details are in Appendix A. 



Figure 2. Schematic of the semiconductor detection and· 
· processlng of a spectra from a source of 
fluoresced X-rays. 
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. . 

. The resolution of our system for the .5.898 keV manganese i<-shell 

x....:ray is 584 eV full width at half maximum. (FHHM) ~ This ·high 

resolution of the Si(Li) detector, which is related. t~ _its ability 

to distingUish fluorescent x-ray from background (Woldseth, ·1973) . 

. is necessary to quantitatively detect 'the low concentrations .of:_·'· 
. ' . . . 

iodine present as·a tracer . 

. In oroer to define the area of interest geometrically,·· the · 

:detector and x-ray tube are fixed at right angles as diagrarrmed 

in Figure 3 ... The_detector has a conical collimator which restri9ts 

the field of view to a 0. 5 ern circle which widens along a 5 em . 

length to 1. 5 em at the detector window. A pencil beam· of photons. 
. ' - . - . . 

. . . • . .J . . . 

intersects this field of view after collimat~on by a cylinder 7 em 

long and 0. 55 ern in diameter. This cross-collimation gives. a 

region of .interest of about 0.1 cc. 

Considering the small region of interest and relatively exact 

positioning necessary. to define the voli.lrne of brain tissue ·intended 
' . . . ' ' ' . 

for measurement , the x-ray tube and detector were mounted on a .. · . 

comercially available stereotaxic. device .. ·' Specially machined · 
. . . . - .. 

interfaces were fabricated to connect the tube and detector to . 
. . . 

stock heavyduty manipulators obtained from the David Kopf Instrument 

Company. ·The stereotaxic frame and rabbit · head holder were· also 

·stock items from Kopf (see Figure 4 for ·clarification). 

The use of ·stereotaxic technique first described by Clarke and 
' . . . . . 

Horsley (1906) is t})e foundation for modern approaches in explor.ing 
'. 

the neurobiology of deep structures in the whole brain while i-t 

3_0 

rerrains in situ. The principle relies on the localization ·of an intra-



. ' ·~ 

Figure 3 Schematic of cross-collimation between the _ 
X-ray.tube and semiconductor detector. 
Note also the placement of a monopolar EEG 
electrode and its ground in the ear. ·The 
EEG "Was recoided only in the rCBV experi­
ments. Rendering by Lee Rose, Medical 
College of Georgia. · 
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Figure 4 Line rendering of the coupling between· X-ray · · 
devices ·a:nd the ·stereotaxic frame .. The ellip-._· 
told-shaped obJect on the r1ght represents a 
Grass photic stimulator used for visual stimu­
lation of the rabbit. The stereotaxic frame is . 
a model #1630 (special, with 15 inch A-P. bars 
and two sets of ear bar blocks) with two 
model #1760 manipulators that position the X-ray. ·· 
tube and detector. The rabbit . head holder is a· 

·.model #1630. Drawing rendered by Lee Rose, 
Medical Illustration Deparbnent, Medical College 
of Georgia. · · 

,·. 
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cranial region with reference· to a three dimensional cooroinate · 

system determirled by external landmarks on the skull. This . 

system of three perpendicular planes is fixed by the positioning 
. . . . ' . . . . . . . . . . ' . 

. ·of_ the most readily identified plane, which is, in the case of 

the _rabbit, the basal (see Figure 5) and is defined as befug per- ... 
. ' 

pendicular to the sagittal plane (a plane ·running medially -through·. 

the sagittal suture) and passin~ through the bregma and a point· 
. . ' 

. . v ,v . ' 
1. 5 mm above lambda (Bu.res, Pefran and Zachar, 1967). Two· 

references were used to ascertain the depth of. cortex in different 

areas: one,· a classical work inc~uding histology. of · s~ial sectio~s 

from rabbit brain (Hinkle.r and Potter, 1911); the other illustrated 

the rabbit brain in cooroinates using the Horsley-ClarKe system 

. employed in this work (Sawyer, Everett and Green, 1~54). · EleCtro-

. physiological work of Thompson, .Woosley and Talbot (1950) was 

_consulted to determine anatomical areas of cortex that. received 

visual input. A schematic of a . surmna.ry from different research~' s 

. maps of cortical regions in the rabbit is seen in Figu:r,e_ 6 .(from.· 

BureS', Pe-fr~ and Zachar, 1967) .· Est:imates from these works- and. 

our own histology (to be discussed· in Section E,l) yield values 
. . ' . 

between 3 and · 5 mm for the depth of cortex in the visual areas. : 

The datmn acquired contain information on· rCBV which is m . 
the form of counts or pulses of x-ray photons originating from· 

.the activated tracer (Hypaque-M, which has 462 rng iodine per rnl) · 

and are summed for successive time periods to yield volume changes ' 

with respect to time. _It is obligatory that the tracer remain iri 

·a defined vascular compartment; the iodine tracer .used primarily 
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· Figure . 5 · Rabbit skull and reference .poirrts for le~eling ~ ·. , . '· 
With the head leveled so the basal plane (Hl2) is 
passing through bregma and 1. 5 mm above lambda, 
a perpendicUlar plane that passes through bregma · · 
will be the antero-posterior zero (APO). plane. · 

' . ' 

Figure 6 Map of the projection areas of th~ cer'ebral cortex 
of the rabbit. Redrawn from Bure~, PefrM and .. · 
ZachCI.r, 1967. 
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:in these studies has been shown to be restricted to the plasma. , · · · · 

space in the brain when infused slowly (Stud~ and Patchen, ,1971). : 

Reference to Figure 7 will aid in following the steps necessary · · 

. to process the .raw pulse. data from the detector to the. ·final print~ 
. ·' ' . . . . ' ' . 

35 

out of volume changes. First, the detector must have a high volt·~ ' .·· 

· age bias of. 400 volts (positive) before it will :respond properly· .. ;··. ·· 

to x-rays. · As .. already discussed above·, the 'spectral r . pulses · 
. . . . . . . . - .. ·. . 

(characteristic in amplitude for different energy photons) undergo 

amplification· by both a preamplifier and an ·amplifier. >The ; . 

' . . . 

·amplifier is set at a gain of 30 and a .time constant .. of one 

. microsecond (see Appendix A for amplifier chara~teristics f~ . ·. The .. 
. . . ~ . _· . . 

amplified spectral pulses then proceed to the singl~ channel . · ·· ·• · ·. · ....... · · 
. ' . 

analyzers (SCA) which respond to spectral pulses of. the. amplitude: 

to which they are calibrated (see Appendix B for calibration with. 
. -· . ~ · .. 

the iodine Kc<. x-ray). Each time one of the SCA recei~es a spectral 
' ·. . . 

. . . . -- . 

pulse in the-range for which it was set, it responds with a logic · 

pulse (SV, 0.5 ~ec • , 10 ohms) with characteristics that. are 
•' .· 

. :--

compatible with the electronics of the multicha.rmel analyzer (MCA) ~ . 
• • • • • -- • t • • 

The MCA aqcwnulates · counts .. for . periods determined by· the timer :. ; .. · .. 

(usually 24 sec) aTld temporarily stores them in a memory. At this· 

same time a second SCA, set to receive counts ~ the energy r~ge_·· 
. . . - . . ' . 

between . the . ~ and Kp x-ray from iodine, receives counts that .. are 

processed in the same way and are stored separately as background 

. for time units identical to the tracer counts. From this memory· 

(ferrite core, 1250 byte) a display. may be photographed from. an. 

oscilloscope (analogue output) and/or printed out by a typewriter' 



Figure 7 "Components of the X-ray activation system for 
blood volume deternunatlons. 
detector: Nuclear Dlodes, Model X5-200-6SO-BCF 

·high voltage poHer supply: Nuclear Diodes .Hodel 
#'402-1 

preamplifier: Nuclear Diodes, Model· #107B 
single charmel analyzer (SCA): .. Tennelec, Model 

TC 441 
. single channel analyzer (SCA): Ortec M-:del #451 · 
flip flop timer: a) Ortec timer model #7t9 · 
· b) . Solid state flip flop 

designed and constructed by 
· Biomedical Engineering Dept. ' 
of the Medical College of Ga. 

rrn..Uticharmel analyzer (HCA): Nuclear Data, · 
me.rrory: Nuclear Data, 1024 . · . . . 
oscilloscope (CRO): Tektronix, type R564 B, storage 

X-ray generator: · Siemens, Kristalloflex 2H 
. X-ray tube: Siemens, type AG \tJ30 

photic stimulator: Grass, model #PS22 
· infusion pump:· Sage, m:xlel #355 
respirator: Harvard, m:xiel #607 
pressure transducer: Statham; rrodel P23AC 
temperature unit: YelloH Springs Instrument: Co., 

m::5del #4 7 · 
· CO monitor: Beckman, model LBl 
· polygraph: Grass, model #7 . 
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(digital output).· The printed hard-copy is hand carried. and.· 
. . 

entered futo · a programabie . calculator for· processing . (~ee Appendi;{ · 

c for calculator program)· into-data representative of consecutive 
. . 

blood volume changes. · The data is also- stored: on magnetic tape· .· · . 
. . . . . . 

by the calculator for possible later reevaluation ... ·. -: .~.· 

The ·net peak count is the parameter that ·carri::;s -the blood_· 
' . ·. . . .· .. 

volume i:hformat:ion .. · This· value is obtained from two measurements,· 

. the total connt. (NT),. and the backgronnd (NB)~· Both observations 

carry a statistical nncertainty. The net :count (N0 ) _ is obtaineCI. · ·· 

.by subtracting· NB from NT. The .deviation of the ne~ connt may · 
. . . 

then be· obtained f:L."'l()m the theory of combination of indepe~dent . 

errors: 

cr' (N ) ~~ cr'.r2 . + tfs2 
. 0 

and the relative percent error · (% E) : 

100 
%E =~NT. 

-\}B (B + 1) 
(B - 1) 

Eq. 1 
. 'I 

.Eq. 2-

··, .·. ·:· •'' 

where B = NT/NB, or ·the total peak to background. ratio. Equation· 

2 yields the error at the one standard deviation level (or 67% . . . . 

confidence limit) while in most of the evaluations of BV tl1e two · 

· standard deviation level ( 9 5% confidence limit) was· the criteria_ .. · ·. · . 

for a 'significant' change. Due to the ability of the semiconductor. · 
. . 

· system to. detect a range of the spectrum silllu.l taneously, the: back.:.. · .. 

gronnd ~vas taken from a. region of the spectrwn adjacent. to the 

iodine peak. Since NT and NB are obtained during the same time 
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(t) -t:he ~elation-tray-be expressed in termS of intensity: ·:IT=. 

NT/t and IB .=~~Bit. , A determination of the information rates 

(IT and IB) permits an evaluation of the peak -to background ratio. 

· CBY and from the requirement for a certain precision; ah estimate. 

may be made of the required analysis· time (for a more detailed 

account of countirig ·statistic considerations, see_ vJoldseth··~ · 1973). 

An example of the calculator output generated from a standard 

iodine solution contained in a rabbit skull phanton . ~s found. in . 

Figure 8. The values listed under . 'significance' represent the 

nwnber of standard. deviation units found _between adjacent counts, 
' -

dl.Wing a 24 second acquisition time (24 sec was typic~ly used 'k 
all experiments) . 

C. The experimental animal 

At various stages, these studies employed the cat, dog or· 
. ' . . 

rabbit, but generally _preparation was similar,· with. pentobarbital 

anesthesia and gallamine (Davis and Geck Company) for irrmobilization. 
. . . . . . 

Rabbits ranged in weight from 3 . 0 to 4. 2 kg and receiyed 30 mg/kg · 
. . . 

pentobarbital via the ear vein, o. 5 rng/kg gallamine' and a singie 
. -

dose· of 2, 0 0 0 IU of heparin (Upj ohn Co. , ) after surgery.. Cats 

ranged from 3. 2 to 4. 3 kg and received 2 5 mg/kg pentobarbital -and 
. : ' . . ' . 

_5 mg/kg gallamine. Dogs were anesthe·tized with 30 rng/kg pento-

- barbital and imnobilized with 0.4 rng/kg gallamine. ·Any surgical 

wounds were infiltrated with lidocaine _(2% Astra Laboratories) or 

topical benzocaine (20% Arnar-Stone Laboratories, Inc.) was applled. 
. . . 

Demetrescu and Julian, 1974 found that benzocaine does. not _inter-

fere with cortical activity. Until the time of their use, animals 

. 38 



Figure -s . Data · pr:intout from a rabbit skuil. :phantom· 
contaming 0. 06% lod:ine. Note that the.· 
greatest value is 0. 6 standard deviation . 
units · which reflects the contribution of · 
random errors. Random errars may accrue . 
from. fWl.damental random ·effects :in the 
instrumentation, generally denoted as 
noise. 

·.·, _· >. · . 
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. were housed in the Medical College of Georgia_ vivarium iacilitie~: 

and fed standard 'laboratory chow and.water,ad libitum. 

Special mention · should be made regarding the rabbit,· which · 
- ... . ' . ' 

was used in the ·majority of these studies. ·Longo· (1962)., ·:in 
··. 

·his extensive volume that relates drugs effects ·to changes . :in- the . __ ~-. 

EEG of rabbits:, has reported on a nUmber of q~ternc::rry ·C3ltunonium 

compo1.mds. A desynch:ronization analogous to· that· induc~d by acety 1-

choline can be elicited by adrrcinistering, via the carotid, a :number 
. ' ' 

of these substances:_ tetramethylammonium hydrate (1-2-pg) ,·, decame.:..· 

40 

thonium (2-5 )lg), d-tubocurarine (2-5 pg) ~d ·succ0ylcholine (3-_7 pg); 

however, it . was· fo1.md. that gallamine produced n6- changes :in the 

EEG pattern (Longo; 1955) which implies a lack of CNS effect.' .. _For, 
.. ' 

' ' 

this reason, gallamine was chosen for _ imnobilization in the present . 

studies. 

Other animal preparation 1.mique to a g~ven experiment will be 

elaborated in the appropriate sections which follow. 

D. Experimental classifications and protocols· 

· 1. · Clearance studies of tracer · 

The rate of iodinated contrast material (Hypaque--M, 90%) ·: 

clearance from the vascular system was. evaiuated in· ·dogs by 

X-ray fluorescence using the one Ci ~recium~241 source for 

activation. The collimated gamma-ray source \.-Jas. positioned 

with the detector on the attached gingiva adjacent to the· 

mandibular canine teeth. Fe:rroral arterial and ·venous ccinnulas 

were inserted for blood pressure and tracer-ad~istration or 

blood sampling respectively. 



2. Blood. volwne in cerebral ·cortex · 

A ·summary of the experfutental apparatus rrB.y be seeri · iri ·. · 
·. . . . ' . . . - . 

Figure-· 7. The x~ray activation and detection aspect of . . . 
I . 

this system has been desCribed ·previously (Sec~ion ~,2) •· ... The 

·. physioiogical parameters rnoni tored include arterial ·blood 
. I . . . . - - . 

pressure-'from a femoral artery, rectal .. ternp.~ature and 
.. .'; .- . . . - -

expired· per cent C0
2 
.. The aniinal was _also prepared by. 

. . . . . . 

administering -artificial ventilation (25 ml tidal vol~e 

and 21 breaths per nrlnute) through a tracheal tUbe,. and': 

infusion cannula in both the right- carotid. artery· ·and ·the 

ferroral vein. The carotid artery cannula was inserted in __ .the 

manner described by Capon ( 19 60.) to allow perfusion of the 

ipsilateral vertebral artery. . Lastly, a IIDnopolar EEG .·_ ~ 

electrode was placed in a hole drilled in the exposed cal~ 

varium over the occipital cortex using the ·positioning out-·-.. -

lined by Longo (1962). 

Because of the narrow range of weights, all rabbits. 

received a uniform 10 ml dose of Hypaque-M, 90% (Winthrop 

Laboratories) tracer, infused at I ml/min, -into the femoral 

vein. Other drugs administered include epinephrine (Parke-· · · 

Davis) , papaverine-HCl (Sigma Cheffiical Co. ) and propran~lol 
. . . . . . . . . 

(Ayerst) which were made up to the app~priate. concentration . 

in 0. 9% saline (the epinephrine also contained 10:._4 M ·' 

ascorbic acid as an antioxidant) ._ 

The. experimental protocol lS sUII1!Ilarized in the following 

eight steps: 

4-1 
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1. Infuse Hypaque; IV, l ml/min, 10 ml total 
volume; wait 20--30 min; start BV recording 

. .2. Photic test; 6 HZ for 240 sec . . . 
3 . Infuse Epi; Il\., .2 ).lg/rnl at 0. 5 ml/min ( 0 . 5 .. : 

·pg/rnin:) for a total of 6 lnl. · 
4 ~ Photic test; 6 HZ for 240 sec · 
5 . . Infus·e papaverine-HCl; IA, 5 rng/rnl at 0. 5 

. rnl/min (2. 5 mg/min) for a total· of 2 ml .·· 
6. Photic test; 6 HZ for 240 sec . . . · . 
7. · In.t.CUse Epi; IA, 2 jig/ml at 0. 5 ml/npn (0. 5 

pg/min) for a total of 6 ml · 
. 8. Photic test; 6 HZ for 240 sec 

' ' . 

· The photic stimulation consisted of· illumiilation. of the · 
. ' 

anterior aspect Of the head of the . rabbit with . a Grass photo -. 

stimulator . (model #PS 22) at maximum intensity. :. · 

3. Blood volume in the hindlimb· 

Blood volume changes were evaluateq in the_ left hind-
. . . . . 

limb.of.rabbits using a radioisotope-labeled hUIIlCIIl serum 

albumen (HSA) tracer and the same detector system described 
. . . . . . . . . . 

previousiy (Section B, 2) for the fluo~escent x-ray technique~ . 

' This alternate method ~vas employed because the activated' tracer 

· '(Hypaque) escaped into the interstitial· fluid while the HSA-

. technectium-99m (HSA-TC-99m) remained in the vascular space · 

(see Appendix D for more· details on this tracer).· · .. The size .. · 
. . '• . 
. . . . . . 

of the detector collimator was increased to 3 em internal 

diameter in order to record changes in a larger volume· of :tissue. 

·The SCA's were set to accept the 140 keV photon from TC-99m. 
. . 

Blood flow was measured simultaneously with BV by .dissecting 

out the femoral artery and ·positioning an appropriately sized 

electromagnetic flow probe around it (equipment from Carolina. · 

Hedical Electronics, Inc. , Model 501) . The response of the 

vascular bed v.;as determined after occluding the artery to· produce· 

r 
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a state of hypoxia. Occlusion was produced by .tension on a . · 

loop ·of 4-0 silk suture placed around the artery~ . _This 
. . . . .· ~ . 

occlusion supplied an effective functional load to the limb 
. . . . . 

as evidenced by reactive hyperemia upon the return of flow~ 
- . 

4. · Blood. flow J.n the hindlimb 

Blood how studies .were conducted using -the hfudlimb 

of. imrrlobilized (gallamine, 5 rng/kg) cats rang:ing-_in weight-
. . . . 

from 3. 2 to 4.1 kg. Various concentrations (diluted in normal 

saline) of the vasoactive compounds acetylcholine-cl· (Ach) 
'-;:> - . . -. . .·_ .•. - _ .. ·.. • . . 

and dopamine-HCl (DA) were given by close arterial :inject-ion 

into the deep femoral artery. Figure 9 illustrates the 

p:Jsitioning of the infusion cannula as well_ as· the_ pressure· 

and flow transducers. The effect of these drug_s alone on the 

.. flow rate were . determined·- as controls'. followed by .·measuring . 

.· 43. 

flow changes produced after a single rv·_injection of different .. 

doses of pentylenetetrazole (PrZ), _or physostigmine.· _The· PI'Z. 

(analeptic agent) was used in~ attempt to._ produqe a pharma­

cological functional load. 

E. Evaluation of cerebral perfusion studies 

1. Histology 

.-Histology of India ink injected vasculature was performed 

on rabbit brains to. evaluate the extent of. possible disruption 

of the microvasculature exposed to osmotic (from the Hypaque) 

and radiation (X-ray tube) stresses (see Rapoport, Hori and 
- . . 

Katzo, 1972). At the tennjnation of several experiments, an 

injection of India ink (atout 1 ml) was given IV- and a period· 
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' . . " . ~. of 2 0 minutes allowed to elapse before sacrifice.. Brains 

were rerroved as rapidly as possible cunder '+ m:inutes)and .. _ ··-·' .. -·· 

. . . 

placed ·in :J_50 ml of 10% buffered formalin (l% CaCl2 buffer)~.: 

This solution_ .Wa.s changed daily for . S days- after which the ~· · .. 

specimen. was left undisturbed for at .. lec3.st one month before _ . 
. . . . . ' . . . 

tissue sect~oning. · Tissue was dehyc:Irated 'i~ . ~h~anol, . clear~d . 
. . . . 

in xylene and. embedded in parafin (Paraplast) usmg a standard 
. . 

technique. (see Appendix ··F ·for details). ·~··Sections. 20 
1
u- thick 

were cut· on a Porter-Blum microtome~ . Ct1t sections were placed 

on a pool of albumin on microscope -slides , and then warmed . on. · 

a hot plate (about 45°C) for 5 rn:inut~s.· .' The ·~xcess .alb1.lmin- was 

. dra:ined off -and the slides. upended ·to ctry·~ · The slides were 
. . . . 

placed in an incubator (50°C) overnight OO:fore staining with· .. · •. 

Hernato~Jlin-Eosin as outlined in Appendix E •.. · 

2. ·Arteriography 

.. .. ~-

.. 

Two arteriography studies were performed. on . rabbit~·. in . 
which the carOtid artery cannula, int~d~d. to perfuse through. ·· 

the vertebral. arteries, was injected. with 5 ml of Renographin-60 

·to- ascertain the validity of this route for perfusi?n .of.the .·· 

brain stem. One right~lateral· (R-Lat) and one anterior-posterio~ 

CA-P) view stUdy was ·performed using a Philips-Muller Super:. 

100 3 phase x-ray unit equipped with a Elerna-Schonander high 

speed film changer. The fiJJn ~hanger 'was .adjusted to. deliver 
;. '. 

2 films per sec for 3 sec, then l fiJJn per sec fo; 8 sec· ... 

The x~ray tube (1. 2 rmn focal spot) delivered 22 mA.s (40· kVp; .. 

l/40 sec) for the R-lat study and 25 mAs· (45 kVp, l/40 sec). 

., . 

,, ... 



for the A-:P study. X-ray film wa? exposed using a grid and 
. ' . . . . . . 

.developed by a Kodak auto~tic processo~. · By. changing_th~ 
. . . . .: .· . . . . 

· subject -to film distance (focal-film distance,.· 42n; focal~ 

object distance, 30") it was possible to Iffi.gnify the image 

(in ·this case, 1. 4 t:imes) . · . 
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RESULTS 

· A. ·. Tracer Pharmacology 

In order to evaluate the characteristics of the X-ray .abtiv~tion. 

equipment a number· of experiments were conducted to detennine 

. stability, reproducibility and resolution of the syster:n. _.· 
. . . - . . 

. Illustrated in Figure 10 is a series of 24~second interval 

· count rates obtained during· a 6. 8 minute span frOm a. 0. 3% iodine··. 
. . - . 

·.standard placed in a rabbit ·skull phantom.· ·.From this data, a mean 

count rate of 12,204 with a. '-standarct deviation of + 174 was. cal- · · 

culated. A count rate greater than 12,552 or. less .than 11,856 · (+ 

348 or + 2 starldard deviations) would be expected, purely by chmce, . 

less than 5 times out of 100 trials. · This measure of the repeat-
- - . ' . . . 

. - . . . . 

. 2iliili ty of the count rate was used to. d~termine the predict.abili ty : 

of a change in the concentration of iodine which would reflect a 

: . blood volume change. 
. . . . 

A linear relationship. beuveen tracer concentration (expressed as.' 

per cent iodine) and measured fluoresced X-ray count rate is 

represented in Figure 11. The values in this graph· fall away from 

. the linear regression line when above 0. 2% iodine' . but this concen~ 

tration is ne-ver reached in the blood stream. The correlation co- ", . 

efficient calculated for in vivo concentrations of. iodine·'was found 

to be close., to perfect ( + 0 . 9 9) . In the linear regression formla 

used in Figure ll the X vsQue is the iodine concentration and the Y 
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Figure 10 Graph· of count rate· obtained· by· irradiating a · 
0. 3% iodine solut1on m a rabb1t skUll ph;:rritom. 
Vertical bar ind1cates a plus and IDlnus one 

·. standard deviation and the horizontal line: is 
the mean. 
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Figt.J::Ce 11 Graph. of different concentrat~ons of iodine 
versus the count rate produced. Each value 
is the mean of at least 18 repetitions of-a 
24 second count interval. Counts were 
obtained from iodine solutions placed in a 
rabbit skull phantom to reproduce. the-geometry 
found in the eXperimental situation. 
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. . . . ' . . . ·• . . . . . ~' . -:_ : : - . -_ . - .. -_ ' 

value is the coilllt· rate.· Sinc_e this lin_ear relationship exists 

at normal blood concentrations of io~ine it i? also possible to 

-dete:rnrine the. minimum detectable blood volume change (expressed- ---
. ' . . 

as a change in the diameter of a-cylinder ~hich rep~esents a: 

plood vessel) .. -

Table 2 contains the mean count--values obtalned --f~r a- series of 

standard iodine concentrations on two different ·days. · All comJ?arable -
-· . . . . . 

means fall within a two standard deviation-range of each other at 

the different rrieastiririg ·times. As shown· in Table 2·, for count- rates 
. ' 

obtained from iodine concentrations less than 0.. 06% (experimental 

range} it may be 'calculated that there is an increase -<?f_ aboUt 44. 

coilllts per_ additional 0. 0 01% of iodine. Further, · using a maximum . 

. computed standard deviation of 70 (see Table2) _it may. ·be stated 

that. with all other 'conditions equal, when consecutive meas~ements 

are made·, a given coilllt _rate of + 140 ·with respect to the previous 

coilllt rate reliably indicates an increase or decrease in. iodine 

concentration 95% of ·the_ t:iine (two standard d13viations). · Therefore, 

a change of 2:. 0. 0 0 3% in iodine concentration is detectar,le at the· · -

95% confidence limit (140 divided by the 44 counts per 0. 001%). 
. . . . 

This detectable change of 0.006% (+ 0-.003%) may be alternatively 

considered as a change of 6 parts in 100,000. Considering that.· 

the volume-of a cylinder changes with the square _of its. radius 

(V =If r21) , a change of 0. 006% in volume would be reflected- as a 

change of 0.11% in radius (if the length is uniform). In other words, 

if the vessels expand 0.11% in radius, they will increase the amount. 
. -

of iodine in the field of the detector_by a statistically significant 

aTIOilllt. 
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TABLE 2. . STA"lDARD ·IODINE SOLUTIONS MEASURED· 
ON. Tt~\70 DIFFERENT DAYS . 

.. .. . . . -~ .. 
. .. ·, ,:• 

; 

Per cent Iodllle 
Parameter 0.50 0.30 0.10· 0.06 ·0.04 0.01 

,,'"• 

bay one 
mean 21646 12204 4576 2524 ·1624' 375 .. 
SD 328 174 86 69 66 46 

Day two .. 

mean 19857 11116 '4515 2052' 1445 -384 ~ ~ 

·-

SD 252 216 140. 70 61 43 

The measure· of unifo:rnci. ty wi thln samples (the standard. deviation) . . · :~ 
obtained on a given· day is supplemented by comparison with samples . _ 
·obtained on a . different day to determine to what degree they may- be 
described as co:rn:ing from the same. population distribution. The t­
ratio for non-independent means was used to compare the results 
obtained on different days and again the null hypothesis is rejected 
(P <. 01), therefore, measurements made on different days of the ·. 
same iodine solutions are comparable . because they are members of · · 
the same population distribution. · · ' . .-

.... 

'··' 



In Table. 3 is shown the mean count rates obtained from· an · 

. iodine solution whe.t"'1 ~he X-ray tube was oper~ted at .60 ·kVp With 
. . 

variations in rnA from 1 to .·15. The tUbe is rated for a maxim~ . 
. . . ' . . ·. .' . ·. ..' . . . ·. 

· . p:::>wer output of 1300 watts (kVp x rnA.= watts);· there;fore~ 15 rnA at .. 
' . . . . -

60 kVp is a saf~· level to continuously: operate· the ·g~e:n:i.~~r·. ~d : 
tube. The flux density ·produced (measured. as the cot.mt rate) . · 

ine1"leases linearly as· the CurTent of the tube is. increa~ed. at a 

set voltage.level. It was decided to do most of the blood volume 
. . . 

studies betWeen 5 and 10 rnA af either 50 or 60 kVp, thus producing 
. . . ' . . . 

. about 1 Rad per hour of surface dose radiation as measured by a· 

. ratemE:ter (Victoreen model). : 
. . 

Figure 12 illustrates the spatial resolution of the detector 

and its collimator when a 'point' sotirce ( 1. 7 · rrnn diameter) of iodine 
. . ' . . . . . - - . . 

·is activated. The three peaks in Figure i2 quanti tate·. the field 

of view for the detector at increasing distances (0.0, 0.5 and 1.0 em) 

from the collimator~ As would be. expected ~he ;field of view widens 

as distance from· the collimator· increases , but this would be limited 

. to the diameter of the ·activating X~ray beam.·. 
r •,•' 

The initial pharmacological studies carried out in this research 
. . . . . . - . . . . 

project :involved the effects of the,. iodinated .cotitrast material· . 

(Hypaque-M, 90%) on the· experim~tal an~. Using mongrel dogs, 

the clearance of Hypaque-M, 90 was determined from about 0.1 rnl 
. . 

volume of soft tissue consisti.J.g of mandibular· gingiva· adjacent 

to the canine teeth. Accumulation of colints, indicat:ing the concen-

tration of ·tracer in the tissue, during 100 second intervals is 

shown in Figure 13. Also shown is a regression line . which was 



· TABLE 3. 

.. ·.. . .. : : . . : .... · .· ... · .• : . 

EFFECT OF . CHANGING GENERATOR rnA ON. FLuoREscED 
x-PAY ourror ·usiNG A sTANDARD 

IODINE TARGET 

rnA Output ~connts710 sec.) 
at 60 kVp Mean SD 

1 ' 1048 42.2 . 
2 1581 38.9 
3 2132 52.3 

"4 2379 78.1 
5 2538" 43.6 
6 .2635 . 61.9 .... 
7 2972 .52.7 
8 3376 63.7 
9 3727 58.0 

10 4163 44.8 
11 4506 . 117 
12 5042 127 . 
13 5221 50.6 
14 5q51 76.0 
15· 5998 .. ·111 

linear regression: Y = 338 x +820, r = .99 
Y is rnA values and ~ is output in. connts .per·. second· 
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Figure 12 Spatial resol~tion of X~ray tube and detector 
system. A 'point' . source of iodine (1. 7 rrnn 
diameter) was moved across the field of view 
of the detector at. intervals indicated on the 
abscissa with count rates recorded on the 
ordinate; The distances the point source . · 
was from the tip of the collimator are shovm. 
above each curve. 
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Figure_ 13 Scatter· diagram of the concentration of 
iodine in a volume of · gingi vql tissue in 
the dog ·with respect to tliile. Line is the 
least square b~st fit for all the values. 
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drawn using a· vJang 600 calculator with cu1 appropriate' commercially 

prepared program. It is evident that· the early phase of the clear­

ance curve is unifoimly steeper· than indicated· by. the ·re~ession ': ·. 
" . ' .· ' . - ' 

· line. 'I'h,us assuming a two conlpartrnent clearance,· a linear regres-
. . ' . . . . . . 

sion line was·generated for an early.(first 1,000 secondsor'.l6.-6· 

. minutes) and a late phase of the clearance· as· shoWn in Figure 14. 

··Although the distinction between early and late phases is_based . · 
' .· . 

. ' . .· . . . . . ' ' . 

. upon· the 'viewers' judge11ent; the commonly ·used techci.que .of "data 
. . .. ' . .· ' .. '· ·. :. · .. · . ' 

stripping" as described· by . Solorra..n. (1949) employs similar judgements. 

Grubb et al .. (1974) have reported that cerebral autoreg1Jlation is 

.· lost. for about 15 nrin~tes after the IV injection of iodinated · · 

. contrast agents; this is the s~e period o:f time. sho'm! iTI. ~~ dat.a 
. . . . . . . . . . 

for the fast clearance portion- of the·. washout curv~. Increased 

femoral artery blood flow was observed by Sako (1963) .up to 30 
. . 

minutes after mj ection of angiographical contrast agent·s. Changes .. 

in hemodynamics after contrast agent injection are of . ill-defined ... 
' . 

. origin, although Grubb E?t al. (1974) considers the obs.erved changes . 

in serum osmolarity to be· important. Hypaque-M, 90 is;· ·like other 
. . ' . 

contrast agents, hypertonic and produces a transient rise ·.ill. serum 

osmolarity. · The reported mcrease in serwn osmolarity in con june-. 

tion with our clearance studies led us to ·consider the fluid · 

compartment relationship illustrated in the insert of Figure 14 ·as . ' 

a representation of the fate of the tracer. _Upon injection into the 

plasma space the contrast agent will cont.inuously be cleared_ by _the 

kidneys and for a period of time \>Jill diffuse .into the e~acellular 
' . 

fluid (ECF) space. \tJhen iodinated contrast ·material in the ECF spa~e 



Figure 14 · Two-compar-arient scatter diagram of the concen­
tratl.on of iodLne m a volume of gmg1.val 

·. tissue in the dog with respect to time. Each. 
line .is the least square best f1.t regression 
line for the values indicated. Each ·point is 
the mean of four determinations.· ECF ·= extra­
cellular fluid. 
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lS lTI equilibrium with iodinated contrast material in ·the. plasma.· 

'space the 'clearance curve will represent only_the kidney clearance 

rate. 

To gain further insight into the hemodynamic effects of adrnini-
- . . . 

·· stered Hypaque-M, 90 the hematocrit of serial samples of ferrlorai 

artery blood _was estfulated with a Clay-Adams· 'Readacrit' centrifuge. 

The results from 5 rabbits which WerE? sampled from 4 to 7 tirnef:) lll . 

the course of an experiment are graphed in Figu:0e ·l~. . A1 though there 
. . ' 

was· a considerable range·. in initial hematocrit readings · ( 3 2. 0 - . 40. 5) 

the trend was clear; just after Hypaque injection there was a hemo-· 

dilution effect lasting up to about 12 minutes followed by a trend 

.toward herroconcentration. 

58 

Blood gases and pH were determined at convenient interyals during . 
. . .· . -

5 experiments to insure that these important.· physiological ·parameters 

were within. physiological limits. .Table 4 s'l.UIIITlarize~ ·.these findings· 
. . . 

with special reference. to valu~s before and ~ter the infusion of:·_· 

Hypaque. Animals number 3 and 5 · underwent ·the ·most dramatic changes . 
. .. 

(p02 changes of -3 5. 6% and -15. 5% respectively) after· ~que infusion; :. 
' . ' . . . . - . - . ' -

however, these values after infusion may still be. consid~red physiol-

. ogicall y normal. Data of rabbit arterial blood compiled from m:iny · 

. sources by Alunan and Dittmer (1971) showed ranges for pC02 be~een 

22 and 51 rrrrn Hg and for pH between 7. 21 and 7. 57 in normal animci.ls. 

The extremely high range of pO 
2 

values in animals 3 ·and 5 (Table 4) 

is related to ventilation for a period ··on pure oxygen. 

B. Regl.onal cerebral blood volume studies 

Experiments, outlined in detail in the methods section~: to 

determine the regional . cerebral blood volume (rCBV) changes :in a 0 .1 cc 



' ....... 

.. -/ · .. · 

. TABLE . 4. . Arterial Blood Gases and pH of Rabbits .. >. .. : . . . 
During Cerebral Blood Volume · .. · .... 

Experiments · '.· "• . 
•.· 

Corrected~·~ pCO · 

n mean + SD 

1. 5 54.5 + 1. 3-
2. 6 -33.8 + 3.4 
3. 7 40. s. + 4.3 
4. 4 . 32.9 + 5.0 

. 5. 4 44~9 + 7.5 

range 

53.5- 56.7 
29.9.- 38.2 

. 34.1 - 46.3 
35.3 - 35~7 
36.6 - 54.6 

·before'·~~: · after1:~·~ : · .% change · 

53.4 
33. 3"' 
39.1 
35.3 

"36.6 

54~3 . 
33.2 . ·' 
41.6"_ ... · .. 
35.7 
42.6 

_1.5 ' 
.'-:- .3 . . 

6.4 ... ' 
1.1 ':' .. 

16.4 

Corrected~·~ pO 

1. 
2. 

. 3. 
4. 
5. 

H 

1. 
2. 
3. 
4 •. 
5. 

5 . 35.3 + 3.2 
6 61.8 + 7 .5· 
7 49.5 . + 25.5 
4 58.5 + 7.6 
4 61.6 + 38.4 

5 7.299 + .04 
6. 7.454 + .03 
7 . 7. 364 + .08 
4 7.434 + .08 
4 7.285 + .11 

31.8 + 40~2 
. 47.2 + 67.9 
28.0 + 99.6 
50.5 + 68.5 
35.2 + 118.5 

··7.231- 7.340 
7.420- 7.506 

. 7.225- 7.451 
7.320- 7.493 

. 7.14 7 - 7. 400 

31.8 .. 
.62.8 ·: 
99.6 
55.8. 
50.3 

7.340 
7.449: •. 
7.421 . 

. 7. 493 
"7.400 

.. . 3 3 • 8- . . 6 • 3 .. 
-64.8 3.2. 
64.1 ' -35.6 
59.2 . 6.1. 
42.5 -15.5 

7.324· · .: ~.2o···.· 
7 .457" · ..• 10 

. 7. 354 : -. 90 
7 • 4 7 5 . . ·. . -. 24 < 

' . 7 . 345 -. 74 

. ~·:corrected according to Severinghaus (19 66) · , . . . 
~·d~before and after is· re1ati ve · to the infusion . of Hypaque 
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Figure 15 Scatter diagram of the heJnatocri ts recorrled. 
in the course of five blood voltime·exoeriments. 
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. -. . - . . . . . . . . . .· 
' . . . . 

volume of occipital· cortex tissue were performed to evaluate t~e -
. .· ' . ' - . 

·effect of a functionai load and the· influence:'· of selecteq vasoactive·_ 
. . 

agents . on the changes produced by a functional- load. . The procedure · -
. . . . . 

allows the deterrirination :in qualitative terms of- an .increas~-- or 

decrease :in -the relative· BV with.in.. the ·total tissue .. ;olurne (0.1 cc.) 

'. under observation. The changes reported are qualitativ~ values. 

·integrated over a 24-second interval. Animals were infused with·._ 

the X-ray tracer material (Hypaque~M, 90) before any studies .were · 
. . -

performed. The Hypaque-M, 90 was slowly (1. 0 ml/min) lllfusecl · · 

intravenously to obtain a blood concentration estimated f:rom the: 

body weight to be about 0. 0 6 per cent. The advantages this method - ' 
. ' . . 

has over others include: l) the repetitive sequenti~ -~easlJr~-

ments obta:in2ilile (a value every 24 seconds) , thus providing a 

temporal aspect to the measurement, ·and 2) the rela-tively :rion­

invasive· natur_e of the determination due to urmeeded surgical or.·. 

mechanical intervention. Also, the tentative· relationship between_ 

volume and flow (discussed :in the introduction) may be used to 

interpret the meaning of rCBV changes. 

The first regional cerebral blood volume experiments were 

evaluations of the response to inhaled. 5% co
2

. A consistent vaso.:..· 

dilation and concomitant rCBV increase was demonstrated (4 trials) 

during the first or in one case the second .24 second counting period 

(see Figure 16). The delay in the one trial _is attributed to .the 

time necessary for the gas to traverse the ventil~tion apparatus and 

reach the lungs. It is also due in part to variability in manually 

turning on the gas mixture ·and marking the polygraph record. rtle 

61" 



Figure·l6 

.c' 

Relative rCBV changes during inhalation of· 
- 5% carbOn dlOXl.de by rabbltS. Starred 
·data polilts md1cate a greater than 2 
standard deviation units change from the 
previous value. Each point is 24- seconds· 
a~. -
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generalized and extensive cerebral vasodilation'associ~ted with 

· increased carbon dioxide. tensi~ns in. the .blood. were. no~· consid~ed : ·. 
- '. - ... ' . _' 

. a very demanding test of the capability of .·this· detection method. 

The crucial experdments were· the demonstrations of. rCBV fucreases. 

in the. visual cortex during exposure of the rabbit .·to light · · .. · · · · · 
. . . . . 

flashes~ · It· was noted that ~he light ·intensities. us.ed · (setting . ·. : 

number . 16 on a Grass Photic Stimulator) were intolerable to this.;. 

investigat~r when viewed~ from th~ ·distance used. (30cm) ;: ho~ever, 

the rabbit' has a more lateral location of the orbits and a state 

of maximum visual. stimulation was desired, so this int8!lsi ty was 

employed. 

FigLJre 17 (upper half) represents- the occipital lobe· EEG · ·. 

record observed during the o11set·. of a· photic stimulation experiment.· 

· . The upper example · of Figure 17 illustl,ates the entertainment or 

'following' effect the light flashes have on the EEG, while the·· 
' . . . . 

example below it shows, in addition, the phenomena of recruiUn.ent 

evidenced by the increase in -trace arnpli tude after. photic stimul-· 

ation was started. 

In an attempt to demonstrate the cortical localization of the . 

photically induced rCBV increase to the visual cortex,_measur~ents 

were made of the general somatic ~ea (refer to Figure 6 for ana_: 

tornical location) during stimulation with negative. results in_ three 

trials using two animals·. Recording the EEG from· the general somatic 

area revealed no evoked potentials as found on the occipital cortex 

during photic stimulation. 
. . . 
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A further measure of the physiological condition of the preparation 



\_. 

~igure 17 Electroencephalograms (redrawn) from occipital 
lobe.unlpolar electrodes placed.J.nto·the bone 
of the calvar1um. Sol1d cJ.rcles below the 
records indicate . a light flash . (rate of -6 . 
flashes per second). The ·two groups of four 
lines of record each are from different rabbits; 
Note that the EEG becomes more regular with the 
onset of li~ht flashes ('entrainment'), as.well 
as, a distinctively increased amplitUde in the. 
lower set of records. 

.'· .. 
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FigUre 18 ·.Graph of relative cerebral blo.od volume,changes 
during a hypertensive inc1dent m the rabb1t .. 
Starred data points md1cate a greater than 2 
standard deviation nnits change .from the .. 
previous value. . M.I\P is mean arterial pressu:r'e. 
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lS a test for the presence of the autor~gulatory respOnSe. ·This . 

was carried out by determining· the rCBV ~espc)~se to. an increase 

in systemic blood pr~ssure. A decrease in· volume would· indicate, . 

normal autoregulation .. The.blood pressure•.increase was produced 

·. by an infusion of norepi.TI~phrine in~avenously. -Figur~ , 18 · shows .· ... 
. . . - ' .· . . . .· . .· . -. 

a typical response to the transient hypertension. · · A d~crea~e in 

rCBV in response _:to an· increase in systemic blood . pressure was · 

demonstrated 7 times in 8 attempts. _ All preparations examin~d ·had 

previously had time to recover from the HyPaque infusion (30 to _ .: · 
60 minutes) and had not deteriorated or .. exhibited hypotension. 

(described as a low mean arterial pressure with loss of auto-

regulation). 

Prior to the evaluation of the effect on the functionally · 

induced occipital lobe rCBV changes by a vasodilator (papaverme), 
. . ' . 

. . . . - . 
. . . . ' 

and a naturally occuring catechol2mri.ne :(epinephrine), the responses · 
. . 

to arterial infusions of papaverine arid epinephrine_ alone_ were 

compared to controls.. . Drug infusions lastir}g ·approximately 6. 

·minutes produced rCBV ·changes as diagrammed in Figures _19 and 20 .. 

Control values ~obtained from periods· of no stinn.llation in different 
. . - . 

experiments) are · .sho\Am above the responses . to papaverme in _ 

Figure 20. A tendency exists for statistically ·significant mcreases 

in rCBV to appear during the papaverine infusion ( 8. 3%, increases 

in rCBV x 100/total nwnber of measurements) and a tendency for · 

. decreases during the epinephrine infusion (4. 5%). These values 

may be compared • to a 2% chance for any change to occur spontaneously 

in the control situa.tion. ·Further, there is a trend for all the rCBV 

66 .· 



Figure 19 . Gra~h of relative cerebral blood vol~e changes. 
durmg an epinephrine infusion. Circled data 
points indicate a greater than 2 standard , 
deviation units change from the previous·. value. . 
Epinephl"'ine is infused at a 2 ug/rnl concentration · : 
at a rate of 0. 5 rnl per minute starting at the . · .. · 
begirming of the graph. Each channel· is 24 " 
seconds long. The . volume changes indicated . are 
relative values, each determined in relation to 
the immediately preceeding absolute value. 

.·.' . 
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·values to decrease during the epinep~hme .infusion (negative slope) .. 

while the. papav~ine values tend to • appear ~re like t~e control.· 

· values in slope (see Figure 2 0) . 

Photic stimulation was employed as a regional fnnctional load, 

. which hypothetically produces vascular resporises assciciai:ed with 

metabolic (cir chemical) changes accompany:ing :induced aC!i:ivity. . The · 
. . . . 

rCBV response to thi's stimulation was.detenniried.following successive 
. . . . 

.68 

infusions of epinephrine and papa.verine. This data is summarized · · · 
. . . . . ' 

in Table 5. Two important relationships are evident_: .1) .. there wa~:. 
. . . . . - . . 

a significant (p <0 02) decrease in the .latency _of th~ ri~e. in rCBV. 
' . . ~ ' 

with .photic stimulation during epiriephrine :infusion a~ compared to. 

non-infusion periods. The rCBV response to photic stimulation ·was 

brought about on the average 37 per cent faster after epinephrine 

infusion; 2) the response pattern to photic stimulation .after the .. 
. ' . . . . - . . . . 

second epinephrme infusion (followirlg the papaverine infusion and· 

photic stimulation) was different from the first trial for each 
. . 

. . ' . 

animal.· Referring to Table 5, it is seen that this situation pro..:. 

duced a single increase in rCBV while decreases were produced in 
. -

three animals 0 The data where phot.ic stimulation was. administered .. 

after papaverine·was noteworthy in_that only 'chance single increases 

or decreases· were observed. Some chill1ges ar~ to be expected because 

of statistical uncertainty coupled with a background of spontaneous 
. ' . . 

rCBV changes . (see Figure 2 0) , but many more changes were demonstrated 

during photic stimUlation without papaverine (see Table 5) o The 

v.Jell-accepted cerebral vasodilator effects of papaverine (McHenry. 
. . . ' . 

et alo, 1970) in normal brain tissue may be expect.ed to dilate • 
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Figuce 20 .. Graph of relative cerebral blood volume changes 
durmg controlled periods (above) and papaverine 
infusions (below) . Starred. data points mdJ..cate 
a greater than 2 standard deviation units Change 
from the previous value. ·· Values are 24 ·seconds . · 
apart. Papaverine was infused at 2 . 5 rng per 
minute starting at the first value shown. The 
relative volume changes indicated are.deter.mined 
in relation to the .immediately preceeding . 
absolute value. · 
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TABLE 5. . Summary of Temporal Relationship ·Between · · 
Photic Stimulation and rCBV Change After . 

Drug Infusions 
- - ~ .. 

Tline to significant change (sec.) 

Direction Photic P.s.~·: & P.S. & P.S. & 
Study of Change Stimulation (P. S.) EEinephrine · Papaverine . EEinephrine 

1 increase 192 48· NR :·NR :· 

(decrease) (24) (NR) .· (NR) .· (24) . 
. i 

2 lllcrease 192 . '120 NR .. .NR ··. 
•/ 

I 

(decrease) (216) (NR) .. . ·.·. (NR)· .. cN:Rr. ·.· 
... 

3 increase 120 96 72 NR:. 

(decrease) (NR) (NR) (NR) .· (120).· 
:. 

4 increase 168 .. · 24 .. NR, . 192 .. ·. 

(decrease) (NR) (NR) . (216) .. . ,, ... (168) '. 

5 increase 240 .· 48 . NR - NR 

(decrease) (NR) (216) .CNR) (NR). 

,. 

Mean . (n) increase 182(5) 67(5) 72(1) ,· .· ·192(1) 

(decrease) 120(2) 216(1) 216(1) 104(3) 

~':Differences between photic stimulation CP.S·.). and epinephrine infusion· 
tvith P.S. was significant .for all trials to the 98% confidence l:bn:tt · 
(Students t-test, t = 3.86, P.02 = 3.74, statistics of non-independent 

· . scores were used) . · · 

NR =no response· in that category. 
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vessels to such a degre~ that a metabOlic load could result ln no 

further· increase; or possibly_ a delay in vasodilation· beyond· the 

observation period. 
•.' 

Because the photic stimulation was administered immediately 

. after the .drug infusions some experiments were carried out where_.­

photic stimulation was given during the epfuephrin~ infusion. ·As· 

indicated in Figure 21, a rise in rCBV was recorded in the first . · 

24 second interval. This rapid response was observed in both of two- .. 

trials. · Hechani8ms for the distribution ·of .epinephrine (enzyme degre­

dation and tissue uptake) would be. expected to rapidly change ·its-

vascular smooth ffiuscie concentration at receptor sites .. These factors 
. . . . . . . 

may be the reason that th~ response to photic stimulation was faster 

dliring . infusion than .during the post-infus.ion period aQ presented . · 

·.:in Table 5. The effects produced by papaverine ~e not so· tran;... 

sient as ep:inephrine. Gottstein (1962) has stated that it is among 

the longest· acting of the vasodilator drugs, and for this reason_it _ 

_ was not -thought necessary to exarn:ine the photic stimulation respOnse 

during papaverine infusion. 
\. 

. . . 

The most pronounced rCBV increase in re~ponse to photic_ stimui-

ation is diagrarrnned in Figure 2 2. Many more photic stimulation 
. : ~:. . . 

responses are tabulated in Table 5 but the· reco:[id diagrammed in 

Figure 22 has a distinguishable feature. 
. .( . 

There is an unusual 

continuing trend of increase, or no ch.al)ge betwe.en data po:ints. after 

the starred point (statistically significant value). Since each · 

point denotes the change in count rate ·from the previous point an · 

extended increase is rarely seen. The graphical representation of BV 

data more often has a saw-tooth appearance· (see Figures 18, 19 or 20) .. 
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Figll!e 21 Graph of relative rCBV changes during photic 
stimulation in a rabbit arterially infused with ·. 
epinephrine. Starred data points indicate a · 
greater than 2 standard deviation units change 
from the p:c~evious value. . Epinephrine infused 
via vertebral arteries at l )lg per minute. 
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Figure 22. Graph of relative rCBV changes during photic.· 
stimulation of the rabbit.. Starred data po:ints 
indicate a greater than 2·standard deviation 
units change from the previous value. · 
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C. Studies with the hindlimb 

Carpi and Cartoni (1972) conclude in their review that non-

.·. convulsant doses of the analeptic pentylenet~trazol (PTZ) :increase · ·. 

CBF both passively, . tJ!rough a rise in arterial pressure, and · 

actively, through a cerebral vasodilator response. The active. 

··component is thought to be related to the increased functional 
. . ' . 

and ·metabolic activity of the brain, as· revealed by the inc:-ceased 

EEG frequency and unchanged cortical p02 or cerebral A-V oxygen 

difference. Although photic stimulation· was used as a specific 

physiological stimUlus of cortical activity in the present. research,· 

most other investigators .used an analeptic as a non-specific p~-

cological activator (Carpi and Cartoni, 1972). Therefore, it WaS .. 

. thought important to investigate the blood flow response of a · 

simpler system (the hindl:irnb) to PTZ with. or without the vasodilator 

· . acetylcholine (Ach). 

Blood flow was measured at the femoral ·artery to determine the 
. . ' 

change in re~ponse to the close arteri~ injection of the vasoactive. 

·agent acetylcholine (Ach) before and after pentylenetetrazol (PI'Z) 

administration.· In Table 6 the analeptic PTZ is shown to potentiate 

the vasOdilation produced by Ach in the highest . dose · C 7. 5 pg/ml) · . 

at both the . one and two )lg PTZ level. The 2 pg PTZ level also · · 

· increased the response to the intermediate ( 0. 7 5 pg/ml) dose of Ach. 

In a further attempt to evaluate the hemodynamic effect of a 

functional load on the hindlimb- of the rabbit, the femoral artery · 

was occluded for 24 seconds and the BV and Bf response measured. 

· Figure 23A represents the BV changes observed. It is evident that 

the BV response to the occlusion Has variable. Al thqugh during the. 
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TABLE 6. Pentylenetetrazol Effect on Acetylcholine· 
· Vasodilation in the . Cat Hindlimb .. · ·. · · ' 

. ~ .:- . . 

Acetylcholine Mean Change ·in Flow (ml/m.in) 
(ug/rnl) control 1 .. ug Prz~·~· 2 ..ug Przi~ 

0.075 8.67 + 4.4 (4) 8.1 (2) 8.8 

0.75 '15. 3 + 1.5 (4) 13.1 (2) 22.1 

7.5 17.2 + 0.7 (4) 29.7 (3) ,30~3 

Values are mean + standaTd deviation .(number of samples) 
*PTZ = pentylenetetrazol 

_J •• 

(3). ,' 

(2) 

(2) ·. 

'. _&, 

:. :, 



rigure.23 

- ~-' 

_,_ '·-

Blood volume changes in the hindlimb of the· rabbit 
· durlng varJ..ous operations. A, femoral artery occluded· . 
at arrow marked 'closed' and reopened 24 seconds later , 
at arrow marked 'open' . B, same as 'A' but animal 

· first treated with dibenzyline. C, measurements of. 
· BV change during epinephrine infusion. Starred data · 
points jndicate a greater than 2. standard deviation .. 
units change from the previous value. Each point is 
24 seconds apart. · · 
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f' 

· occlusion the flowmeter always indicated no (Low in the femoral · 

artery, the BV change during the occlusl.on may ·have beeri increased 

or decreased. Likewise, after the occlusion, while. the BF always · 
. . . ' 

. . . 

exhibited a transient increase over the preocclusion.level,.the 

BV might increase or decrease. Due to this· unpredictability a . 
. . ' ' - . 

. . ' . . 

subsequent series of BV experiments was conducted in whiCh rabbits 
. . . .· . . . ' ' . ' 

were given 30. rng dibenzyline by. intraveno~s· infusion. (450 )lg/min). 

In these experiments (see Figure 23B) the BV significantly fell 

during the· occlusion in two of _three experiments. . Part C of Figure 23 
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. shows . the BV changes recorded durfug an epinephrine _.:Ln.fusion. ( 2 pg/min) • · .. · 

In six of the 15 intervals shown there ·was a stati$ti~ally signifi-

cant change in BV indicating .3n unusually high incidence of spon-

taneous vascular activity. 

D. Histoiogy 

In the course of the BV measuring exper:irnents India ink was . 

. injected into the brain to evaluate patency ·op trauma· to cerebral 

vasculature. The photomicrographs of histologic sections in 

Figure 24, A and B, are two magnifications (4x and 40x) from the 

.same field of cerebral cortex tissue. BloOd vessels are 'noted for: 

their appearance as dark irregular but generally elongated areas 

su.r:rounded by· a clear zone. The darkest area is believed. to be the · 
. . . . . 

India irLlc filled lumen of the vessel. Section of cortex examined 

we~e unifcrm in appearru1ce Wlth no local abnormalities observed. 

Theoretically, damage could have been produced by the ionizing 

radiation from the X-ray beam. 

v..Jith the high magnification (lOOX) photomicrograph of Figure 25, 



. . 

Figure 24 Photomicrog1:aphs (lo~v magnification) of ~cciuital. 
cortex from the brains of rabbits . injected Wl th 
India ink before sacrifice. Sections (12 microns 
thick) were stained with Hernatoxalin-Eosin. A. 
Magnification 4X, enclosed area is same field of·. 
·view. seen below in B, at 40X magnification. 
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.Figure 25 

,)..,_,,... 

·. ;' 

Photomicrograph · (lOOX) of oqcipital cortex 
section from the brain of a rabbit injected 

·.with India ink before sacrifice. Sections. 
was stamed Hith He!natoxalin-Eosin.· 
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. . . 

the globular appearanc~ of the. vessel. lumen contents· are appar~t. ·· 

The clear zone surrormding the veEisel is also· rrore distinct "tvi th · · 

nuclear structures evident occasionally. · .fhe presen¢e of· thes~ 

nuclei suggest.t1).at this clear zone may be a regi~n.of·swollen endo-. 

thelial cells. The fact that no India. ink granules are seen.: outside. 

the vascular lumen attests to the tight junction between the endo~ 

thelial cells. 

E~ Arteriography 

A series of X-ray arteriograms were made to ass~~ that the.~··· · 

cannula placed into the carotid artery was delivering .fluid :into the · 

vertebral arteries~ Figure 2 6 is one of the ·right ·lateral exposures. 

The lower arrow in the figure pOints to where the ·vertebral artery · 

leaves the aortic arch and begins ascending toward the bra:in stem. 

The upper arrow points to the beginning of a. 'capillary . blush'. . . 

· ·. (diffuse whi tenirig) characteristically found prior to the venous phase 

of circulation. . This is interpreted p.s positive evidence that the. 

brain stem is being arterially perfused.· In Figpr~ 27 an anterior-·. 

·.posterior view ~hows simil~ details. The· sharply opaque object in. 

both exposures is a pair of forceps used to hold the skin flap and . · 

cannula in place .. 

80. 
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Figure 2 6 Photograp~ of right lateral view arteriogram 
of a rabbit. This is part of a series in a 
dynanuc study. · · · · 
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Figure 27 Photograph of an anterior-posterior view a_rrterio~· 
gram ·of a rabbit. This ls part of a serles in a 
dynamic study. 

'··' 

'. 
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DISCUSS!ON 

· A. General overvi.ew ... 

The importance of a functional load and its concorni tant· 
. ' ' ' . 

. . . ' 

· . metabolic act~vity in regard to other vasoactive determinants such 
. . . 

as the presence of epinephrine or. papaverine ·is addressed in thls . 

research. The assumption that ·local blood flo~ regulation is 

related to the functional load of· a tissue :involves a metabolic or · 
·' 

biochemcal process vJhich links them~ TJ.ris research project was .. · 
. . ~ . . . ' . ' 

designed primarily to consider one of the po:ints ~here· dissociation 

bett.Jeen rCBF and filllctional activity may be arising, namely the 

. nature of vascular control exer:rted by epinephrine and papaverine. on 

the ~ctionally produce vasodilation. The ·premise 'that carbon· 

dioxide and the related pH are key metabolic deterrrdnant~ .of rCB:F · 

regulation is experim~tally supported accor~ing to Pu:ryes (1972). 
. . . 

·in his textbook of cerebral circulation ... · It seems reasonable teleo-
' ' ' . . 

logic~ly that the ·cellular production of carbOn dioxide in direct. 

proportion to functional act{vity links pC02 vJith the blood flow 
. . 

which in turn. supplies the tissue \~ith n·eeded meta]::x)lites. 

Because our methods did. not measure rCBV quantitatively, the. 

· degree of change is not known, but the method is unique in. showing 
. . 

temporal relationships betwee..r1 stim.ulus and vascular response. 
. . 

Continuing measurement at 24 second intervals of relative rCBV changes 
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; ,, . 

allo\.vs analysis of this temporal aspect,. whereas conventional rCBF 

techniques using isotope washout are estimates 'integrated over _100 

to 600 seconds with a single value obtained for a given flow-situation. 

Employmg the .relatively non-invasive methods previously described,.· 
. . - . . . . 

~ . . . . -

·the effect of epinephrine. and papaverine ·infusions together· with a 

. localized fill1ctional load :in visual cortex were examined in rega:rd. 
. . 

to moment to n10merit changes in rCBV in the present research.: : 

B. Photic stimulation as a functional load· 

_Th~s author believes a clearer relationship between the site of 
. . . . . . . 

vasoactive stimulation and the resulting .vascU.lar. response is nec.es~ . 

. sary for· W1derstanding regional vascular· control. The· possibility .. · 

that selected ~eas in the brain stem ·sensitiVe to carbon· dioxide ·are· 

· involved in the reflex regulation of CBF was explored by Shalit. et al. 
. . . 

· (1967). This mechanism would allow correlation::; beuveen inspired Cor 

. systemic) carbon dioxide· and CBF to be interpreted on a neural. reflex · 

. rather than local metabolic basis. Shalit and co-workers (1967) s~owed. · · 

that lesions in certain defined areas of the brain stem caused ·a large 

· reduction in the vascular response to carbon ?:ioxide ,~ . corrrpared with 

the con-trol or with that observed when lesions were made ·:in· other 

· parts of thy brain stem or brain. These experiments can be cri ticiz.ed 

··on the groill1ds that CBF was not actually measured but derive& ·from 

. the reciprocal of the A-V oxygen difference .. (with th~ asswnption that 

cortical 020Jgen consumption had not changed). Further, it could be 

obj e:cted that the . reduced vas.cular response to· carbon dioxide was 

an artifact depending on iriitial surgical manipulation. rather than m 

· response to the brain stem lesion. This objection could ·not etq)lain . 



. . . . . . . . .. ·. ·. . -· ...... 
. . . ' 

. . . . . . . . ':' . 

why _some lesions Here effective and. others only a few mi}lim~ter.s · 
. . . ·. . . . . . . . . . 

aHay ~·Jere not. .A~ so, these workers showed that · if. the. brain st~ 

. lesion was caused by local coolmg, the .. normal vascular response to. 

carbon . oioxide was restored upon revJarming ~ ·. Considering these.-: .. 

E:xper:imental results it may be interpreted that part of the ·:cerebral 

"vascular ·respons"e to carbon dioxide is" re~ex in .origm and that 'the" 
. . . . 

. . . . . ' . . . 

. path~vay mvol ved carl. be mterrupted by iocalized brain stem lesions. 
. . . . ' 

. ' . . . 

. Other. investigators have arrived at·· s:fud.lar conclusions with somewhat 

less elegant experiments: James, Hillar. and "Purves, .. 1969; Lambertson 
. ·' 

et al., 1959; Geiger, 1958. 
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For reasons discussed above the use of a sensory _evoked functional 

load to the· cortex (such as photic stimulation. of ·the optic ~en~ory .· 

cortex) was considered ideal for studying local vascular"responses. 
. . . 

ilithough complications from ac~ivation of reflex systems by.th~ visual 
' . . ' .. 

stimulus used in these experiments is not completely removed, . the 

ftmctionally evoked activity is a stimulus .more consistent--with· 

· obtaming data· conce...-nning a local vascular reiulatory theory. 
. . . . 

. To evaluate the regional nature of the visually-. evoked load to . 

·the optic cortex, measurements of rCBV changes in somatic cortex 
. . . . 

. . . 

were performed during photic stimulation. . As expected rCBV in · 

· .somatic cortex did not respond to the f1.mctionalload evoked in the 

visual modality nor did the EEG of that region manifest the increased 
. . 

arnpli tude or follo\·-ii.ng tendency derronstrated. in optic cortex during 

\.photic stimulation (see Figure 17). It should be noted that s:ince 

no response was obtained in the somatic cortex with photic. stimulation, 

fl...D7ther evaluation of this area m the presence of drug. infusions. and 



',' 

functional load' was' not considered necessary. · In retrospect, -this 

·· experiment may yield positive results as- norepinephrine infusions > 
'have been reported to produce general spreading. of- EEG-_activity 

· · evoked through . a single sensory modality (Rothballer, 19 5~) . 
. . . 
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- , C. ·The functional load and epinephrine _ ·_ .. 

Relationships between functional load and the sympatho:rn:imetic 
. . . 

epinephrine on a cerebral vascular region have not.])een reported in 
. . . . . . ' ' . . . - . . . . 

terms. using an approach comparable to the. one. employed . in thi~ res~arch ... 

The ·classic experiments have sho~rr1 a re'Iationship between inhaled :. · .. 
. . . . . 

carbon dioxide (considered a metabolic vasoactive mediator) and . : 
. - . . . . .. ~-

either arterial infusions of sympathetic- amines or cervical _sympa-·_ 
. .. ·. . .. ' . . 

thetic chain stimulation .. ~Jithin limits the results are :in ·qu9li~ 

.tative agreement and identify a clear _interrelationship,.but deviate 
. ' . . 

. . . . 

:in the degree of effect. 'The l:im:l ts are that only studies employing 

'the ·washout of a diffusable tracer measured by' exte:rnal detectors to 

determ:ine rCBF are considered for comparison~ Purves. (1972) ·considers 

this method the most reliable measure of flow. in ·the bra:in. -, Alternate 
. . . . . . ·' . . ' 

. methods generally require extensive surgery in attempts to . isolate 

port ions of the cerebral circulation. . This is thought. to -be contri­

butory 'to the conflicting results and con~versy that continues to 

prevail with regard to these studies. 

Purves and James (19 6 9) ; using an ·isotope clearance technique, 

observed that the vasodilation response to c~bon dioxide (above about_· 

· 40 · mrn Hg) in the sheep fetus and ne~;-Jborn lamb~ and in the adult baboon 

(James, Millar, and Purves, 1969) was essentially counteracted when 

the cervical sympathetic nerves were stimulated. In a recent report, 



P~per (197 5) , using. the same parameters .. ?f stimulation (pulse width, 

frequency and voltage) on the sympathetic nerve. as used by Purves · 
- _· - . - . ' . . . . . . . . 

. and co-workers, dern:Jnstrated that only a 25 per_ cent :beduct:iol1 in CBF 

.. was produced in baboons with hypercapnia (pC02 about 60 rnm Hg); . 

Harper explamed that this quantitative discrepancy was due .to the· . 
' . . . . . . . 

.te.rnporal·muscle .and. scalp which ~.;ere not removed .by ·Purves :and ~o-··. 

i,,7ork:ers resultmg in contamination of the xen~n-133 clearance curve 
. . . 

by ext~acranial-vascular phenomanon I{arpe~. (1975). 

. These combined results demonstrate that the . vasoconstrictor 

. activity mediated by the sympathetic system is ·not·· con~t~t. but varies 
.. . 

Hi th caroon dioxide level. This, in turn, ;may explain many_ discre- · 
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pant resui ts obtained by early (and some current) wor~ers. . Conclusions 

. that 'the sympathetic system had little. or no effect on cerebral flow 
. . . •'. . -.. '. . : . . . ' 

could be a result of the abnonnally low. pCO 
2 

, since _the. pCO 
2 

·tends to 

fall durmg long experiments . · The present research demonstrates two . 

further properties of the metarolic-sympathetic :interaction. ·:First,-
. . . . ' - ' . 

that a vascular ·response can. be · produced by the local metabolic demands. 

produced by photic stimulation in visual cortex· (see Table 5) • · . This . 

~£ormation has been previously demonstrated by other investigators 

USlng various methods different from those used in the present research 

(Sokoloff, 1961; Bondy, 1973). ·Furthermore, the present studies.demon~ 

st.cate that this response is mduced more quickly in the presence of 

infused concentrations of circulating epinephrine· (see Table ·s). 

· This is in agreement with chronic sympathectomy ~xperiments where 

reduced cerebral vascular reactivity to carbon dioxide was shown 

(Stone, Raichle, and Hernandez,' 1974). ·These authors also demonstrated 



that· catecholarrcines ~;.vere deplet·ed by the sympathectomy. : . The model · 

of rCBF proposed by these authors depends ·on interactions between·_ 
. . ' 

norepinephrine- (NE) and exi:raceliular fluid hydrogen ion ·_concerrtration 
. . 
. . . - . 

as diagrammed in Figlire 28 .. They suggest that the local level of 

NE·will depend on the degree of activation of the syrnpat~etic neives_ 

which are in turn dependent on some area of the brain stein. The 

assulllption is made that there is a tonic. level of ·activity imposed. 

on the cerebral vessels. Some evidence for this tonic activity.was 
. . . . . . ·- '' 

. . . . ' . . 

referenced by these authors and recently more verification h3.s been 

· found (Ha.rper, 197 5; Raichle et al. , 197 5; James, Hillar and Purves, 

1969; Hernandez, Raichle and Stone, 1975; Edvinsson, Owrnan and ~-Jest, 

1972). A local factor that will modulate the radius of the vessel 

could be the extracellular fluid hydrOgen . ion concentration which · 
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would be subject to alteration from the altered peo2 . As the hydrogen 

ion concentration increases, the release of norepinephrine_ is reduced 

(minus sign in Figure 2 9) with the radius increasing to some new· ·.: 
. . . . . . . .. . 

level. (This hypothesis is supported by Puig and Kirpekar_ (197iJ 

· who demonstrated that (H+) increase caused reduced riorepinepJJrlme 

release) . Although this scheme employs·· NE as a key mediator, the 

substitution of epinephrine may be at least possible. . 
. . 

The presence of epinephrine (Epi) in the systemic circulation 
. . 

originating from release by the adrenal medulla is Hell known. The 

presence of Epi in noradrenergic _autonomic nerves due to uptake 

mechanisms in the nerve endings has also been described (Innes_ and 

Nickerson, 1970). It is ·now evident that Epi is more ubiquitous in 

the CNS than previously thought due to the discovery in the brain 



Figure 2 8 A. proposed local control mechanism for c~rebral 

;. 

blood flow regulation. (From Stone, Raichle and 
Hernandez, 1974). NE, norepinephrine; ECF ,. extra-· .. · 
cellular fluid; .H+, hydrogen ion concentration. · 
Dotted lines are tentative relationships. 
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of the enzyme phenylethanolamine-N~methyl· transferase (PNMT), which ... 

converts NE to Epi. Using chemical te~hniques, .PNMI' was. dernons~ated . · 

in the olfactory bulb and tubercle, 'hypothalamus .and in th~ brain st~ 

CPohorecky et al., 1969);. also 'lirrrmmocheniical.methods ·.have demonstrated. 

··_the presence oi Epi in neurons transversing the.·h~thalamusand-~rain _·. 

stem CHoJ.r-.felt et al; 1973). · Even more pertinent are the findings of 

Saavedra,· Grobecker. and Axelrod (1976) which revealed higher than 

normal concentrations of PNMT in brain stems from hypertensive rats. · 

The study of patients with idiopathic orthostatic hypotension .or· 

Shy-Drager synCLrome has uniformly indicated that CBF continuously 

responds to normal fluctuations of carbon dioxide concentration . 
. . . . 

(Gotoh et al, 1972; Heyer et al., 1973; Caronna and PlUrri, 1973) •· 

It was also demonst~ated that there was variability in the retention 

of autoregulation. Shy-Drager syndrome is considered t~ be the mani­

-festation of the loss of function from post-synap~ic cervic~ syrnpa-

thetic nerves. These results have been used as evidence for ·roth 

the unrelat~1ess of chemiQal or metabolic regulation to-autoregulation 

and, ·more pertinent to this dis,.:;ussion, the independence of meta.bOlic 

regulation from ·autonomic nervous influence. · An important note of 

caution was appropriately interjected with conclusions based on the 

Shy-Drager syndrome, ·that is , no histochemical or other micr6technique 

has been used to substantiate the degree of post~synapti~ nerve degener­

ation in any of· these studies. This author feels· that an important 

locus of pathology may be fonnd in the brain stem, iri keeping with 

the proposal by Owmai'1 and. co-workers (1974) of an intracranial . 

sympathetic system. This hypothesis was more ·fully explored in the 



introduction to this dissertation. 

· D. The functional load and papaverine 

The question of· whether vasodilators improve rCBF .in ischemic 
'• ·, '' I • • 

or areas of compromised CBF has been hotly debated. :Objections -_ 

_ have also been n3.ised. against the therapeutic_ use of .vasodilators._'_:·-. 

in occlusive ·cerebrovascular ·qisea~e ... It_ has been observed that· 

· . these agents· may divert blood from the ischemic area, where- vascuiar · 
~ . - ' . . ' . . . . . . 
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· reacti v:i ty is depress~d or absent, by lowermg. the cerebra]_. vascu]_~ -( 
. . ; 

resistance (CVR) in SlWrounding areas of the brain where_ a ~~:rroal-__ : · .. 

vascular reactivity is still present and so produce vJhat has· been ·· 

termed a "cerebral steal" (Lassen, 1966; Shalit et al. ;; 1967; ~laltz., 

1968). 

The opposite view considers the possibility that vasodilators. 

might improve CBF in ischemic areas of the brain. · It has . been shown 

. that CBF and oxygen delivery were increased as ~ell as clinical improye-

ment ill stroke patients after large doses of· papaverine given during · 
. . . . - . 

a-ten-day therapeutic period_ CG1l:roy and Heyer,_l9~6). :Other evidence. 
' . . ·. . ·. . .. 

shows that the increase in CBF produced by· papaverine·_ was accompani~d 

by an increase in cerebral metabolic rate for oxygen ( Geraud et _ al. , _ . 

1965);·this suggests that the increase in CBF was effective in 

regional areas of ischemia. · 

It may be concluded from our study that papaveriTie: indeed does 

improve the perfusion of the brain to the extent that local dilation · 

(increase in rCBV} "~:·Jas no longer den10nstrated in the face of a 

metabolic load (see Table 5) .. This implies that the brain is perfused 

in excess of its needs after papaverine. The results of. other workers 



demonstrating a 11 stea.I" of flow from isc]1.emic regions of brain_ inay 

be dependent on the ability of" papaverine to reach th~ locus of.:. 
. . . . I . . . ,· 

·.ischemia. In our studies , the lack of _response to photic stimulation 
. ' . . . . . 

after papaverine either with or without a :;;ubsequent epinephrine ' 
. . . . . 

. . . . infusion (see Table 5) . is m agreement. v1ith recent ill ~itro. work. by · 

Keatinge and Grahain (1974). · These investigators state that papa-
. .. . . . ' . 

verme greatly ~epressed the stable contraction. produced in. sheep . ,.· . 

carotid arteries by norepinephrine. 

E. Cerebral . vasculature and . functional ·load 

·Roy and Sherri11gton (1890) are generally.· credited·_ with bemg t~e 

first to propose that blood flow .ill the brain is regulated by · 

mcreased metabolic activity. It is mterestihg to note that changes 
' ' . - ' 

in. brain volume were used as an index of blood flow in their stUdies·~. 

Since Langendorf and Seelig (1886) had shown brain tissue to becoine 

. acid when rendered is<?hemic; Roy and Sherrington. prepared· a filtrate·· 
. . . 

. from the .homogenized brain of an exanguinated dog; when the .filtrate .. · 
', • ' r : '•0 • 0 

was injected intravenously they observed an increase in brain volume.· 
' - . . 

.. · Assunting that this represented an increase iri blood flow,. they · 

92 

·concluded that cerebral v'e.ssels responded to acidification of · surronnding 

"lymph" , which· normally occurs· as a result of ·increased cellular 

metabolic activity. . 

In reviewing the literature on the interrelationship between 

cerebral functional activity and circulation,' Carpi and Cartoni (1972) 

proposed a combined neurogenicbiochemical hypothesis Hhich was com-·. 

patible Hi th resea_~h from both viewpoints. Strychnine or brain stem 

stimulation consiste.1··r:tly produced an increase in tot~ or rCBF (Ingvar 



-.. ·and Soderberg, 1956_, 1958; Geiger, 1958; Langfitt and Kassel, 1968) 

providing". . . . . indirect evidence for -a neurogenie mediation· ·of. ·th~se 
' . ' . . . 

cerebrovascular responses" (Carpi and Carto:r:i, 1972L.- --In diseussions 
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-of 'functional' and- 'neurogenic' determinants_- of. CBF an- ambiguity 

eXists; however, .it is evident that bn:dn.function -is-~rie~ous a~tivl:ty, 

_ and the term 'neurOgenic' -e.mb6dies the concept -of -' illil.ctibnal' - jn- the 

case of this organ. ·-:' .. 

Some data has been interpreted as conflic!=ing with: the concept­

tha.t an increase in cerebral functional activity (as indicated by 

convulsive or activated EEG ·patterns) is accompani~d- ~y- increase: 

_ production of vasodilatocy metabolite~. -• In experirrients- by .. }1chedlishvili 

et al. (197 0) , cortical spike activity in rabbits :induced by 1ocai 

application of stryclmin~ was followed in-its earlY phases-by an:-_ 

increase in rCBF. _In the later phases, there _was -disc:~ntinu:i.ty _.: -- ·- · 

between the EEG and vascular reactions. Dissociation of EEG, metabolic - -· · 

(biochemical) -and vascular phenomenon by phannacological ~gents -

has been reported by others. For example, the EEG -convulsive 
. . . . 

response and rCBF increase caused by bemegride were . b~th __ a_oolishe¢1 by _ 

chlordiazepoxide (Aizawa et al., 1966); nevertheless, m~asurements __ . 

of extracellular sodium revealed concentrations • even. bel~w ·the--~educed­
levels of ongoing- activity in a majority -of 'the cases· .. -._ With the. 

. . .... _· . . ' .. ' . . . 

knowledge that decreased extracellular \1~aB~ is associated· with electrical - --

activation or metabolic inhibition, it was concluded that chlordiaze~ 

poxide had its prinB.ry action through metabolic- irihibi tion since_ 
- -

electrical activity T..Jas blocked (Aizawa et al.' 1966) •. This author: ' 

would regard comparable studies of potassium concentrations as more · 

revealing. The resting nerve membrane- is norrrally 50- to 100 times as. 
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permeable to pOtassiUm as to sOdium. ·Therefore, potassium diffuses 
' . . . . - . . . . : .' . . - . . ' ' . .' ' ~- . . 

with relative ease -through the resting membn3ne, whereas· sodium. 

diffuses only with difficulty. Since patassium c~ diffuse through· 

·.the membrane very easily in comp~ison with sodium, the Nernst . 

· equatio:rl predi~ts that it is aim::,st entirely the concentration 

difference of potassiwn across the membrane that determines the 

·magnitude of the resting patential. 

In· another study, convulsant doses of pentylenetetrazol produced. 
. . . . 

.expected EEG respapses in rats treated with the _1nsecticide lind~e, 
. . 

but IIJ?tOr convulsions and,. more impqrtantly, changes in. cer~bral / 
' . . . . ' . 

. '· . . . . .· _· -· .. - ' · .. ' 

metabolism ·were suppressed (Caper, Herken and Koransky, 1958). _ 

Although there was no · flow studies performed· during. these experiments, 

the pH changes and co2 production were as expected fr~m an activated 

EEG. In s.hort, ·the two aforementioned reports are inconclusive. on 
. . . 

the fnndarnental lssue of dissoc:lation between cellular activity ·and 

·reBF·response. 

Non-convU.lsant doses of pentylenetetrazol, such as used ill the-
' • < 0 0 L 

cat hindlimb studies in the present work have. also been ~hown. to · .. 

. increase CBF. · Jasper and Erickson (1941) contend that this· increase 
. . .. ; 

in CBF is due to ·the hypertensive effects of subconvulsant doses ·of. 

pe.ntylenetetrazol; ·and indeed total cerebral electrical activity . is. 

not significantly altered and there is. an alkaline. shift in cortical 

pH indicating l1J.X1.hry perfusion. . Other data· (Ingvar, 1965) ~eerri- to 

suggest that the BF increase from pentylenetetrazol is due to an 

active cerebral vasodilation m excess of the metabolic needs;.however, 



no variation of cortical p02 ·. accompanied pentylenetetrazol·· :induced 

vascular and EEG changes. 

The increased vasodilatory response to Ach and .. dopamine found. 

by this author in the hindlimb after subconvulsive doses of·pentylene­

tetrazol (see Table 6) could form the foundation for· an alternative 

hypothesis .. Vascular responsiveness to physi~logic~ly produced 
- - - . . 

agents may be .exaggerated in a manner. similar to ·.that ·f~und .fu the.··. 

hindl.irnb when .Ach and DA were administered .. ·· Relavent to this hY];X)-

thesis, Jasper and Erickson (1941) noted that after a subconvulsive 
' . . . . . . ' ' 

dose of pentylenetetrazol, it was possible· to precipitate a typical . 
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convulsive discharge by administering epfuephrine intravenously. · 

Ingvar ( 1969) and Freeman and Ingvar (19 6H) derriohstrated the best 

correlation between· blood flow and. EEG when both measurements were 

taken from the same brain region. Control values were obtained in· 

cats under ri.i trous oxide anesthesia. . Region~ CBF. w~s measured by 

. Jaypton-8 5 clearance and the EEG spectra were characterized by· manual 
. .. . ' .'. . . ·. ' . 

frequency analysis. Cortical activity was alternated by thiopental 
. . . 

(5 mg/kg) with a reduced rCBF, and increased by SUbconvUlsive penty-

lenetetrazol (6-10 mg/kg) with aTl increase in rCBF .. · These ffudings 
. . . 

support the hypothesis that. rCBF is locally· adapted to the · functional 

activity. Krupp arid Carpi (1964) and Krupp (1966) however, demon-

strated EEG activation without an increase· in CBF.arter the admini-

stration of various barbiturates. Increasing doses of pentobarbital, 
. . - . . ... 

· . hexobarbital and butethal caused increasing inhibition of ·the dilating 

response to carbon dioxide. Only pentobal,bi tal C which ·was used in: 

this author's experiments) led to . a simultaneous inhibition of both 

the EEG activating and cerebral vasodilating effects of carbon dioxide. 
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. . 

Hexobarbital had the least effect on carbon dioxide-induced vaso~: 
. . ' '. . . . . ' .. ' ·_ ·. 

dilati~n, but markedly obtunded ~he elechDgr.aphic reaction to. 

carbon dioxide. Butethal significantly depressed ·the vascular. 
. . 

reaction vJithout altering the EEG response· .... Krupp· (1966), therefore, 

. asserts that· there is no causal rE3lationship · betvJeen CBF and _electrical ~· 

activity. 

Freeman and-Ingvar (1968) showed that _cerebral hypoxia produced 

a- comb~nation of high CBF (3.25 ml/g/min) -~ith predo~ant slow __ 

wave activity in the EEG, . these dis-turbances wer~ explained fu terms 
. . . . . . . 

of the. loss of autoreguJ_ation in cerebrai vessels.·· Alternatively_ · · · · 
- - ' . ·_ . . . . .- . . . . . ... ' · ... ' 

-this author thinks that the type of EEG activity may in_ some cases_· 
. . . : . ·. . . . . ' ·_ . -~ - . . . . . 

be as important as 'the quantity. This would be in keepi,ng with a· · 

neurogenic regulation of the CBF with the EEG refle<:!ting at least· 

in part activity in the vascular .neurogenic nerves.·. in- this r~gard·, · 
. . ' . . . 

a:n increase in CBF was demonstrated prior to de synchronized sleep, .· · 

inmediately before the characteristic desynchronization of the EEG 
. . 

(Kanzow et al., 1962) .. Similarly, Moskalenko. et al. {1974) concluded 

that increased rCBF. due to a flinctional load f:rom __ evoked potentials _. . 

·.in cortex ·were due partly to neurogenic mechanisms because regional 

p02 levels increased during the stimulus befo~~ carbon· dioxide ' . 

changes occurTed, indicating anticipation of the functional needs of . · · 

the tissue. In this study a further characterization of the rCBF, 

mechanism was made on the basis of vascular responsi venes's with and 

v.Jithout anesthesia (pentobarbital 35 mg/kg). · A two-fold response to· 

functional load was found in recordings of rCBF and regional· p02 · 

v.1hich converted to a single response after anesthesia.· The compone:nt 
. . . . . 

lost after anesthesia may represent the neurogenic component while · 



the remaining response was the ·locally mediated one. _ 

From these f:indings it can-be concluded_that electrical-activity 

.. of the ·brain and CBF may not . ai\·Jays be correlated-, although corre-
' '· . 

lation is observed under certa:in conditions .. · When dissociatio~ is 
. . . . 

observed between CBF and tissue activity, it is import~t to detail 
. .- . . . . .· . . : : 

- a site of action for the dissociating influenS!e. If this is done 
. . 

it. may be pos_sible. to describe regional .CBF re~ation in tenns_-~f 

functional load with the exceptions also.explained by effects on 

mechanisms· in· this model .. 

f. Possible complications due to evoked functional load and anesthetics 

Sharpless and Jasper (1956) as well as· Hernandez- (1961) ·demon~ 
. . ' . . 

strated that. responses in both d~ect and _collateral sensory path- . 

ways to non-meaningful· stimuli; as ·used to induce the metabol-ic 

load in our experiments, were attenuated quickly by repetition (this 
~ . . . 

is called habituation). Such attenuation -if? reversed by drug induced 

depression of reticular formation (R;f'), lesions :in RF or introduction 

of a 'meaningful-' or -novel stfutul.us in the- same modcllity. ·Visual 

evoked potentials in cortex and the lateral genicUlate body could 

be reduced by stimulating RF before the attenuation due to habitu­

ation, but after habituation the potentials at the same sites are 

amplified. It may be safe to assume that the photic stimulation (8 

-·flashes per second) used :in the present researCL~ wo~ld.-cause adapt~ 

ation quite rapidly. Since small doses of barbiturate have not been 

shown to alter) habituation, but rather to block arousal from RF 

stimulation, it was -concluded that RF mechaniSms for arousal are . not 

related to habituation (John and Killam, 1959). 
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Pharmacological studies by the Killams (Killam and Killam, 1959) 
·. ' .·- . -. 

support the. concept that the .. RF acts to provide a filterfug 'mechanism. 
. . . . . . . 

. ~. ·' . . . . 

. for sensory input which might protect the organism from excessive .. 

mput along sensory· pathways. . Studies· with imllobilized cats indicated . 
. . . ' . . . . . 

'that anesthetics pepress the mec~{sm by whi~h the reticular form-

.. ation enhances filtering. of sensory infio~v (Killam. and Killam, 1958 

and 1959). · The mechanism appears to. be illustrated clinically by· 

subjective ~eport~ of enhanced . sensory percepti~n during drowsiness . 

· or light anesthesia.. Takaori et c3.1 •. (1966), have confirmed the 
' . . . . 

findings in the enc'~phale isol~·cat with pentobarbital,· the anesthetic 

used in the surgical preparation of animals' for. the present research .. 

Chin et al. (1965) was able to demonstrate, in cats with.chronic 
. . ' . . 

. . . 

~lectrode implants' tha.t pentobarbital (10 mg/}cg) was capable of. 

markedly depressing the Lnhibitory effect of RF stimulation on 

responses to a click recorded in auditory cortex, medial geniculate 

nucleus and dorsal cochlear nucleus. . In some experiments,, 'this dose 

·of pentobarbital was sufficient to fa.cilitate.the previously inhibited 

sensory responses .. This effect was proposed to be due. to an unopposed. 

facilitory influence from local areas in RF less affected by the. 

pentobarbital, or to the release of .tonic inhibitory mfluences on 

sensory transmission during wakefulness , as ·suggested by Hagbarth 

and Kerr (1954). 

French et al. (1953) proposed RF depression to be the basic 

mechanism of anesthesia. This was based on findings· that ether and 

pentobarbital blocked EEG arousal by RF stimUlation and selectively 

depressed potentials evoked in the RF by sensory stimulation. 
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\· 
Low doses of pentobarbital and ether resulting in blockade 

·of EEG arousal patterns, _induced by sensory and RF stimulation,·· 

was confirmed and extended by the Arduinis· (1954). Also, in the 
. . . . . 

cat,..· data were confirmed by King· (1956) and DOmino (1955), and in . 

. ·the spinal.· cat by Bradley and Key. (1958). Contrcrry data is propc;sed 
. . . . . 

. . . . . 

by Gangloff and Honnier (1958) from work in rabbits where doses of 

phenobarbital (20 to 25 mg/kg) failed to depress the threshold at 
. . . 

which RF . stimulation caused EEG arousal, even though the~e' doses . · 

. produced behavioral sleep. Gangloff and Honnier found their 
' ' . . - . . 

results to be consistent with the prev.lous accounts when higher ,. 

doses of phenobarbital were used. In a review-by Killam (1962) 

this difference is ascribed to· species specificity. 

On the basis of the above accounts it is considered that the 

photic stimulation of the rabbit will prOduce a functional load : 

in visual cortex. Our animals were usually on the verge of.recovery 

from the initial 25. mg/kg pentobarbital when they wer~· placed in ··. · 

the stereotaxic holder and given gallamine for immobilization. 
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SUMt1A.RY 

. ·_The relationship between a localized functional load_ to visual_·._ 

··cort~x produced by photic stimulation after vertebral artery infusion~ of. 

epinephririe and papaverine was Eixplored ir1r~gard. to regio~al·:- cerebral. 

blood volume CrCBV) . In order to evaluate . rCBV changes iii ·.a_. ~I volume 
: ' . '. . . . . . . . . . . . . ·._ _._:' . .' . . . 

of unperturbed tissue_, an X:-ray technique using non-radioactive tracer · 
'<. 

(Hypaque) was refined from concepts reported b:y Moody et __ al .. · (1971). _· · 
. • • • • . _·, ••• ••.. '·, !--_ •• • 

Studies evaluating the method and tracer excretion as well ·as arterial 

. route of drug infusions were preliminary to phanracologicalexperiment~. '. 

Monitoring rCBV in 0.1- cc of cortical tissue reveal~d _vasodilation· 

;produced after an average of 182 seconds of photi~ stimulatiO:n~. After: 
. . 

epinephrine (Epi) was infused, the time to a vasodilatory . response to 
. . . . . ·. \ . 

photic stimulation was .decreased to ·an average of 67 seconds (P( 0.02) .. 

. . After· infusion of the vasodilator papaverine the. increase. ·in .rCBV usu~ly 

.·. produced _by photic stimulation was abolished, which .is Possibly due. to. 
. . . -~ . . . . --

luxury perfusion produced by papaverine. T1{e . extended . erfect of papaverine· 

_- was also able to prevent vasodilation produced by photic ·stimulation after 

a subsequent epinephrine infus{on. 
·: .... - . , .. · . ··, . 

The analeptic. pentylenetetrazol (used by rnany_-as a phanTiacological 

functional load) was ·sho~.m t~ potentiate the vasodilator .effects of 

__ acetylcholine (Ach) in the ·hindliinb of the rabbit. ·. 

In conclusion, a functional load produced by physiological ·means .. 
. . . . · . 

. appears to cause a vascular response more quickly in the p~ese~ce. of ' 

higher concentrations of Epi as shaN.n in the brain. 
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APPENDIX A.· 

. . . . .. 

Output characteristics from two corrmercially ·ava.ilable·lmear --
- . . - - . . . 

amplifiers used ·in nuclear instrumentation are repr_esented in Figure-·-.- . 

. 29. The outputs were generated by. exposing a .semiconductor-detector·.--

connected to ·the ampiifiers .to the fluoresced··x-rays· generated from 

. an iodine solution. The amplitude of the. generated' pulse is. supposed 
. . -· . . ·, 

· to be directly proportional to the energy of· the-. X-ray that produced 
' . - ' . ., ·-.-· ,··_. . ., 

the orig:inal event at_ the detectors surface~ The major.. difference 
I . 

' . . ·, - . ' .· . 

·.between· the two amplifiers is the· time it takes to_ .. _output. a·_pul~~-

corresponding to an inputted pulse. Note the different time scale u~ed 
" . . -

for the two photographs in Figure 29 ~ The time it_ t~es for ~~:signal, -

to reach its peak and start do~ towarcf the baseline is· called -.'rise 

time' . The rise time for the Ortec Hodel 4-51 is about three miCI'loseconds 
. ,·,. 

while the Nuclear diodes model 30 2A takes about 13 microseconds. Because _ 

the Nuclear ·Diodes amplifier takes about 10 rriicroseconds long~r, it can 

process far fewer pulses before it exhibits 'puls~ ·;ile-up~ .or the loss.· 
. . . . . .: . . ... •,· 

· of counts due to more than one pulse _being counted as one. ·. -- The high count 

rates our detector system encountered needed the_ 'faster' -ampl-ifi~r to _ .. 

accurately represent the X-ray events. 
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Figure 29 Output characteristics from two solid-state 
ampllflers. Input Slgnals were generated by 

. a Si(Li) detector exposed to fluoresced X-rays. · 
from an iodine solution. ·.Note the different 
scales on the abscissa (time coordinate). 
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. APPENDIX B 

The ·calibration curve deterrrrined for the two ~ingl~ channeilan~yzers 

(SCAs) used in this study in response. to the I<ct X-ray. of iooine.is, 
. . . 

represented by Figure 3 0. The function of the SCA. ~s ·to allow only pulses . 

of a predeterrrrined voltage pass·. through them. The purpose of the . curve 

in Figure 30 is to determine the voltage setting on ·the .SCA"w!~down. · . 

. ·which corresponds to. the voltage of the input ;ulse produce<i by i:he iodine 

X-ray. The SCA has U-10 ·settings, a window control. which is a rq ·turn .... 
. . 

potentiometer . variable from 0 to 1 volt .. (designated 1::. E) , ·and·. a· lower .level. 
' I ' • 

control which is a 10. turn potentio~eter adjustable from 0 to ·ro volts· 

(designated E) upon which the window rests.· Only pulses with a·v~ltag~ ... 
. . . . . -. . 

berneen E and E + /j E are .allowed through the SCA ·to be counted by other··· 
. . . . . 

devices. As shown in Figure 30, by setting the. window CAE) at a. 02 volts 
·_ '' ·_. ' ·,. '·. . 

and varying the lower level control in 0 ~ 02. volt 'steps a . ~pectrum of : . 

activity is delineated. The large voltage peaks on the graph represent j:he 
. . . 

. ~ ,· 

quantity of iodine X~rays detected in an 8 second interval. The F\rllit'·1 
. . 

(full width at half maximLJ..rn) values shown in··rigure 30 'i:vere used as. the .. 
- . . ~.- . 

window widths for the SCAs . in. the present · exper:iments. · For further ·details .· 

on SCAs the book by Holdseth (1973) is recorrrrnended. 
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Figure 3 0 Calibration curves of the SCAs for the iodine 
Kgs X-ray_. .tE" is voltage of lower level dis­
crim:inator and "lJ. E" is . the voi tage for the 

·window control. · · 
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APPENDIX C 

This program was written ·by Dr. Jon ~eblood·, Medic~l_Coilege~-
,·'. : 

. of Georgia; to be used on the Hewlett-Packard _9830A for abt~fuing :·· 
•".' I • 

_the significance levels betvJeen consecutively acc~ated· bl(xxi' · 

volume meastwements. · . -Data was manually inputted. from the type~iter · ··• 

output of the MCAs.- . This program. demands the us~ ·()f · th~ adVanced.· . 

statistical ROM. 

10 ·. ·. 
.. 15 

16 
. 20 
30 
40 
50 

. 60·. 
70 
80 
90 . 

Dll'1 DS(255) ,• PS(255), US(255), VS(255),. Z(2S5) ,··Q(lO). · : -
-DISP "PRINT ONLY SIGNIFICAT\JCE MATRIX" ; 
INPUT Q$ . 
L = 0 
For I = 1 to R. 
For J = 1 to 10 
L = L + 1 
U(L) = T(I,J) 
V(L) = B(I ,J) 
IF V(L) = 0 ~J 100 

·Go. to 110 

., 

·d.·,. 

;.: .. 

100 . 
110 
120 
130 
140 

V(L) = 1 · 
. =~ ; ·' . ' ·. . ' 

'150 
160 
170 
180 

• 190 
200 
205 

. 210 

215 
220 
230 
240 

Q = U(L)/ V(L) 
D(L) = U(L) 
D(L+1) = 0 
IF Q 1.01 THEN 170 

.. \ ': 

P(L) = (SQR(Q,':(Q+1)))/(SQR U(L),'=(Q-1)) 
Go t() 180 
P(L) = 1 
NEXT J 

_NEXT I 
N = 0 
IF Q$ = nyu THEN 220 
PRINT LIN2 TIBGRD TOTAL TOT BGRD •. 
SIGNIFICAl'-JCE' 1 

, LIN 1 
PRINT "ROW 1f! 
FORK = 1 to L 
N = N+l 
F = D(K+l) - D(K) 
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'.· .. 



250 
260 
265 
270 . 

. 280 
290 
300 
310 
312 
315 

. 320 
,. 330 . 
·335 
340 
350 
360 
37-0 

- 380 
390" 

G = P(K)~': D(K) 
Z(K) = F/(G+0.00lj 
IF Q$ =. "Y" THEN 3 30 . 
\·JRITE (15 ,280) V(K), U(K), D(K), 100~': P(K), F, .. 

. G,Z(K). . . . . 
FORMAT 6F7.0, F7.1 
IF N = 10 .THEN .310 
NEXT K: 
PRINT · 
IF K = L THEN 330 
PRINT "ROvJ"; (k/10) + l 
N = 0 · . 
NEXT K · . . 

. PRINT LIN 2 , f~SIGN-rFICANCE" 
FOR I = 1 to 10*R STEP 10 

. ·WRITE (15,370) Z(1), Z(I+l), Z(I+2), Z(I+3), Z(I+4); 
~lRITE (15,370) Z(I+5), Z (I+6),.Z(I+7)·, Z(I+8), Z(I+9). 
FORMAT 5F7 .1 · 

'NEXT I .. 
END 
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APPENDIX D 

ProcedUre for electrolysis labeling of human se."(lllffi albumin (HSA) 

'"-'lith technetium-99m is tc3.ken essenti2lily from Thvorkin and Gutkowski.·· · . 

(1971). The zirconium electrodes were obtained· from New. England Nuc:lear, 

radiopha.rinaceutical division as part of a kit, catalog number. NRP-175 ... · 

The technetium-99m was gratis from the Nuclear Medicine Depar1Jnent, 

Hedical College of Georgia .. 

1) 

2) 

3) 

4) 

5) . 

. 6) 

7) 

8) 

9) 

10) 

Inject · 3-7 ml sodium 99Jnrc-pertec1metate :into a :shielded. 
reaction vial (serum vial) . containing 1 rnl of . 8 5 N HCl. 

. . . 

Inject 0.1 ml + .01 HSA (25%) and swirl. 
. . . . . 

Insert zirconium electrodes through septum of reaction ~ial. 

Adjust a d.'c. power s~pply to deliver 100 + 5 rnA acrops the . 
zirconium.electrodes. -

Invert· vial and swirl during electrolysis for. 42 + 3 seconds. 

Continue agitation for 10-15 sec. after current is discontinued • 

.Allow to stand for 30 .minutes prior to addition of bclfer. 
solution. 

Inject buffer solution (6 mg Na2co3 and. 38 mg NaHCO in ·2 ml 
water), hold plunger on syr:inge tightly ·because of ~uilding 
pressure from evolved carbon dioxide. 

Carefully remove syringe plunger from barrel to. vent CO2 , ·then 
remove syringe. 

Use preparation within 8 hours. 
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APPENDIX E 

Rabbit brain tissue embedding and staining 
- -

(Hernatoxalin-Eosm) sequence. _These techniques were 

recommended by Dr. Thomas Ros~~quist of the Medical College 

of Georgia. 

I. Tissue embedding 

A. ·tissue fixed for at least one·month·in 10% ·· 

. formalin buff~ed vJith 1% CaC12 · 

B. clearing 

1.· 50% ethanol 
2. 70% ethanol 
3. 95% ethanol 
4. 95% ethanol 
5. 100% ethanol 
6. 100% ethanol· 

7. · xylene 
8. ·xylene 
9. xylene 

10. _ parafin . 
11. parafin 
12. parafin 

1 hour 
2 hours-
2 hours 
2'hours 
2 hours 
overnight· 

2 hours 
. 2 hours 
overnight 

2 hours} in oven set at_ just ·_ . 
. 2 hours the melting point · : · · · 
2 hours of the parafin ( rvagoc). 

· i\.11 solutions were· in volumes approximately 20 times that of .the • 

tissue. 

II. Staining of brain sections (Hemato-xylin--Eosin) 

Because the sections (20y) were c9nsidered ~elatively 

thick, •de used a t:iJne for exp:Jsure to He.matoxylin which 

is less than what is typically employed.-

108 



109 

., 

· Solution Time 

1. xylene 3 minutes 
2. xylene. 3 minutes 

·.·,. 

3. 100% ethanol. 1 minute . ' 

,4. 100% .ethanol I rn.inute 1•l". 

5. 95% ethanol · .. 1 minute. 
6. . 70% ethanol 1 minute . . 

•"•'!' 

7. distilled water 3 rinses 
' 8. hematoxylin. 3 minutes 
. 9. tap v-i'ater several (about 2 minutes). · . 
10. distilled water 3 minutes 
11. Putt's Eosin 20-30 seconds 
12. distilled water 3 rinses 
13. 70% ethanol 1 quick rinse . ' 

14. . 95% ethanol 1 quick rinse 
. .. 

15. 100% ethanol 1 rinse 
.. 
16.· 100% ethanol . 30 seconds 
17. 100% ethanol 45 seconds 

.. 18. xylene '3 minutes 
19. xylene 3 minutes . .. 
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