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Acute blunt injury to the spinal ccrd is an imvortant cause
m

of disability in both man and the domestic animals. The veasons

r)
for the formation and spread of the hacuorrhagic and necrctic
nte

lesion seen initially in the central grey matier of the cord
following injury are poorly uvnderstood, Ividence has becn Do~

sented implicating the neurcitrensmittcr substance roredrenaline

(¥4) 28 2 causative factor in the pathogenesis of

This thesis contains the results of investigations

effects of T4 on cextain asvecitis of the ‘ﬁlni corc oiroulati

and the Listological anvearance cf

The effect of intra-arterielly administered 79 on srinal

cord blood flow (HCRF) before o blood=cord bharrier
diruotion was stuiied in dogs. Sarrier disruniion wag accom-
plished with an intra-arterial bolus injeciion ¢f 2.5 urea.
ultivle ligations of branches of the posterior szuriz aud
cannulae vlacements ensured that the uree was directed to the
lumbar and sacral segments of the cord. GUCBF was measured by
the hydrcgen clearance method. Intra-arterial vrea by itsell
had no significant effect on 3C57. The intro~arterial infuvsion
¥4 (12 P“’ nin., & 30 pg/min.) vas withoui overali effeci on

amn

SCBY¥, Howevery if the blood=-cord barrier had vreviously been

¢ierunted with hyvertonic urea both concentrations of A resuvlted

o3

in lerge reductions in 3CEF, the larger dose cavsing the greaier
reduction. 110 guch reduciicns in 3C3F -rere seon with blood—-cord
tarrier disruniioan and A if the animals had been preilreated with

the ¢ ~adrenorgic blocker, phenoxybenzanine (1.5 me/%g.).

flcw reductiions in the norma

h

The evidence thus suggests thet N2 is capable of czusing prefound
1 &pinal cord and tnait these reduc—
T

tions are mediated via X -adrenergic mechanisms. With the tech-

v
nicues utilised in these experiments it was not pcssible to

b3

determine whether the O —mediated reductions in 3CEF were the
result principally of a2 direct vascular action of IIi or due to

of~mediated/



OC - nediated changes in the metabolic

Canmancs spinal cord

The efi'ect of N4 upon the calibre of spinal cord »nial
vessels was also tested. Snall volumes of variocus councentraticns
of HA, dissolved in mock cerebrospinal fluid (CsP) wvere injected
via glass micropinettes into the suvbarachnoid snace adjacent to

vessels uncer

the test. Spinal vial &
neasured by o television inmage~-splitti

2}

cati nock C3F eslone rsulied in a

(xésb).

g A w% '
6.5% Lfter the

the overell resvonse to A

T
e

occurred in resnonse 1o an 1L concent
highest conceniration used

n the 3

the respouszs %o 2u at con
-t

X 1071

vhentolanine

each 2 ple
The inclusion of the OC -

in the injectate in an e

5 -5

the constrictor response of 5§ X 10 “ii,

prevented the respongse to o more conce
Using the tecuanique of »erivascular an

the bleod-cord barrier and »ossible me

can be avoidecd. Thus tlhe results sune

decraases in HC33F and vasculaer calibre

to a direct vasoconsirictor acticn

&~ adrenergic recentors,

& ¥V of this thesis
tre

YA was sdministered in

Parts IV xam

fenously administered ITA upon

hist

Dinal cord.

1)

2) by intra-azrterial

ty direct intraspinal

infu
the tlood-cord barrier wit

The durpose of these investi

of hae

irations we

lesions acrrhazic necrcsis as re

There was no evidence of hacmorrhagic

intraspinal f

tud wg

rterioclar diameter was

ne technigue. The aduli-
net vesodilatoiion of 8.4
had been subirzcted Trom

P

ratvion ¢f 5 X 10 U

tucy )y but the tendency was for

centeaticns TrEn

creatsr

eic blocker,

culnelar dos: »raovenied

Ha end only partially
nirated solutien of LA,
olication of test substaence,

tavolic effects of the drugy
a3l

are

ine the eifecis c¢f exo~
tological) appesrance of the

F -

injection.

o~

sion after disrupiiocn of

h urea.

X s
5] w®) TE

ok

could cezuse
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ported by other workers.

necrosis in cords receiving
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iutrasvinel injections of WA cercentrations rangings from 5--35 R FA
dissolved in 20 pl of mock C3Y¥, Likewise, in animzls which had
heen nretreated with the A uplale blocker desinraming, no
haemorrharic necrnsis was seen in resvonse to inlracoviaal
injections of 35 pg ¥i. The main patholesical chonge teen in these
enimals (including those 1rgocted with C5F alone) wos ocCema, 2
feature attribuwted 1o %he offcets of the injectate voluime and the
time over vhich the volume was administered,

-~

Similerly, no histological changes were secn in the sainal

<

cords cf cats following either intro—-zrierial adminisiretion of

30 or 3.%50 urea, or N4 after hlood-cord harrier disrurtion.
The amnortance of HA in the pathosenesis of acuiec zpiral
srenma is discussed in Part VI in the context of the vresent
studies and those of other workers. It is cugsmested thet vhile
B4, in the doses used in the present study, is cazalle of
producing flow reductions, it is not by itsell accountadvle for
tre dreogressive razductions of flow and haemerrharnic necresis

seen in acute sw»inal injury



CUNFRAL TNTRCODUCTION

Damage 1c the svinal cord commonly result in loss of motor
and sensory function below the level of the lesiong; a state whigh
is ¢ften irreversible. Traumatic injury to the spinal cord with
or without fraciure and/or dislocation is an impertant cause of
disability in men and the domestic animals. An imoroved
understanding of this condition would clearly be of greaot valuie,

Acute blunt cord injury is cheracterised »nathologically by
a nrogressive haemorrhzgic necrosis of ceniral grey maiier which
nay wrocced in a longitudinal and radial nanmer invelving both
the grey and vhite matter, resuvliing in a tetal functional
transection, The reasons for the foraniion eond v»reopressive nzturs
of 1he lesion are voorly understood. If the vathogenesis of thinm

-

central lesion can be deitarmined, then rational treatmeat cen hn

instigated to arrest the vrogressiocn. Ry svaring o the
matter the chances of a Tunctional recovery would be greatly
increased.,

In 1972, evidence was preserntoed wrhich implicated the

neuvrotransnitter suksiance cr norerinenhr ne) s

¥}

a causative Izctor in the vathogenesis of the contrel lesion.

o

It wes vomtulaied to be elaborated and reieczscd from adrenergic
neuroncs in excessive guantities following trauwa, lcading to
toxic vesosnasn, hyooxiz and suhsequent itissve necrosis and
heemerrhage (Cst erholm' 1972).

The aim of this study wes 1¢ investigate cortzin zsvects of
the eflect of this amine on h corde.

Parts II and V deal with the erffecis ¢f noradrenaline on
sninal cord blocd flow and the iczl anvecarance of the
spinal cord, I% should be noted + his latter study is not
intended ¢ te zn exhaustive vatho al study., Rather, it
briefly locks ai whether the administered noradrenaline vroduces

1

a
pathelogical effects simijar to thosc seen in traums.




Part ITI investirates the effect of noradrenalins on the
diameter of svinal pial arteries and artericles and Part IV

is a study of ithe possible lesicn producing canability of

o

2 . 504

noradrenaline in the sninel) cord. The resulis of the sind
+ 1

L
o
2

discussed in Part VI in the context of availabhle knowlcedge of

biochemical theory of haemorrhagic necrosis.

g = 2
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The Biosynthesis and Metabolisn of Horadrensline

A knowledge of the formaticn and degradetion of a raturally
occurring substance within a particular tissue is necessary when
exanining the effects of the substance on that tissuwe. This

eview oresents asvects of these phenomena as they apply 1o
noradrenallne (HA) in the cenitral nervous sysiem.

The following aspects have heen consideredi-

1) The bicsynthesis of HA, including a description of

the enzymes and ce~factors involved.
2) 'The regulation of NA biosynthesis.

A
JE

3) HMetecbolic degradation of

2 2%

4) NA vptake mechanisms.

Biogvntbhegis of Norzdrenaline

A pathway for the stevwise biosynthesis of the catechoelamines

as formulated independently by Blaschko (19397 and Holiz {1939)
following the discovery cf the enzyre L-dopa ¢osarbexylase in. 1936,
Bla=chko (1957) has reviewed the early work by which the
biosynthetic pathway was established. In that yeor {1997),
l~3opa decnrboexylase was the only enzymes in the urocess to have
been comwletely characterised. OSince then ths biccyntihetic scuenme
has been fully confirmed and elucidated by the descrivition of the

nzymes and co--factors responsible for the individual stepzs that
lead frem Letyrosine to adrenaline. (Wagatsu, Leviti & Udenfriend
1964, Udenfriend 1966, Iversen 1967, Mclineff & Axelrcd 197))

Fig. 1 details the bviosyntheiic paithway of the caitecholaminpes.
X

ve

e,

Essenticglly

<

his involves the segqueniial hydroxylation and
decarvoxylation of the amino &cid tyrosine to noradrenzline (xa)
with further wethylation f¢ adrenaline in chromof{in %issues,
The hydroxylatior of the essential aminc acid phewylalznine
to L-tyrosine »y the enzyme phenylalanine hydraxylase in the
extracellular fluid, is presented in Fig.l as the first step in
the process, However, although NA can be syntihesised from
phenylalanine in viva (Gurin & Delluva 1947), this pathway ie
vrobably insignificant since L~tyrosine, from dietary sources is

abundant/

o



B

abundant in animzl tissves. The hydroxyiation of L-tyresine

to dihydroxy-vhenylalanine or L-dopa by the zciion of the enzyme
tyrosine hydroxylase (Nagatsu et al 1964, Udenfriend 1966) takes
place within the neurone, the amine being trensrported across

the neuronal membrane by an encrgy dependeni concentrating
mechanism. The decarbpxylation of L-dopa to dopamine is catalysed
by a reletively non-sveciflic aromatie L-amino acid decarborylase
(Lovenberg, Weissbach & Udenfriend, 1962). The enzyme sppears to
be tocalised within the neuronal cytoplasm. although Udeniriend
(1966) indicated that some of the dopa decarboxylase in the dbrain
was vresent in the varticulate fractien. Fowever,; Fahn, Rodman

& Coté (1969) und Stjarne & Lishajko (1957) sugzested that the
particulate fraction of this enzyme may aciually be vresent within
synapiosomes in a scluble form.

The copper containing enzyne dopqmin65ﬁ~hyarox;1asc catalyses
the hydroxylation of dopanine to NA. (Kaufimon, 1964, Molinoff &
Axelrod 1971) Dopamine Bwuhydroxylase apnears to be exelusively
localised in the storage vesicles of adrenergic nerve arganelles.
(Kirshner 1959, Stjarne 1966, Stiarns & Lishaiks 1967) Approwimatcly
80% of the enzyme present in the organelles ir in an iaszeluble form,
(Viveros, Arqueros, Connett & Kirshner 1969, Slsschlo 1473} The

:

insoluble form arnears to he a major conetituent of the meabranc

proteing. The hyvdroxylase is present as the fraciion known as
: - . 2 : “ . sy N
“chyomomenbrin A" (Hﬁrtnagl, Winkler & Lochs 1972).

The last stev in Fig. 1 shows {ne methylation of HA 1o
adrenaline ty the enzyme dhenylisthanolamine N-nethyltiransfarase.
This enzyme is specifically located in the celis 2ble %to form
adrenaline such as the chromoffin cells of the adrenal nmedulla
In mammals, the enzyme is absent from tissues with noradrenergic
innervation (Blaschko 1973).

Bnzvmes & Cc~factors involved in the Biosynitesis of Noradrenaline

1. Phenylalanine hydcoxyvlase

This enzyme, catalysing thec conversion of vhenylalanine to

tyrosine/



tyrosine requires oxygen and vnconjugated plericdince as co--Tactor:
(Geldstein, Cang, Anagozte & Nekajima 1967). Since tyrocine is
present from dietary sources the importance ol this reaction in

cetecholamine biosynthesis in the mammal is doubiful.

2. Twvrosine hydroxvlase

This ensyme, which catalyses tyrosine to dopa is present in
the adrenal medulla (Hagateu, Levitt & Udenfriend adrencrgic

& Udenlriend end in

(o
; D
N
-

2D

o

A5 | o
e

neurones (Levitt, Spesector, Sjcerdsms

n

wrain (Iyer, tcGeer & MeGeer 1963, Melicer, Barchi & leleor 1965,
Kindwall & Jeiner 1956) It has been noted that chronic

nnerveted dtisgus i3 associsted with

[=8

denervation of adrenergicelly
cornlete dissnpearance of the enzyme, (Potier, Cooper, Willmsn &

R < Wk . 2 ) e “ s Skl 3
Adelle 196%; sting that the enzyme is telizaily localized within

the adreuergic nerve. The exact intraneuronsl distriveiion is,
however, in doubi, Tyrcsine hydroxylase avneered lergely in the

of

sunernaiaat fraciion of hemogenates of synoa

vovine z»lenic nerves (Mueller, Thoenen & Axelred 1663, 5%iarne 1966).

>

Tyer, MelGaer & HeGeer (1963 ) and Meteer, Bzgehi and Helleoy {1965}
zd orevicualy reparted thal a considerable Traction ¢l the enzyme
in the brain was associated with particles, but Heiner,; Cloytier,
Bjur, Pfreffer (1972) supggested that much of the pariticle associated
enzyine of Lruin tissve may be present in scluble form in that
portiorn of the axoplasm trapped within synavtescmes. Thers have been
reports that two tyves of tyrosine hydroxylase ars vresent in
ifferent repions of the neurone, with differsnt kinetic proveriies
(Tkeds, Fshien & Udenfriend 1966, Joh, Kapit & Goldstein 3969).
Pyrosine hydroxylasce requires oxygen and a reduced pioridine
co-Tactor for azctiviiy {Bremnmeman & Kaufman 1964, Nagatsu, Leviti
& Udenfriend 1964). This co-factor hzs only recently been
identified 28 S-meihyltetrabydropterin (Lloyd, Mori & Kaufmen 1971).

Iren 2iso auvrenrs to be necessary. Nagatsu,; Levitit & Uderfriend

1964 ) The reduced vteridine conbines with the inactive oxidised
ferm of tyrosine hydroxylase converiting the enzyme to itz active
reduced form, In turn the pleridine is oxidised to the dihydro

form./



form. The latter must be reduced by pteridine reductase 1o
its origirzl tetrahydro form before it is actlive again.

Many substances are known to inhibit iyrosine hydreryiase,
for example, the halogenated ccmpounds such as 3-iodo iyrusine,
various chelating agents and derivatives of phenylalamine including
the catecholamines themselves. -Indeed inhibition of the activity
of tyiosine hydroxylase by the catecholamines is regarded as the

rate-limiting steop in the biosynthetic pathway of the catecholanis

fu
-

This concept will be examined in greater detail in the relsvant

scction of this review.

3. Dona decarbeoxylase

The decarboxylation of dopa to dopamine is catalysed by en
aronztic L-amino acid decarboxylase. This enzyms is not e
substrate specific as tyrosine hydroxylase, catalysinz ihe

-zaromatic amino

|

decarboxylation steps in the synthesis of cther
azcids, such as tyramine and histidine as well as L-S5<hydroxyitryptophar
(Lovenberg, Weissbach & Udenfriend 1962, Iversen 1967, Jonzzon 1969)
It 21so acts on other comoounds such as m~tyrosine, oémethyl-dopa

anéd oGmethyl-m=tyrosine (Molinoff & Axelrod 1971). The enzyue is
widely distridbuted in mammalian tissues including the perinheral

and central nervous systems {Jonason 1969). Dopa dccarboxy]ase
requires pyridoxal phosphate for activity. Holinoff & Axelrod (1071)
reported that high concentrations of thisg co-~factor do not retard

the activity of the enzyme as was the case with the pteridine
co=factor of tyrosine hydroxylese. The enzyme avvears to be
localised within the cytceplasm of the neurone, though there is
some evidence that a fraction of the enzyme may be varticle

associated. This matter has been discussed earlier.

4. Dopamine-B ~ hvdroxvlase
SERER

This enzyme catalyses the ccnversion of dopamine to HA, Tt
is & mixed function oxidase, like phenylalanine hydroxylase and
tyrosine hydroxylase; which contains covper and reguires oxygen
and a reducing agent, without which, it does not display any
catalytic activity. The electron donor for this enzyme is ascordic
acid/



i

acid (Xaufman & Fricdman 13965). Foreover, it hes been noled
that fumarats or acetate, catalase and ATP are reguired to
obtain full activity of the enzyme ip vitro (Melineff & Axelrod,
1971,. It has been suggesied that the fumarate oy acetate may

facilitate the formation of the reduced enzy mewo\yL'n complex
d

La .t

g ~ B
und/or accelerate the re~oxi ior of the elnzymne Civ to Cu
(Goldstein, Soh & Garney, 1968); catelase, by destroyinz the

peroxides which are formed by aute-oxidation of ascorbate or

ve

dopamine,and the ATP funclicn oy protecting the enzyme fyow
inactivation (Molinoff & Axelrod 19?1).

Dopamine P-hydroxylace has a relatively wide subsirate
specificity such that it reacts vith numerouns symoathomimetin
amines., (Goldstein 1966). Numerous compounds,nmest of which act
by copper chelation, are Yuown to irhibit {the enzyme. (Kolino?f

& Axelrod 1971).

5« Phenvlethanolamine =~ N - Methyltransferese

z

This enzyme, which catalyses NA to adrernalinc (Lversan 1G67,
Jonason 1969) is mainly vresent in the chromaffin tissue of the
adrenal medullas but small amounts have been fournd in the heort
and recently, by immuno-histofluorescent itecimniques, in the brain
(Goldstein, Lew, Miyamoto, Battista, Fhstein, lokfelt & Fuxe, 19745 .
Methionine and Sw~adenylmethionine are required as methyl donors
for enzyme activation (Axelrod 19266, lolinoff & Axelrod 1971).

It ie absent from tissues with ncradrerergic innervation

(Blaschko 1973),

¥

Regulation of o

e

lrenaline Biosynthesis

e vt i £

NA synthesis

1]

was studied in the brains and hearts ¢ guainea
pigs treated with a nomcamine oxidase inhibiter (Spector, Cordon,
Sjoerdsma & Udenfriend 1967). The amine accummulated in these
tissues to a concentration & or 3 times that of ithe unirveated
animals, In the former, ihe converaion of radiocactive iyrosine
to HA waz reduveced but the Tormaticon of NA from radicactive dopa

a5 either not affected or increzscd. . These observatiens indicated
that, in tissues with high NA content, the pathway of NA.formation

was inhibited at the level catalysed by tyrosine hydrowylase.



The catalysis of tyrosine to L-dopa by tyrosine hydroxylase is

regarded as the "rote limiting step" in the synthesis of i}

e
catecholamines. The mechanism by which this irhivition cccurs
is a matter of disoute. Ikeda, Fahien & Udenfriend (1966)
sugrested that the inhibition represented competition between the
catecholamine and the pteridine co~factor for the oxidised form

of the enzyme. Udenfriend, Zaltzman-Nirenberg & Nagatsu (19&5)
demonstrated a 50% inhibition of tyrosine hydroxylase activity

in wyitro with 1 x 10-3M NA vhen a similer concentration of
syrthetic vteridine co~factor was added to the medium. It is
likely that much smaller amounts of catecholamine in the axonlasm
may severely inhibit the zactivity of the enzyme since the
concentration ¢f co=factor within the neurcone must certainly te
considerably less than 1:x 10-3M.

Availability of the pteridine co~factor, its rate of formation
and rate of conversion of the reduced to oxidised form mey aolso
be determinznts of the control of tyrosine hydroxylase activity.

The atove regvlatory mechanism describes changes in
hydroxyisse activity in resnonse to catecholamine concentretion
without chanree in enzyme levels (ig, "classiecal" feedback
inhibition). This is regarded s the mode of control in the short
term. IV is thought that changes in the rate of formation of new
enzyme are rcevronsible for long term regulation of catecholamine
level. (Pletscher 1972). An increase in neuronal activity causes
an elevation of tyrosine hydroxylase in the central nervous systen
and of iyrozine hydroxylase and dovpamine [%hydroxylase in
sympathetic ganglia. This increase is suporessed by inhibitors of
orotein synthesis (Pletscher 1972). Increases in activity are not
restricted to tyrosine hydroxylase., Other enzymes involved in
catecholamine biosynthesis are kxnown to be increased. 7This has beer
reviewed by Cotten (1972).

The formation of NA is not only derendent uvon the zmounts and
activities of the biosynthetic enzymes. The uptake kinetics of
catecholamine into the storage vesicles, the rate of release of
catecholamine from the vesicles, enzymic degradation of intra--

neuronal/



neuronal NA and dovamine and neuroual release and re-uptake, oll
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play a part in the uvltimate regulation of the biosynthetic vro

(Weiner 1970).

Hetobolic Desradation cof Noradrenaline

o

\
‘

There are twoe vathways Tor catecholamine catabolism in the
central nervous system, namely oxidative deaminationr mediaied by
the enzyme monoamine exidese (MAO) and O-methylatiocn mediated by
catechol~o-methyltransferase (CONT)., This has been confiried by
several workers (Clowinski, Kooin & Axelrod 1965, lannarinog
Kirshner & Nashold 1963, Matsuoka 1964).

MAO activity was reduced by 30% in the rat salivary gland
(Axelrod & Kopim 1962) and by 505 in the rabbit iris (Watiasan &
Sears 1964), following sympathetic denervation of these structures.
COMT activity was not significantly affected. It was, therefore,
concluded thal MAC was localised, both exira and inira neurcnally,
while COMT was localised almost exclusively exira-neuronally in
both these verivheral tissues and in brain {(Axelrod & Kopin 12609,
Iversen 1967, Jonason 1969, Bertler, Falck, Owman & Rosengren 1964),
Molinoff & Axelrod (1971) revorted that COMT was present within
the symvathetic neurones of the third eyelid and the vas deferens
and Iversen & Jarrott (1970) demonstrated the oresence of COMT in
the adrenergic neurone and that the affinity of NA to the
intraneuronal enzyme was less than 1o the extraneuronal enzymc.

Within the cell KAC ie localised exelusively in the
mitochondriz mainly a2t synapiic nerve endings (Redrizuez De Lores
Arnziz and De Robertis 1962) It is also present in brain
capillaries where it forms part of the barrier to anines (qgv).

The existence of at least two forms of MAD in the brain,
designated A and B, has been inferred frem in vitro and in vivo
exveriments (Johnston 1968, Hall & Logan 1969). The c¢lorgyline
sensitive Type A is prokably the more important for deamination of
NA,

Broch & Ponnum (1$72) have shown thet the highest
concenlrations of COMT in the rat brain are found in the hypo-
thalamus,/



thalamus, cerrora oguadrigemins and cerebellum with the lowest
concentrations occurring in the hipvocampus, corvus sirisium

and white matter of the corpus callosum and lateral walis of the
lateral ventricles. With the exception of the hypothalamus,

the enzyme distribution dees not corresvend to that of the
catecnolamines. Although CCKT is important in the extranrecurona
metabolism of NA in the peripheral sympathetic systenm (Xepin &
Cordon 10633 its importance in the central rervous system is
mach less certain. Glowinski, Kopin & Axelrod (1965) found tha
intraventricularly injected 3H ~ NA which was metabolised o
normetancphrine and deaminated also formed o-methyl metaboliles.
In a later study Clowinski, Iversen & Axeirod (1966) found trat
the ratio of radicactive normetanephrine to 3H ~ MA was higher
after the administration of exogeous NA than after Tormaticn of
3H - NA intraneuronally from labelled precursor:. These Tindings

indicate that COMT is involved in MNA catabelism in the trai:
and that extraneurcnal free NA is metabelised by COVT more
readily than intraneuronal catechelamine.

As will be described, the terminatica of uction of the
monocamine neurotransmitiers is brought about, net by enmymatic
degradation but by an avid re-untake of the amine inte the nesurone,
When one considers this process, the exiraneuronal catabolisn
of NA in the central nervous system hecoumes much less imvortant
in comvarison to the catabolic role of intraneurcnal MNAD.

The matzabolic products formed by the actions of MAO and CCHMT
2re vresentzd in Fig, 2. NA is deaminated oy MAO to 3,4 -~

dihydroxyohenylglycel {DOPEC) by aldehyde reductase or oxidised

to 3,4 - dinydroxymandelic acid (DONA) by aldechyde dehydrogenase
(Leeper, Weissbach & Udenfriend 1958). The pathway to DOMA is

thought t¢ te more important in man (de !z Tecrre 1972).

Further nethylation of these deaminated products by CCMT
results in the formation of 3-methoxy - 4 = hydroxyphenylglycol
(MOPEG) from DOPEG and 3 = methoxy - 4 ~ hydrovymandelic acid
(VMA) from DOMA (Iversen 1$67, Jonason 13969, Molinoff Z Axelrod,
1971)./
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1971). Vormetanephrine (M), formed by the o-methylation of
NA released from thz nerve ending into the exirucellular space
c¢an he deaminated by extraneuronazl MAO to 2 ~ mothoxy -~ 4 -~
hydroxyphenyglycoaldehyde. This can be reduced to form the
~end product MOPEG by aldehyde reductase o» oxidised by aldehyde
dehydrogenase to form the corresvonding end product, VHA. In
man 4C% of the total wrinary metalolites of the catecholamines

is VMA (Iversen 1967, Molinoff & Axelrod 1971).

Neuronal Uotake of Noradrenalinc

In addition, to the catabolic processes of deamination and
methylation, NA is inactivated by a vrocess which invclives
re~uptake of the released amine into 1he vresynarztic nsuronz.
From a functional ooint of view this mechonism is most imporiant.
Followins re-uptake NA is stored in the dense cored granules of
the nerve terminals until subsequent releaze or deaminated by
MAD (Axclrod, 1974, lversen 1967, Molinoff & Axelrnd 1971).

Whithy. Axelrod & Weil-Malherbe (1961) demonstrated that the
uptake and biading of circulating NA in tissues reopresented an
important mechanism for the inactivation of this substance. In
tissues which have a rich adrenergic innervation, this récapt&re
system is i1he main method of catecholamine inactivation. (Jversen
1967, 1973, 1973).

-

The mechanism involves two main steps. 1) The transvort of
NA across the neuronal membrane znéd, 2) the binding of +%he amine
into the storage sites (Iversen 1967). The transport of NA
across the axonal membrane has been designated "Uptakel". Uptake
is defined as the transfer of catecholamine across the cell
membrane by an active tranzport mechanism (Dengler, Michaelson,

Spiegel & Titus 1964, Iversen 1963). The Uptake, mechanizm

1
appears to have identical properties in the N¥A containing neurones
of the peripheral and ceniral nervous systems (Iversen 1971, 1973 ) »
The avidity of the NA uptake mechanism ig perhkars best
expressed by a quetation from the Third Gaddum Memorial lecture
given ty L. L, Tversen (Iversen 1971), "The isoluted heart rapidly

accumiulated/



‘aceumnulated labelled NA when perfuscd with & sclution centaining

a low concentration of (=} ~ - A (IOng/mi). The uptake led

to concentrations of 3H ~ Ni in the heart which were about 40

times greater than in the perfusion medium after perfusion ior

20 minvies. This means that the NA vptake sysitem is cavsble

of clearing the entire exiracellular snace of the heart in
aporoximately 10 secoﬁds. This pverf'ormancs 13 even more remarkable
when one considers that the uptake sites are resiricted to t
sympathetic nerve terminals which, in the heart; cccupy culy o
minor proportion of the tissue volume. There is no wzy of making
an accurate estimate of the velume of extracellular space adjacent

to the sympathetic terminals bult it seems likely that the uvntake

o}

system could completely clear the NA from this fluid volum: in an

3

interval of time measured in mil

1

liscconds rather than seconds.,

The uptake is restricted to sympathetic nerves az was confirmed
by finding that uptake of 3H - NA was reduced by mors than 954
in rat hearis, in which the sympathetic innervation was lacking
through immunosynpathectony =zt bhirth (Iversen, Glowinski & Asxelrod,
1966)". If the system is blocked with drugs,such a2s cocaine and
impivramnine, proclengation of the physicleogical response of the
catecholamine occurs.

In rat tissues, Uptake, has been found to be siereo~chemically

i
selective, the affinity for the naturally occurring (~) NA being
some five times higher than that for the (+) enzntiomer (Iversen,
Jarrott & Simmonds 1971, Henley & Snyder 1972).

The uptake process is also temverature sensitive {Iversen 1973)
and untake is markedly reduced if sodium ions are absent from the
medium (Bosdanski & Brodie 1969). Several compounds strucivrally
related to NA, for example, tyramine and o-methyl NA can be taken
up by the same upiake process (Iversen 1973). This system has the
properties characteristic of an active transvort system. The
proverty of tinding of the accummuleted amine intc storage granules
reduces the amount of free aminc in the neuronal cytovlasm and
thus reduces the conceniration gradient across the synaptic

membrane./



memnbrane.

In addition to the untzke of NA by the neurcunal mechanism,
uptake can cccur into non-neuronal tissues (dcsignated Uptakuz,
Iverser 1965). This has been reviewed by Iversen (19?1) and
Gillespie (1973). It is poséib]e that some uptake by smocth
muscle cells occurs in the central nervous systemn, Howewver,
this is likely Lo b2 negligible in comparison te upbtake by

na2uronal struciuvres.



-

Methods used in the measurenment of Spinal Cord Blood Fiow s

It can not be denied that ihe accuracy of measurecmeni of any
parameter devends upon the methodology empleoyad to asness it.
Several techniqqes have been used t9 assess svinal cowd bloed Tlow
(SCB®) and each has its own particular problemrs. Since it is
important to appreciate limitations of {technigue in the eveluation
of results, this section will examine metheds used in the
determination of SCBF and comment on the advantages and disadvantages
associated with then,

The technigques, for the most part, are modificalions i those
used in cerebral blood flow (CBF) stvdies. Some of the methoeds
used in CB¥ research cannot be used in the spinal cord because
of the size and complexity of its vascular suoply and drairapge.
Where these techniques are described, it is because they sre
important to the development of methsds used in the cord,

Froely Diffusible Tracer Technigues

These techniques are based uvon the Fick Priaciple which
states that in the steady siate the guantity of indicatoer given
out or taken up by a tissue in a specific time is equal to the
product of the blcod flow and the arteriovenous difference for

the indicator, thus - dQ #(Ca - Cv)
at
where Q = amount of indicator; Ca = arterial concentraticng
Cv = venous concentration; F = blood flow: and, t = time.
Using this relationship Kety & Schmidt (1945) were probably the
first workers to successfully quantity flow in the ceniral ncrvous
system. Although their technicue cannot be apvlied to the spinal
cord, it is of considerable importance in the development of
tracer techniques and as such will be briefly deseribec.

Patients inhaled a 15% Nitrous oxide in air mixture over
e 10 minute period, by which time a state of equilibriwnm between
the arterial and venous cerebral blcod and presumably {the brain
tissue was usually reached. During the inhalation period,
intermittent arterial and venous cerebral tlood samples were takeh
for/ '



for analysis éf NOO content., From the integrated arterio-
venous difference in "?O concentretion, they could calculate
the blood flow of the braine.

In subseqgquent modifications of the method, H?O was revlaced
by fhc radioactive isotopes, Bbhrynton (Lassen & Kuhck, 1955) or
“Xenone These modifications, while making the detection
and consequent assessment of tracer concentretion lese difficult,

still necessitated the withdrawal of arterial and venous blood
samples. An important advance was to administer the radio-
isotopes intra-arterially and menitcr the isotope in the tissue
by means of externally placed ccunting devices {Lassen & Ingvar,
1661). This had the advantage of eliminating the need for blood
samples which necded to be large for the deternination of Nz()u
Furthermore, flow in regions of brain couvld vow be assessedy the
original Kety-Schmidt technigue measuring only average flow of
the whole brain. In an sttemnt to weasure flow in small regions

. . N
of the brain Suvagne & Lazorthes (1965, 1966) introduced 73

P‘\
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into cerebral tissue by direct injection.

The above summary illustrates the 3 meihods by which a tracer
can he administered to an organ, namely, inkalwticong, iajection or
by direct intra-tissue injection.

The methods used in assessment of SCBF using diffusible

tracers will now be considcrede.

133Xencn Clearance

.

The arpliceztion of radio-isotore washout studies in the spinal
cord presents probleme cof zdministration. Workers in the field
of ceredbral circulation are fortunate that certain species have
a main arterial suprly to each cerebral hemispvhere i.e., the
internal carotid artery, into which the tracer can be administered.
This is not the case in the spinal cord. The cord is supulied
by several arteries along its lengih whose exaclt distributions
have not yet been accurately defined.

It could be Teasible to inject 135Xe in saline into the
descending aorta to obiain saturation of the thoracolumbar cord,
and/



and mounitor the subsequent clearance by meens of an externally
placed scintilliztion counter. However, the para-and sub-spinel
cord tissues would also receive the isotopes The fccorder
would receive emissions nol only from the cord but alsc from
these tissues. The trauma imparted to the cord by ihe extensive
surgery and lead shielding reguired tec limit this exiransous
radiation; renders this avvrcach very unattractive. Moreover,
Smith, Pender and Alexander (1969} noted that count rates
achieved by this method were so low that satisfaciory washout
curves were not obtained. This is probably due in a largs part
to the loss of isotope to abdcminal organs and limhs,

They alsc observed that cannulation of a radicular artery

for ]35Xc

administraticn, resulted in arterial spasm and
distorticn of flow. Our own investigations (Griffiibs & Crawford,
1976, unpublished observations) arc in agreement with thise.

The only practicable way that 1J3Xe can be adminigtersd
to the cord is by direct intra-~prarenchymel injection., This has
been carried out by 3 groups of workers (Smith, Pender & Alexander
1969, Ducker & Perot 1971, 1972 ané Criffiths 1973).

However, it can nol be fully ascertained whether the
injectate is placed entirely in grey maiter, white matter or a
variable mixture or both. Smith et =21, therefore, analysed their
results by calculating the mean weighted flow acknowiedging thisg
1o be an index of flow rather than a direct measurement. Ducker
& Perot, using Smith et al's technique oroduced similar results,

Griffiths was unable to calculate mean weighted flows,

]

25 he observed only 40% of clesrances t¢ be bi-exponential. FHe
itherefore studied SCBF in relation to the slow comvonent. I%
is interesting to note that the "averazge" flows of Smith et al
and Ducker & Perot are cf a similar magnitude which Griffitihs
ascribes to white matter, and these in turn are similar to white
matter flows determined by Landav, Freygang, Roland, Sokcloff
and Kety (1955) and Sandler & Tator {1976) using autoradiography.
The problem of distinguishing the tissue compartment into
which the injectate is plazced is complicated by the degree of
diffusibility/



diffusibility of ]33Xe. Bepagno & Lazorthes (1965) found,

in the brain, that following resection of cortical iissue after
injection of 133Xe into that tissue, clearance couvld siiil be
detected from the uvnderlying white matter. This indicates that

33Xe may diffuse some considerable distance from the exact zite

133 . .
°7¥e in nervous tissuc has

cf injection., This diffusibility of
been discussed by Rowan (1972).

Further variation was introduced by taking the pariition
ceafficieni between cord tiseue and blood as unity (Smith et 2l
1969). It has been shown {hat the pariiticn cocfficients between
brain and blood are different for grey and white matter (Veall &
Mallett 1965). This aporoximeted value way lead to underestiration
of flow where white matter received most of the injectate and
overestimztion when grey matter received more isotorve,

It iz evident from the foregoing, that the w5-“c clenrance
technigue can not satisfactorily distinguish flow in grey and

white matter compartments, Ti has the advaniage thel meansure-

i3
o

ments can be reneated in the same animal. However, there iz
undesirable risk of trauma to the cord on cach occasion the

isotope is administered.
Auioradiogravhy

The method depends vvon the detection of the amouni of a Treely
diffusible radioactive tracer in sections of the tissue slzaced
in contact with an X-ray plate. The subsequent degrse of darkening
of the film reflects the radioactivity of the tissue. If the
irtegrated arterial concentration of the iracer from the start of
ihe infusion until the time of sacrifice of the animal is known,
the tissue blood flow can be calculated. The mathematical
derivation and assumptions inherent in the calculation have besn
described by Kety (1951, 1960a, 1960b).

It is fundamental to the accuracy of the techniocue thet the
time of infusion should have no effect uvon the result. 1t has
been noted that long infusion times (> 1 minute) lcads to under—

estimaiion/

i



o - (W aaals e & Teokw. TOBH:
catimation of the actual Tlew (Mieschi, Isaacs & Kety, 13683

5y

Eklof, Lassen, Nilsson, Norberg, Siesjo &
The first measurements of CRS bleocd flow using the autoe-

radiogravhic technigue was carried out by Landau, Freygang,

Roland, Sokoloff & Kety (1955) using the radicactive gas

5 o " . z
tri--iodofluoromethane (C¥, ~"I). Reivich, Jehle, Sokoleff &

(G

Kety (1969) nointecd ont melhodological sources of error using
' S o
this gas and described 2z technigne substituliing C - antinyrine
S ~ } . A O T
as the tracer. FHowever, aniivyrinc has been shown 1o produce
errors at normal perfuzion rates in the brain and flows are

grossly underestimated in high flow situations suvch as durin:

3

hypercannia, (Eklof et al 1974).
Crone (1964) presented evidence th=t antivyriae was noi
e in nerveus lissve. This has been substantiated
by ¥ekman, Phair, Fenstermacher, Matlak, Kennedy & Sokolofrl (1975),
who point to its unsuitability as 2 itracer for auntoradiograrzhic
atudies, due to its low capillary permeability.

Frrors in czlculated flow values will alsc result if the
tissue under investigation is not howmogeneously verfuscd,
However, the degree of error ss a resuli of this is regardad as
minimal (Kety 1965) in comparison o the influcnce of carillary
permeability limitations (BWklef et al 1974)‘

The use ¢f antipyrine in i1his technique ig, therefere, suspect

1334,

and there is dcubt that tritiated water, non {(Zklof et al

1974), 14C ~ nicotine {0Oldendorf 1275) or 140 ~ ethanol (Ekiof et
al 1574, Olidendorf 1975) are any netter.,

There has been only one svecific invesiigation of 30BR by
the autoradiogravhic technicue, (Sandler & Tzator 1976a) which
utilised 1AC —~ antivyrine as a tracer. The authovrs base +the
accuracy of iheir results on the data of Eklol et, al, (Sandler
% Tator 1976b.) However, true evaluation 2waiis the use of =z
tracer which suffers none of the disadvantages of those in the
gaseous phase and which is truly freely diffusidble. It is
possible that 4~iodoantivyrine may be supericr to antinyrine.

Nonetheless the advaniages of +he autoradiographic technigue
are/

P



‘are meny., It distinguishes flow in grey and white matter and
resolution within each of these comvartments is high. The

methed is atraumatic and allowg a correlation between flow and
histology to Le made (Yamaguchi & Waltz 1971). The possibilizy
exists that flow measurements can be combined with assessment

of the metabolic state of the tissue as obtained after frcezing
tissue in sgitu. The disadvaentage of the technigue is that only
one measuvremant of flow can be cobtained from eachAanimal. Thus
time course changes can be investigated only by sacrificing grours

of animels serially.

Hvdromen Clearance

The theoretical considerations and evaluation of fechnigue
have been descrihed by Aukland, Bower & Berliner (1964). Iriefiy,
the partizl vressure of hydrogen in the tissue is wroportional
to the current generated by its oxidetion at a positively v»olarisad
electrode. VWith suitable amplification cirveuwitry and recording
apraratus, the change in hydrogen tension during its clearance
from the tissue can be monitored.

The use of hydregen clearance in recording changes of' hleood
flow in the brain was proposed by Kisrahy, Clark & Patterson in
1956. Since then, several groups have measured loecal bWlood flow
in a variety of structurcs.

For the measurement of CBF, hydrogen has teen administered
by inhalation (Bozzao, Fieschi, Agncli and Nardini 19€8; Haining,
Turner and Pantall 1968; Pasztor, Symon, Dorsch and Branston 1973)
injection (Shinchara, Meyer, Kitamura, Toyoda zad Ryu 1869; Mever,
Fukuuchi, Kanda, Shimazu and Hashi 1972) or a combination ¢f botlh,
(Fieschi, Bozzzc and Agnoli 1965) 11 is donbtful if inisction,
which recuires arterial ouncture, has any advaniaze cver the
inhalation technicue., Due 1o its low blood-gas nar
coefficient (0.018) hydrogen is cleared very raocidly from the lungs
following cessation of administration and thus arterial
recirculation is negligible. Stosseck (1974) has deseribed an
avparatus which gernerates hydrogen locally and monitors its

subsequent/
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subseguent clearance from the tissue.

Spinal cord blood flow using hydrogen clearance technicue
has been assessed by 2 greupns of workers (¥oleins, Doyle and
Martin, 1974 and Griffiths, Rowan and Crawloxrd, 1975). Recording
flow from the lateral funiculusz Kobrine ot 2l reported only
monoexponagntial clearances. However, Oriffiths el al found
mcnoexboneutial and bLiexpenential clearances in voth grey and
white matter. Biexponential white maiter clearances were recorded
from those electrodes placed near the perirvhery of the cord. 7The
fast ccmponents of these determinations probably rerresent
clearance intc the vasa corona. This sitzlement is suoported by
the work of Stosseck (1970) who demonstrated rapid clearance of
hydrogen by vial arteriss in the feline cerebral suvbarachnoid
space. The slow component or moncexoonential was taken as the
value of flow "in the white matier.

In grey matter the majority of clearances were monoexponential.
Of those which were hiexvonential, the las!{ conmponent valuves were

far in excess of flow values determined for grey maiter by th

@

autoradiogzraphic technigue (Landau et 21 1955, Sandler & Tater,

-

19762 )and did not correluts with pCO, changes. The monoexponentials

2
and slow components of biexvonentials were therefore uszd to
calculate flows from elecirodes placed irn grey matter.

Griffiths et al expiained these observetions on the basis
that electrodes in the grey matter are recording an "average" flow
derived from both grey and white compartments. The width of ihe
ventral bhorn is only zbout 2 mm at its widest part. Thus the
electroles' "recording area" would include a subsiantial amount
of white metter. Moreover the rapid diffusibility of hydrogzn
will help "mix the tissue® as the tissue can not suprort two
centiguous areas of different hydrogen tensions.

The above description serves to illustrate a major disadvaniage
with the hydrogen clearance method in the assessment of SCBF;
namely, its inability to distinguish 2 sepzrate grey matter flow.

I4 is possible that a more accurate assessment of grer matter flow
would be obtained if wvery small elecirodes were used,

The/



The necessity ¢f placing 2 recording elecirode into the
tissue leads one to consider the possibility of trauma. 4
vrolonged lag phase and vlateau between the cessation of
administiration of hydrogen and cnset of clearance represents an
injury and diffusion zonz around the electrode. However, the

cventual clearance will be at the value of the non-injored

et

issue (Aukland 1965). Of the invasive technigues used in the

0
2

spinal cord, this method is orobably the least danmaging as ihbe

4]

ectrode is placed in the tizsue only once and held rigidly

n place with cement. Repeated mezsurements are therelore

("R

ossible with ninimal trauma. Multiple measurements with the

o]

. . 133, 2 3
intraspinal ‘BXe technicve in the samz siite would lead ¢

uvnacceptable tiecsuve damage. Since measuremsnts can be repeated

tue animal can act as its cwn contrel in experimental studies.

Arron Clearance

" .

This tecitmigue is similar to the preczding one. Argon is

P4

administered with the respiratory geses, and its eventual clezrans

is monitored with = vacuum mass specirometer probe. (Ducker &
Garrison 1975 in Sandler & Tator 1976b). The advantages are similar
to thore with hydrogen. In adéition, the mass srectromeier can
measure local tTissue p02 and p002 at the same tims. Howoever, the
problem of intercompartmental diffusion of argor is likely io be
similar to that of hydrogen and there ig a deflinite risk of taissue
damage onlprobe insertion as its diameter is large {1 mn) reiative

to the diameter of the cord.

Indicator Freoetionaticn Methods

These techiniques do not rely upon the Fick Principle. They
are based on the indicator fractionation principle as developed
by Sapirstein (1956, 1958, 1962) When an indicatcr is administered
intravenously, the fraction of the indicator pzesing to the tissue
is proportional to the hlood flow to that tissue. Thve a knowledge
of the total amount of indicatcr given, the amcunt of indicator in
the tissue; and the cardiac ouiput is necessary, in crder to
calculate the blood flow,

Pingham/
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Bingham, C(oldman, Friedmon, Murvhy, Yashon & Hunt (1975)
modified Sapirzstein's method for the determinatinn of UORF in
rhesus monkeys using 14 ~antipyrine ar the tracer They
distinguiched flows in the anatcmical comparitments by separating
grey from white matter by microdissection prior to tissue trace
determination. Good differentiation between groy and while maticr
was achieved. However, the complete seraration cf compartments
is unlikely and the possibility of contaminziion ot one by the
other is a risk.

Another modification o the original method waz the use of

isotapically labelled microavheres as the indicator.
been measured uecing l3lI~macro"°"ﬂ1wv4-e6 aloumin varticles

(Flnhr, Brcck & Poll 1969; Flokr, Poll & PBrock 1971), Thaese workeres
did not distinguish between grey apnd white matier bub meazured flow

in the whele creoss sectieon of cerd., Their results are in cliout

agrecment with the weighied mean flows of Smith, Pender and

. 4 1 ; E3L. o . ; : %
Alexander (1969) using ~ Xe injection. Seonaratiorn of grey and
white matter was achieved with the microsphere techrigue by

s and his associates (1977).

It is evident that the microsphere technigue can distinguish
grey and white matter flows and the method is atravmatin., £ major
dizadvantage, though, is only one determinetion of flow can be
made in each animal. Discrepsnecies could arise from rheusingical
factors, for example, vreferential siresming of microsphcres.
Hewever, this is reported to be insignificant. (Neutze, Wyler &
Rudolph 1968)

Heat Clearance

The method of measuremeni of loczl blood flow by usans of
heat transfer was introduced by Cibbs (1933). The vrincinle
involves the abilily of the blocd to cenvect heat vetween the

heated and non~heated thermojunciions of a2 thermoprobe plzced in

&

~

or on & tissue. If the heal conductivity of the tissue remains
constant, the temperalnre differcnce between the two thermojunctions
igs a reflection of blood flow.

This/



This technigue was prebably the first method used in the
detection of blood flowv in the spinal cord (IMield, Crayson and
Rogere 1951). 3ince then it hac been used by several groups in
investigation of the factors regulating SCBP {(falleske & Hermann,
1968, Wullenweber 1968, Xindt, Ducker & Huddlestone 1270 and
Ducker & Kindt 1971},

Although the method gives & continuous estimate of Ilow,
allowing the effect of blood gases, trauma, etc. on 3CBF Lo be
assessed, it is a purely gualitative method and valid comparisons
between animals can not be made,

In those cases where a prebe is implented into the organ,
tissue damage is a distinct possibility as the probe is of =z

relatively large size. Moreover, thermocovpies placed cu the

n

surface of the cord will record the flouw only in the superficial
cord.

Anothexr criticism of this method is, the requirement that
head ccnduction of the tissue remzius constant., 1In staten of
increased tissue metabelism around the thermocouple,; tissue
temperature would rise and thus neat conduction of thne tissue would

be affected.

Veascular Outline Methods

Flow changes have been observed qualitatively by the
s

intravenous injection of fluorescent inudicators such &

Fluorescein
(wagner, Taslitz, White & Yashon 1969) and thioflavine S {(Dohrmann,
Wick & Bucy 1973) after exverimertal iravma. These techniques

are relatively simple teo perform and can depici pateni versus
non-patent vessels in vivo, but as {they are by nature gualitaiive

they can provide conly very limited information.

bos Voo



The Structural Basis ¢f the Blood~Brain Barrier

Before the ides of a blood-brain berrier (BBB) was formed,

vpathologists had cbserved that in cazee ¢f jaundice 211 the tissues

of the body were stained a yellowish green, excent those of th
train and spinal cord. The concent of a BBE arocose {1rom the

classic studies of Bhrlich (18822, 188%) who noted that afier the
intravenous injection of acidic wvatal dyer, the central narvous
system was, unlike other btody tissues, unsiained. These studies
were confirmed and extended by Goldmann (1200, 1913). He injected
trypan biue intc the cerebrospiral fiunid and found that the hrain
stained rapidly but no dye entered the bloodsiream. Tachirsi (1350)
noted that the acidic dyes usesd in the earlier cxperiments were
strongly bound to serum albumine. The exveriments therefors
demonstrated the impermeability of the barrier to hlocd-borne
pProteins.

More detailed information on the nature of the barrier awaited
the develovment of the electrer microscops and suitable trscer
substances. Oraham & Karnovsky (1966) introduced the tracer norse
radish percxidose (HRP). This has a particle diameter of 40-£0 ﬁ
and a nolecular weight of 40,000 which is to some extent smaller
then that of 2lbumin (varticle size == 753). The localisztion
of HHP is enhanced by its cnzymatic reaction o that 2 few
molecules vroduce a large numbher of electron dense particles which
can be readily scen with the electron microscope.

Reese & Karnovsky (1967) investigated the permeability of
cerebral vessels to HRP. They found that intravascular HRP did
not pass inte brain substance; a2lthough it entered the exira-
vascular spzces of other tissues, They attributed tuis lack of
permeability to HRP in the brain to certain morvholosicsal
specialisaticns of the cerebral endothelium, Firstly, they noted
that adjacent endothelial cells were joined by continuous, true
tight junctions, thereby nreventing the intercellulsr passage of
HRP, Moreover, these cells contained very few pinocytotic
vesicles in comvarison to the sndothelia of other wvascular teds,

A few vesicles were seen to contzin HRP but the authors found no

evidence/
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evidence of vesicular discharge of the tracer to the abluminal

of
side of the endothelium, These findings have besn given
considerable suvvort by a number of other workers (Becker,
Hirano & Zimmerman, 1968, Bodenheimer & Brighiman 19068, Brightman
& Reese, 1969, Brighiman, Xlatzo, Olsson & Reese 1970, Brightman,
Reese & Feder, 1970 and Pavvas, 1970).

The above description an»pliecs to the situation in the higher
vertebrate. There is considerable species varization in the
mornhology of the BBEB. For example, opern clefts between cercebral
endothelial cells have heen obeerved in the nurse shark; guitar
fish and rumbfish (Brightman, Reese, Olsson & Klatzo 1971) and
intracellular chanrnels have been secen in the cerebral endothelium
o

& Peder

W

of Japancze sherks (Hashimoto 1972). Brightman, Rcese
(1970) have noted in studies utilising microperoxidese, that the
barrier in the shark results from fused glial end feet surrovnding
relatively rorous carillaries.

It was countended by some workers ihat the barrier in the higher
vertebrate was situated at the level of the perivescular
astroeytic end feet., This theory wes vrovosed by Schaltenbreand &
Bailey {1928)., FHowever, Brightiman & Reese (1942) have demcnstreted
that the asirocyies are connected by "gap" junciticns and not ticsht
Junctions and molecules the size of lanthanum car vase throuvgh

these junctions into the extracellular svace of the brain.

The Blocod Brain Barrier to Noradrenaline

Svecific enzymatic barrier mechenisms have been shown to exist
within the endothelial cells of the ceniral nervous system. Using
a comoination of chemical and histochemical vrocedures. Owman and
his co-workers (Owman.1966, Bertler, Falck, Owman & Rosengren
1966, Ownan & Rosengren, 1967, Owman, Pdvinsson, Falck & Nielsen
1974)f0und that the cerebral endothelia contained high levels of ihe
enzymes moncamine oxidase and IQPA-decarboxylase. These enzymes are
absent in perinheral cavillaries and in cavnillaries of brain zreas
such as the median eminence and zrez vostremz which are kncwn tc lack
a BBB to acidic dyes., Their work indicates that the amine

Precurs OI‘S/



precursors DOPA and 5 - hydroxytryptovbhan are prevented from
passing into the neural parenchyms by a mechariem whereby the
precursors are decarbozxylated in the capillary endothelium by
DOPA-gecarboxylose after which the amines formed are motabelised

by local monoamine oxidase. Blood-borne noradrenaline entering
the endothelial cell would alsc¢ be metaboiised by ¥AC, Oldendorf
(1971) measured the brain uptake of a variety of »adiciabelled amino
acids, hexoses and amines including noradrenslire relzative to lhat
of tritiated water (which ke took to be completely extracted). The
brain uptake index but for norsdrenaline was abouvt 5%. The true
value is even lower than this since water is not as freely
diffusible as was once suvvosed (¥ichling, Raichie, CGrubb &

Ter-Pogossian 1974). HNonetheless this low BUT for noradrenziine

correlates well with the concevt of an enzymatic blood—brain barrier

to noradrenaline.

Situations in which blood~brain barrier function may be altered.

ne
——— et

&

perosmolarity

The effect of hypertonic scluticns on the BBB was invesiipgated
in 1945 by Bromzn and Lindberg-Lroman. They shcwed that various
chemical and physicochemical agents in hypertonic concentraiions
could ovpen cerevral vessels to intra~vascular tracers. These
solutions were thought to cause increased barrier vermeability by
a direct toxic action on the blbdod vessels. This theory was
questioned by Rapavort (1970) who tested the effect of concentratcd
solutions of Na N03' NaCl, urea and ethanol avplied to pial vessels.
The integrity (or otherwise) of the barrier was indicated by the
acidic resoonse on the cortical surface to intravencus Ha H003¢
These exvperiments led him to postulate that concentrated solutions
opened the BBB by shrinking the endothelial cells, thereby widening
the tight junctions by the tension exerted upon ihem by the
retracted cell membranes.

Rapaport, Hori & Klatzo (1972) extended this work by testing
a large selection o¢f concentrated solutions. The solutions were
applied to cortical pial vessels or given by intracarotid infusion.

Their effect on barrier integrity was demonstrated by the ability

of/
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‘of the solution +to cauvse extravasation of an Bvans~blue albumin
complex (¥BA). The authors stated four ecriteria neccssary fov an
agent to act in accordance with the hypothesis c¢f barrier
disruption by hyverosmoitic cell shrinkage., HNamely, a) the solute
should act reversibly, b) it should not act on the barrier by
specific drug action, ¢) its damaging effect should increase with
increasing concentraticn and d) its effect shovld be related
inversely toc its ability to penetrate the cell membrane.
Concentrated solutions of highly lipid soluble, non-nolar scluies
wvere found to cause irreversible barrier damage, whereas poiar,
lipid-insoluble substances viere found to satisfy the criteric
outlined above. 3 concentration of 2M urez was found to be
the threshold dose at which the dye-~protein complex escaved from
the vessels.

Repaport and his co-workers demonstrated reversibility of
barrier cvening by the lack of XBA leakage when the dye was given
30 mins. after avonlicaticn of the test substance. Hewever,
isotope stuldies have shown that increased vermeability to albhumin

may remain for uo to 4 hours (Studer, Weleh & Siegel, 1974 "

I+ has been shown that an infusion of 2l urea or lactamide
ia the lingual artery, when the external and comron carotid
artery are temporarily occluded, will induce osmotic ovening of

the BEB in the ivsilateral cerebral hemisphere of the menkey,

without preducing gross neurolopgical deficits (Repaport & Thomyson,

1973). Moreover, in baboons osmotic barrier disruption by urea
has nc effect upon CBF or the resvonses of flow tc hyrercannia
or acute hypvertension (Pickard, NacKenzie, Durity, Welsh, lanzfitt,
Jennett & Harver 1975).

The distribution of EBA and ERP was investigated, following
an intracarotid infusion of 3X urea in rabbits (Bri ghtman, Hori,
Rapaport, Reese & Westergaard, 1973). Both the dye and peroxidase
crossed some vessels. Capiliaries were mainly affected; althousgh
some arterioles and possibly venules were alsc involved.,
Peroxidotic resaction product was demonstrated within exiracellular
peols between successive tight juncticns. The endothelial cells
aid/ '



‘did not avpear to be shrunken but the authors voint out
rehycration may have taken pluce during faixation or during the
interval between urea infusion and fixcation,

Tracer could possibly be delivered across the vessel wall by
vesicular transvert. The aforementioned authcrs noted that
cytoplasmic vesicles containing HRP were few in numter. Large
calyciform cicterns, some contazining HRP, werc obuserved in the
endothelium. Whether these can transport the trecer to the
abluminal surface is yet to be determined.

Contrast media are known to have & deleterious effect uvon
barrier function (Broman & Olsson 1948, 1949).

This may be & result of an osmotic effect on the barrier cr tae
divalent ion content of the medium may be of imvortance. Ths
rate of pinocytesis is reported to te elevated by divaelent ions.

(Jo&, 1971).

Hyvertenzion

Acute arterial hypertension may damage the BBRB. It has been
shown that an abrunt rise ia blood pressure of more than 20 mm. g,
induced by the intravenous injection of Aramine, resvlts in the
extravasation of previously administered FEBA (Johans son, Li,
Olsson & Klatzo 1970). Johannson & Linder (1974) acutely raised
blood pressure in dogs by clamving the thoracic zorta and attridbnted
the resuliing barrier disrudtion to increzsed intra-luminal
pressuvre and not to the direct action of the pressor drug given in
the previous study. Haggendal & Johansson (1972) found that
stepwise increases in blood pressure induced by Aranine did not
cause BBA extravasation.

The extent of barrier disruption in acute hynertiension has
been shown to be more widespread than has been indicated by ERA.
Studies involving the adminisiration of EBA and HRP before Aramine
induced hyvertension have shown that increased permeability as
evidenced by HRP extravasation occur outwith as well as within
those delineated by EBA (Brightman & Broadwell, 1976}.

Chronic hypertension also increaced the permeability of

cerebral/



cerebral vessels to tracer substances. Giacomelli, Yiener &

Spiro (1970) revorted enhanced permeability of cerebral vessels

to HRP in rats submitted o renal hypertension of 2 1o 5 weeks

duration.

The increzsed intraluminal vpressure in both zecute and chroanic
hypertension is thought to cause overdistension of endothelial
cells leading to a pathologically increased permeability. Eansson,
Johansson & Blemstrand (1975) have shown that in acute hyonexrtension,
peroxidasze can penetrate both through and between endothelial cells
in arteriolecs, capnillaries and occasionally venules.

It can be seen from the above selection of the literature
that there is strong evidence to link hypertensive states to
increased barrier vermeability. The situation in the srinal cord
is much less certain. Vo studies relating the sovinal barrier *o
hypertension have been reported in the literature. Our cwun
(unpublished) preliminary observations (CGriffiths & Crawford, 1977)
have indiceted that Aramine induced acute hyveritension, which
produced multinle gross feci of HBBA extravasation in the brain,
failed teo vproduce similar lesions in the spinal cord. Further, no
evidence of NBA fluorescence was seen in the cord on microscopical
examination. Whether barrier damage could be demonsirvated with the

more sensitive tracer HRP remains 1o be deftermined.

Tumours

The permeability of the barrier is known to change in association
with neoplestic conditionse. In human malignant gliomas,
contiguous endothelial cells are not joined by tight junctions

(Long, 1970). This ebnormality is seen also in choroid plexus

[y

vapiliomata induced by the iniracerebral injection of 3V rus in

40 vi
newborn Syrian hamsters and E¥BA and HRP can escave from the vessel
lumen to the vericapnillary environment. Xndothelial fenesirae zare
also seen. Xach fenestra is covered by a thin diavhragn which vary
or may not be permeable to protein (Brightman & Broadwsll 1976).

In metastatic tumcurs, new caprillaries may resemble thoses of
their tissue of origin. Intracerebral metsstatic lymrhomas exhibit

endothelial cells characteristic of a normal lymph node, rather than

of/



of cerebrzl carillaries (Hirano, Ghatak, Backer & Zimmermar,
1974).

Cther Situvations

Many other states can be resvonsible for altered brain
permeability. The following illustrate some examples. linrked
extravasation of labelled serum protein occurs in connection
with exverimental brain concussion (Rinder & Olsson 1968).
Following acuie spinal trawna induced by the weight-~dropping
technigue, alterations in the integrity of the erdothelial
tight junctions were revorted oy Goodman, Bingham & Hunt (1976).
Criffiths & Hiller (1974) noted +that EBA leakage occurraed in
experimental spinal injuries, predominantly in veins and venules.

Increased bazrrier permeability to EBA occurs as 2 reaiatively
late event to cercbral ischaemia (Hossman & (lsson 1971, Ito, Co,
Walker, Spatz & Klatzo 1976). Following cerebral ischaemia in
gerbils induced by occlusion of the left common carotid artery,
lestergaard, Go, Klatzo & Spatz (1976) assumed that transendothelial
vesicular transvort was resovonsikle for the extravasation of
blood~borrne HRP, as no endothelizl or tight junctiorn damage waz
evident.

Severe hyvercapnia has been shown to increase barrier
permeability (Cutler & Barlow 1966) and induced seizures can
cause transient barrier disruvption (Lorenzc, Shirahige, Liang &
Barlow, 1972).

Hudgins & Garcia (1970) have shown that even surgical
manipulations, such as exposure of the brain and retraciion of
cerebrzl tissue and the use of local electrocautery can increase
barrier permeability. The importance of these laitter findings

on investigations of barrier integrity is obvious.



‘The Effect of Norsdrenaline on Blood Flow in the Central Wervous

System

Little work on the effect c¢f vasoactive substances on SCBF
has been performed (Palleske 1968). This section, therelore,
presents a brief review of experiments performed to determine the
influence of NA upon CBF, Tt illvstrates the controversy, comments
upon some of the results obtained and provides a basis for
comparison with results ¢f the effect of WA on 3CBF presenied in
this thesis.

The question as to whether there is a functieral norzdrenergic
control of blood vessels within the CHS is of great importance when
one considers the effect of this amine on haemodynamics of the
central nervous system. A great deal of work hac besen carricé out
in an attem»t tc answer this guestion and while it is net intended
to review this maiter in depth, comment upon it must be made.

Bdvinsson (1975) has investigated and reviewed this subject
extensively. Using histcocfluorescence microscopy technioues, a
well developed supply of noradrenergic nerves has been found in
cerchral pial vessels, the arteriovles receiving a richasr supvly than
the veins. Intracerebral blood vesszels are relatively less well
suovlied, the density of innervaticn decreasing with decreasing
veesel size. However,; it has been noted by Owman, Edvinsson and
Nielsen (1974) that the denzity of innervation is not oaly related
10 the number of nerve terminals vreseni bul also the ameunt of
srmooth musculature suprlied by the aerves. The nerve terminals
vere related to the outer laver of smooth muscle in a manner
expected Tor true funciionzl innervation. These authors have also
shown thet the nerves originate from the suvericr cervical zangiion,
There is, however, controversy regarding the functicnal significance
of the innervation of the intravarenchymal vessels. Harrper,
Deshmukh, Rowan and Jennett (1972) have suggested that there is no
zutonomic control of these vessels and thzit they are influenced
only by metabolic factcrs, sympathetic stimulation resulting in the
constiriction of extracerebral vessels only.

Intracerebral/



Intracerebral adrenergic nerve fibrez, thoughi to originate
from the locus coeruleus of the brain stem were postulated to
innervate parenchymal vessels (Fartman, 1973), The influence of
thig system upon the vessels is however a matter of debaie

Thus, twe separate noradrenergic comvonents cccur in the brain,
a centrzl monoaminergic system originating in the brain stem and a
component arising from:the superior cervical ganglion. There
avpecars to be structural basis for a relationship between ihe
cerebral circulation and noradrenaline, Although the situaticn has
not bteen examined in detail; there scems to be an analagouvs
situation in tke spinal cord. The c¢crd is supriizsd by a devconding
norazdrenergic bulbospinal system anrd by norcdrenergic fibres
originating from the sympathetic chain (Ohgushi, 1948}, It has not
been determined if bulbospinal neureovwes ianervate soinzl vessels

but a relstionskin has been shown between cord vessels snd

perivheraliy orizinating sympathetic fibres (Chgushi, 1968).
Mercover, Mdvinsson has demonstrated by histofluvorescent technigue,

norasrenergic nerves in close assoceiation with spinal cord blood
vesgola, 3Some exambles of this association are illustrated in Fig.3.

Nany studies have been performed to elucideste the action of
noradrenaline on CBF. The results, however, have differed widely,
ranging from a decrease, to no change, 1o an increase in flow.

In 1952, King, Sokoloff and Wechsler examined the efiect of
NA on CBF in man, measured by the H 0 clearance technicue and found
a reductiion in flow. Essentially sxmnlar results were reovorted by
Sensenbach, Madison and Ochs (1953) and Moyer, Horris and Snyder
(1654). These studies revorted the effect of intravenounsly

T

administered NA in awake man. such 2 situation NA causes hyper-

ventilation. The concomitant reduction in pa002 values reroried by

these authors corresvonds avproximately to the decrease in CEBF nnied.

The lowered CBF values in response to NA administiration can, *herefore,

be explained on the basis of hyvocaonic alteration of flow czused
by drug induced hyperventilation,

Greenfield & Tindall (1968), investigating the effect of NA
administered by the intracarciid rcoute, found no effect of the

amine/
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amine on internal carotid¢ blood flow as measured by clectro-
magnetic flowmetry. Likewise, Qlesen (1972 mcssuring regional
CBF by the 15J76 clearance technigue, could dete no change in
flow to an intracarotid infusion of NA.

Thus, on closer examination of the human studies, there appears
to be little difference in the results. The findinzs from animal
studies are, howvever, more coniradictory. Intravenocus NA
administrotion has been revorted to decrease CBP in anacsihetised
dogs by 40% (Haggendazl, 16565 ). In these studies CBF was
measured by radioactive inert gas clearaznce. The results; hcweover,
would be rendered inaccurate, due to contaminaition from iha
extracranial tissues which were not removed in these experinents.
Ekstrom-Jodal, von Essen, and Haggendal (1974) wnroduced similar

esults but again extracranial tissuce were leit intact.

Lluch, Reimann and Glick (1973), investigating ihe effect of
several cencentrations of NA adminstered intra-arterially, noted
a dose dependent decrease in CBF in the unanzezthetised goatbe.

Flow was measured with an eleciromagnetic flowmeter previously
implanted on the internal maxillary artery, which in this species
provides the sole blood supply to the ipsilateral cerebral
hemisphere. Extracranial structures are also supplied by the
internal maxillary artery in the goat via 1the rete mirabile. The
effect of this sitructure uvon the results obtained by Lluch et 2l
was shown by Fdelman, Epstein, Cherniak & Fishman {1972), who noted
that NA administered oproximal to the rete mirabile causcd a
decrease in internal maxillary blood flow, whereas no reduction
occurred following NA infusion distal to it.

Green & Denison (1956) investigated the effect of NA on flcw
in the common carotid artery in dogs whese intracranizl circulation
had beern surgically isolated., No change in flow was demonsirated.
The experimental design in this study could be criticised on the
basis of the scale of the surgery required. The possibility of
traumatic alteration of cerebral haemodynamics could, thererore,
be suspected. Ito (1970) attempied to distinguish CRF and extra~
cranial flow by measuring flow in both the internal and commcn
carotid/
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this preparaition to NA

=

carotid arterics. The resronse o
essentially agreed with those of CGreen and Denisone.

Harper & Gabriclien (1969) found no differernce ia CEF
measured by Krynton clearance after intravenous FA at normotension,
However, the intracarotid injection of a large dose of WA caused,

a 30% reduction. This effect was not noted in subsequent
injections in the same animal.

Meyer, Lavy, Ishikawa & Symon (1964) found en increase in
intracarotid blood flowy in rcsponse to intravencus Nh, wiich they

e

interpreted to be secondary to chaages in systemic arterial blood
flow.

Intra-arterizlly administcred NA was noted to have a minimal
effect on CBF in the btaboon during normocapnia but had = significant
vasoconstrictory action duriung hyvercanniz when the intraparenchymal
vessels were near maximally dilatsd (Harper, Peshmukh, Rowan,
Jennett 1972, MacKenzie, MoCulloch & Marrver, 1976) . MacKenzie,
McCulloch, O'Keane, Pickard & Harper (1976) posiulated that the
absence of the resvonse of the cerabral circulation 4o HA at
normocapnia could be due to the presence of a blood—brain barriecr
to NA. Following disrudtion of the barrier with hypertonic uvrea,

2 49% increase in CBF was demounstrated. Circumventinrg the barrier
by injecting NA intraveniricularly, they agein demcnstrated an
increase in flow. Rosendorff and Cranston (1971) have demonsirated
a dual, dose-dependent resnonse of hlood flow in the nyvothalamus
in response to NA after intrahyvpothalamic injection cf the amine.
The smaller doses caused 2 rise in hypothalamic blood flew and

the larger doses caused {low reduction. The responses could be
abolished by the appropriate P-or¢x>noradrenergic antagonist,

respectively.
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Bicgenic Amine Levels and Acute Spinal Trauma
{(with special reference to noradrenaline )

The histopathological changes of progressive hocnorrhage
and necrosis which occur following severs blunt injury to the spinal
cord have been well descrided. (Ducker, Kindt and Kempe, 1972;
Wagner, Dohrmann and Buey, 1971)

In an attempt to explain the aectiology cf the progressicn of
the lesion Csterholm and MNathews, (1972a) propouaded a biochaivical
theory. Their hyvothesis was based on elevated levels of HA
within impacied cords which was 5 times that o the coatrol valuen
within 1 hour of an injury which should produce irreversible
paraplegia. They suggested excessive guantities of NA are
synthesised by spinal fibres in response %o severe trauma, This
accumnulated NA is released from the nevrones into the exiracelliular
space, inducing toxic vasospasm, seccndary hypoxiz and subseguent
tissue necrosis and haemorrhage.

Following these original observations a number of invesiigations

inte the relationship btetween biogeniec amines and spinal tvauna

[+

were carried out with widely difrfering conclusions. Uging a
identical injury technique, de la Yorre, Johnson, Harris, ¥Xajihara
and Mullen (1974) were unable to demonstrate a change in NA or
S-hydrozytryptamine (5-H.T,) levels one hour after injury, alihcugh
there was a non-significani increase in dovamine (D.A) levels.
Hedeman, Shellendherger and Cordon (1974) observed NA levels to
fluctuate considerably becoming subnormal at 45 mins. after injury,
attaining ncrmal levels at l% hours and returning to subnornziily

by 3 hours. In the same animals DA levels were dramatically
increased,; varticularly in the region 1 c¢m above the lesion site
reaching a peak at 45 mins post-trauma. DA levels at the site of
injury were also elevated, though not to the same extend. The

levels declined steadily over ihe veriod 45 mins to 3 hours poest-
injury, although they were still 2bove control values. Naftichi,
Demeny, Decreecito Tomasula, Flamm and Campbell (1974) reported

no change in NA or 5-HT levels 1 hour after impact injury. DA levels,
however, approximately doubled. The investigntions o¢f Rawe,; Roth,
Boadle-Biber/ '



Boadle~Biber and Collins (1977) likewise reveal no significant
change in NA levels at 1 hour pest-trauvma.

In contrast, Bingham, Ruifolo and Friedman (1975) tound a
progressive decrease in NA activity, following trauma, which
demonstrated the kinetics of a first order process., No significant
changes in DA levels were discovered at the injury site.
However, a significant increase was seen 4 hours post-traume ai
2 level of & thoracic segments caudal to the impacl site. Jivin,
Doppman, Reid, Taovraz, Saavedra, ¥Kovin and Jacobowits (1976)
measured bicgenic amine levels selectively in grey and white

[
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matier. NA decreased in the centre of the lesion within

was

of a tramwmziic insult. In surrounding white matter its leve
unchanged or decreased. 5~HT also decreased in the lesion centre
but increased at the lesion edges. They reported no change in
DA activitye

It is apparent that the ahove studies vrovide little suprort
for the hypotuesis of Ceterholm and Mathews., However; Tsubockewa,
Nalkamura; Hayashi, T2gume, Sugawsra, Goto and Horiyasv (197%)
noted a fise in spinal cord NA from & control level of 0.6 ug
NA/gm of spinal cord tissue (wet weight) io O.88lpgjgm at 30-60 mins
vost~trauma. (These authors s»nacifically point out that their
experimental procedure paralleled that of Osterholm and Mathews ).
Moreover, they demonsirated a threefold rige in 5~HT content in
the same site and stated that while NA levels were nol markedliy
elevated in the presence of marked central necrosis, the severity
of 4he lesion had a direct relationshiv to the level of 5-iT
(rather than N& as suggested by Osterholm and Mathews). Shounliz
(1977) noted a twofold increase in the level of NA at the site
of impact 2t 1 hour following itrzuma and @ reiuvrn to control levels
by 2 hours. The two letter revorts are the only publicziions
describing an increase in NA and in neither case did the KA content
of the svpinal cord tissue reach the dramatic heights descrited in
Osterholm and Fathews'! studies.

It can thus be readily avprecizted that a great disparit;

of opinion is present, not only with regard to the behavicur of
Na/



NA after injury but also to 5~-HT and DA, A satisfactory
explanation of these widely differing results is difficuli.
However, the following factors mey be of importance:—

1) The technicue of amine determination

This is arguably the mnost important factor. As can be seen
from Table 1 fluorometric technique produced a wide range cf
results, In one study a range cf 0.33 - 0.75 ug NA/gm spinsl
tissue ﬁet weight was oroduvced (Osterholm and Nathews, . 1972a).
These values are in marked conitrast to that of Zivin et al (1976)
who, utilising & radiometric enzymatic assay method., gave the
resting NA content of a corresponding segment of spinal cord to
be 0.148 ug/gm. Clearly, the sensitivity of the technigue uvtilised
is ¢f prime importance.

2) Segmental level

It has been shown that NA concentration varies with
segmental level, Bingham, Ruffolo and Gocdman (1975) have noted
that the highest NA levels were found in lower cervical and
lumbosacral regions, correlating directly with the amount of grey
matter present in the segment. An essentizlly similer sitvation
wag revorted by Rawe et al (1977).

3) Sesmental Rhvthms
Reis and Gutnick (1970) described muitually independent

segmentally specific rhythms of NA in the spinal corde. Cl~2

and sacrococcygeal segments showed a circadian rhythm z2nd a
btiphasic cycle was seen in segmentia T9‘~ 13. Clearly both the
segment and the time of sample collection must be taken into account
for accurate comparison.

4) Method of producing svinal injury

The most widely used technique of producing a measurahle and
reproducible injury is based on the method of Allen (1911).
Basically, a known weight (in gms) is dropped a known disiance
(in cms) on to an impounder made of some lightweight substance
resting on the intact dura of the surgically exposed svinal cord.
The magnitude of the injury is calculated as the produci of the

weight and the distance the weight itravels before impact (gm. CMSe)e
This/
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This latter expression relates %o energy and not fcree. Force

is defined as energy exerted per unit area, Thusg, the crogg—
sectional area of the impounder must te taken into account. It

is reasonable t¢ suppese that following injury, the reaction

of a particular biogenic amine in thec sovinal cord may vary with

the magnitude of injury. Thus, accurate comparisen of the revorted
studies is comnlicated by the various impact energies and imvouvnder

I3

dimensions which have been used {Table 2 ).

In one study, injury was proéuced by the rapid inflation of
a Fogarty balloon ingerted into +hie encloced spinal columa via
an intervertebral foramen, making comparison wilh resulis
utilising the weight dropping technigus even more difficult.

5) Species difference

Many different species have heen employed in these stuvdies.
Resting values of the amines may bve different in cerresvonaing
spinal cord segments of different animals. loreover, there is
great species variation in damage preduced hy Ailen's weight
dropving method. Rats and rabbiits are severcly wounded hy 3

50 gm.cm. energy impact (Howitt and Turmbull, 1972), vet an lupact
of approximately 500 gm.cm. is needed to producs a corresnonling
injury in larger mammals, such as the dog. Talbles 1 & 2 list the
experinental animals used in the reported stuvdies,

Vise, Yashon and Hunt (1974) offercd an alternative
explanation of the increased NA levels in injured spinal cords
observed by Osterholm and Mathews. Using histofluoresceatd
techniques they suggested 1hat NA accumilsted in the cord from
exogencus blood-borne sources,; gaining eniry via the damaged dblood-—
cord tarrier. This was not confirmed by Bunegin, Albin and
Jannetia (1976), who found no difference in (33) ~ NA content of
contrcl and traumatised cords after its intravenous administrziion.

I4 can te seen from the above brief review of the literature
of biogenic amines and spinal trauma, that a great deal of
cenfusion abounds. Clarificaticn of the behaviour of these amines
awaits the careful application of amine turnover studies in spinal

injury situations.



The Fffect of Noradrenzline on Sninal Cord Blood Flow

befere and after blood-cord barricer disruvtion with Urea
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' METHODS

Surgical Prevaration

Unselected dogs of either sex, weighing between 10 and 20 Kg.
were used in these experiments.

Anzesthesia was induced with thiopentone sodium (25 mg/¥g)
and maintzined on a semi-closed system with a 50 nitrous oxide/
oxygen mixture and 0.5% Halothans. The gas mixiure was delivered
through a resviratory vump, its rate and volume adjusted to
meintain normocarbia during the surgical preparation and subsequent
measurements. When surgery was complete, the halothens was
discontinved and anacsthesia maintained with a 1% soluiion of
alphachleralose (60 mg/Kg) adninistered intfavenously. To aid
surgery and prevent reflex movements during the intraspinal
placement of blcod flow electrodes, muscle paralysis was produced
with intraverously delivered succinyicholine (1 mg/Kg).

Additional doses were given as necessary.

A Temoral artery and vein and one brachial artery were
cannulated, the latter for the continuous electromanometric
recording of arterial blood pressure and the withdrawal of vlood
for the analysis of arterial pCO, (paCOz), vC, (paog) and ph.

Base deficit was corrected where necessary with an 8.4% ("siandard“)

sodium hicarbonate solution using the correction formula of

Astrup, Siggard--Anderson, Jﬁrgenson and Engel (1960): -

viz., HNa HCO, = Base deficit x Body weight (Kg) x 0.3

(empirical
correction facter)

The femoral artery cannula was used for the administiration of test

substances. Pharyngeal temperature was measured with a mercury

thermometer and heating lamps were used 1o maintain the

temperature between 37 -~ 38°¢c.,

Via a midline laparotomy incision, the abdominal zorta
was located and the following branch arteries ligated ~ the
posterior mesenteric artery, an external iliac artery, that part
of the aorta just preoximal to the bifurcation of the internal
iliac arteries, both deep circumflex iliac arterics, and in male
dogs/
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dogs the testiculer arteries were also ligsted. The femoral
artery cannula was adjusted sc that its t1ip was positioned

in the aortz at the level of the 4th lumbar arteries. A ligature
was then tied round the external iliac artery of that side,

Prior to cleosure of the abldominal incision, the Sth left lumdar
artery was cannulated retrogradely for the continuous recording
of blood pressure. This lumbar artery was chosen beczuse it

has been chown by Doppman and Ramsey (1971) that, ‘at this level,
the arterial sunuly to the spinal cord is derived mainly from the
4th left or Hth right lumbar arleries. Thuse cannulation of the
5th leftd lumbar artery should give an indication of arterial
blood pressure in the lumbar bed without disturbance of spinal
cord blood svpply. The pattern of ligations and cannulations iz
shown schematically in Fig 4.

The enimal was then placcd in sternal recumbancy and a
3=level dorsal laminectomy was performed to cxpose the L2,
Lr)._5 and Sl«Z segments of the spinal cord. The bone was sealed
with bone wax, epidural fat remnoved and the dura meter incised
and refleclted. Perspex laminas were inseried to replace the
removed bone and these were heid in vlace with dental cement. 7une
dog was then suspended by four Steinman intramednllary oins insertsd
through avpropriate dorsal spines and atitached to retert siandc
bolted to the operasing table, By this means, the respiratory
movenents “o the spinal cord were effectively eliminated.

Hydrogen sensitive electrodes, for the determination of SCBF, were
inserted into the cord througn holes drilled in the perspex
laminae and held in place with dental cement.

Calculation of SCRBF

SCBF was measured by the hydrcogen clearance technique. This
method, utilising vpesitively polarizad needle electrodes inserted
into spinal cord tissue, and hydrogen as the freely diffunsible
indicator, is based upon the Fick principle. This principle has
teen deald with in the relevant review seciion but as it is of
paramount importance in the derivation of a formula 1o calculate
SCB®, it will e restated herc.

Assuming s single homcgenously perfused tissue, the Fick

principle/




principle states that the amount of gas exirazcted or relensed
by a tissue ics egual to the guantity coaveyed to it by the
arterial blood less the guantity removed by venous blood,

i.0., %% = F (Ca - Cv) SO SRUNY UMV ; 1
Where @ = guantity of hydrogen taken up or given out by a tissue
in time t.

F blood fleow

Ca = arterial concentration of gas

Cv = wenous concentration of gas
If Ci is tak%Xen to be the concentration of gas in a tissue of
veight W (gms).

G B8 B U cossravsiimimnssnssnetrssntsbhsnssbsthsss Loy
Substitution of{2)in equation(l)and rearrangement reveels.

dCi F
E;— = ﬁ (Ca - CV) '-o-.oao--uu-ncncoauﬂco-o-v.o-.-ca(}}

For a highly cdiffusible and lipid soluble gas such as hydrozen,
it may be ascumed that the tissue is in instantaneous diffusion
equilibriuvm with venous blood throughouvt the whole saturation

(or desaturation) period.

(]

Gi

ie@ey Ui = ACv or Ov = \

e'o-coﬂoeoc.ootnaeclaooao#(d/
where }\ & tissue/blood vartiticon coefficient.

Substitution of (4) in (3) gives:~

1651 F

)

%f- = w (C& - Ei) oaocoooooo'ooc.oooucnneoa*xocu-00(5)
: A

In a desaiuration process, the arterial concentration can be

taken 1o ecual zero.

Thus aci F s
d‘t = “A v 0..0.0-.¢Q..OOO!00000Q.0.00‘»..(...(6}

In a homogencusly perfused tissue j?ﬁ is a ccnstant (&)

Thus Ci

Ej:_ = —.kl‘i ...0l‘G..l..l!".l.f.'.'....'1.'..4(7)
v
Integration of (7) gives
P : -kt - o e ;
Ci = Cloe * {where Clo = initial concentration

of hydrogen in the tissue)
This last formulza describes a simple moncexponentizl curve.
When the concentraticn is plotied against time on semi~logsrithmic

paper/



paper the resultant granh is a stiraight line. The time taken
for the concentration to reach half of its initial value ($3)
2

is expressed by loge 2 521
A}

F
Therefore flow is determined vy the formula,.
F__ log, 2% _ 0.693h
. t, Ry
2 2

Thus, with a knowledge of {the t% and )\ the weighted flov in a
homogenous tissue can be caleulated., }\ used in the calculation
of SCBF is taken toc be I. (Auckland, Bower and Berliner 1964).

The same formuvla can be uzed to calculate fiow in
hetercgeneously perfused tissue provided the follewin& assumpvions
are taken into consideration, vize., 1) that the arterial
concentration of gas during desaturation is zero; 2) +that the
partial pressure of hydrogen in each type of tissue is the same
as in the venous blocd which drains ity 3) that the iniiial
concentration of gas in each tissue is the same; and 4) that the
partition coefficient is the same for each tissue.

If the clearance of gas from a heterogenously perfused
tissue is plotted on semi~logarithiic paper, the slope is not a
straight line but cdecays with time, due t0 gas being more rapidly
cleared from areas with hicher flow rates than from tigsues which
are more slowly perfused. The "tail-end" of the curve reflects
flow in these latter areas. The curvecan be resolved,by
compartmental analysis into fasi and slow compartments; ihe initial
part of ithe curve refleciing the average flow of the compartments
being detected.

It has been noted by Griffitus, Rowan and Crawford (1975)
that only 40% of the clearances recorded from spinal grey maiter
vwere biexpcnential. The SCBF values in this section are therefors
presented as flows calculated from monoexponential clearances or
from the slow component of biexvonential clearances,

Blectrodes and Recording Circuits

The tissue electrodes were constructed from 0.2 mm. grade 2
platinum wire, These were thinly cozted with asraldite and the

terminal/



terminal 1 me. seraped barc, care being taken to ensurce that

the araldite/platinum Junotion was smocth and the naked pletinum
tip was sharp. This procedurc was carried out under a dissecciing
microscope. Insulation provided by the araldite, was checked,
both visually and electrically in saline using a liltimeter.

The electrode tips were cathedised in a 5% slatinum chloride

golution,

A silver/silver chloride TEG electrode implanted subcutaneously

in the animal's back was used ag a reference siectrode and a
positive polarising veoltags of TO0 nmv. was employed.

The current gencrated from the oxidation ¢f hydrogen at the
tip of the recording elcectrede was ampliified using a w«ix-channel
system, Analog Devices amplifiers; type 233K whieh have iow
input bias drifts eof less <than lpA/OC were employed. These were
set so as to give an output of 1 welt for an input of 1 microamp.

The system is shown schematically in Fig. and the amplifier

i

circuit diagram is shown in Fig. 6, The output from each
amplifier was displayed cn either single or dual Servoscribe
recorders. Fach amplificatiorn channel was provided with an inout
balance control so a zerc basze lire on the recorder could be set

10 corresovond with a zero hydrogen concentration in the tissue.
Moreover, each recorder was provided with a wvariable gain conirol
allewing the hydrogen concentration z2guilibrium plateau level

to be set at full scale deflection without affecting the original
zero concentration setting. The amplifier bandwidih was restricied

1o 0=~1 Hz 4o limit the effect of high frequency noise.

Administration ¢f the Indicator

Hydrogen gas was introduced witn the respiratory gases into
the anaesthetic circuit, before the respiraiory pump. During
the inhalation of kydrogen, the N20 was discontinued znd the O2
increased so that an apvroximate 60/40% mixture of OQ/H? was
delivered. The recorders registered an increasing conceniration
of hydrogen in the tissue and, when a plateau was reached,
saturation was deemed to bhe zachieved., The hydrogen was then
turned/



turned off, the original N,O/O2 mixtuvre resumed and the hiydrogen

.
[~

clearance curve was monitored. SCE} was calculated using the

formula derived previously and the results exvressed in mi/lOOg/min.

The Effect of urea on SCBF

Six dogs with a total of 16 electrodes were used to determine

the effect of urea on SCBF., Five electroedes were placed in the

A

N : - ~ . S R . )
> segments, seven in L5-5 and four in Sl~2. In ecach exveriment

at least three determinations of flow were performed Yo establish

4

baseline values. Following the control measurcments 1.5 ml/Kg of
2.5M urea was administered intva-arterially over approximztely
ten seconds via the femoral cannula, and a series of three
clearances were made after temporary disiurbance in vlocd pressure
had subsided (see results).

In order to demonstrate that urea had cdisrupted the blood-
spinal cord barrier, the following procedure was carried out.
At the end of the experiment a 2% solution of Ewvans Blue with
5% albumin (EBA) made up in normal saline was administerad by
slow intravenous injection at a dosage of 10 ml/Kg and a further
intra-arterial injection of urca was giver. The animal wes killed
shortly after; the electrode positions marked by diathermy and
pieces of cord removed for fluorescent microscopy and histolopgicel
examinaticon. Histological sections were stained with haematoxylin

and eosin, Martius scarlet blue and cresyl violet.

The Effect of Noradrenaline on spinal) cord blood flow before and

after disruvntion ¢f ithe blood cord berrier.

Thirteen dogs were used for the exveriments. The z2animals
were prevered zs previcusly described. No measurement of SCEF
was verformed until at least one hour zfter electrcde placement
to allow complete volarisation of the electrodes,

At least three control measurements were made. NA was then
continuously infused into the aorta using 2 slow infusion pump
set at a constant rate (lml/min) and three further measurementis
of SCBF made cduring the infusion of NA., PFlow determinztions
commenced once arterial blood pressure had stabilised. On

completion/
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completion of the third measurement the WA iufusion wes
discontinved briefly while the blood=cord barrier wes disrupted
by the intra=-arterial injection of uvrea as previously described.
The infusion was then continucd and three Turther measurements
of flow verformed.

The NA was prepared f*eshl; az g soluvtion of noradrenaline
hydrochloride® (as base) mads u» in normal saline. A emall
guantity of ascoerbic acid wes odded to the sciulicn to improve

onconirations oif oxther

0

the stability of the drug. Infusion
la ng/ml or SO/pg/ml were used. The results oresented are from
v

the L2 and L. . segments of {the cord. The raitern of response ai
ey

was similar but there was insufficient data al ihis level

D

Sl---2
for statistical analysise

Following the experimenfe, electrode vositicus were marked
by diathermy 2nd samples of spinal cord taken for histolegical

examination.

The Tffeat oi o Adrenergic Blockade

The effect of ol-adrcnergic blockade on SCBF during infusion
of 0}‘1 LA/nln after blood~cord bharrier digruption was studied
in three dosz. Three control measurements of flow were followed
by the irtravenous injeetion of phenoxybenzamine®** (PBZ; 1.5 mg/Kg).
After blood vressure stabilisation two more Tlow measurements were
made. The barrier was then disrupted by injection of urea,

NA (BO‘py/mln ) was infused intra~arterially as described and
three further measurements ol {low made, Values were obbtzined

Trom Lq . segments of the s»inal cord,
b

¥L~Arterenol: OSigma, Lendon Chemical Co.Lid., Kingston-uvon~Theames
*¥¥* Divenyline: S, K & F Laboratoriesz Lid,



‘RESULTS

The control flows in these exveriments were similar to those
obt=zined vreviously with the bydrogen clearance techaigue.
(Griffiths, Rowan and Crawford, 1975). Moreover, a similar value
was obtained with regard to the ratio of monocexdonentizl to
biexnonential clearances. In ihe present study 62.5% of clearances
were slow monoexponﬂn{ial curves,

Mhe effect of vreas on SCBF The ligation precedure described

o

in the section on surgical preraration had no effect upon resting
arterial blood vressure. After injection of ureaz, bhowever, the
mean systemic arterial blood v»ressure rose Ty avvroximately 30 mm.
Hg. This waz accompanied by a corresvonding fall in 5th left
lumbar arterial vressure. These paramciers returned to resting
levels within 20--30 seconds (Fig. 7).

The results of the blood flow measuresents are tabulated in
Table 3 2nd presented in grapdhic form for the L5—6 level of the
cord in Figz. 8.

The histolcecgical z2nd fluoerescence features are sxamined in
greater detail in a later scection. FPowever, it can be statzd
here, that sections of cord examined by fluorescence microscoeny

.

revealed YBA in vessel walls ceonfirming the disrvpiion i e

i

blood~cord barrier. The sections of the paraffin-embedies

).

material aopeared normal.

The effect of noradrenaline on svinal cord blood fiow aftan

disruotion of the blood-ceord tarrier.

12}ufndn infusion: The effcect of tnis concentration of NA uvpon
SCBF at the L5~6 level of the cord before and aiizr blood-cerd
barrier disruntion with ureca is shown in absolute values in

Tavle 4 and Fig.2 and expressed as ihe vercentage change of control
in Fig. 10, Before disruption of the barrier, NA was without
overall effect on SCBF with the exception of the first measurement,
which was significantly incresased (p{_0.0S). However, this flow
figure is not significantly different from control vhen expressed
in atsolute values nsing the same statistical test. (Students
t~test for paired data)

Following/
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‘ Fnallowing disruvtion of the barrier SCBY was reduced
significantly in the second and third clearances (Table 4: Fig.9).
The large scatter in Fige 10 is duve to the results from two
alectrodes (one exveriment ) where blood flow doubled in response
to NA, otherwise the tendency was for flow to decrcasc.

The effect of a 12‘pg/min. infusion of HNA upon flow at the
L? segment of the cord is shown in Table 4 and compared with ihe
some infusion at the L5—6 levzl in fig, 9, KA given prior to

~

barrier disruption had no significant effect on SCBF. Follewing
disruption, a significant decrease in flow was observed on the

third measurement.

ﬁpApsfmin infusion: The results at the L5-6 level are shown in
="

Table 5 and Migs., 9 and 11. Althouglk the first flow Tollowing

NA infusion was significantly increased (v< 0.02) the two

subseguent flows showed no sigmnificaant difference from cozntrol

Lfter blood-cord barrier disruption there was & marked ana
progressive decrease in SCBF in response 1o WA infusicn. In
three of these exveriments {6 electrodes), there was a comolete
cessation of flow following disruption of the barrier.

At the L2 level a similar but less marked reaction cccurred
in respense 1o an infusion of 30 pe NA/min. Again, the first
flow following WA infusion was significantly increased (¢ 0.05)
andé after barrier disrupticen a progressive decrease in flow
occurred, This flow reduction was significant in the 1lazt two

~

measurements. The results are presented in Table 5 and Fiz. C.
Neither blood pressure ncr pC02 before and alter blocd—cord

barrier disruption in both the 30 p it and 12 ) 3 exveriments

differed significantly from control. The results for blood

vressure are presented in Table 6 and for CO2 in Table 7.

The effect of oL adrenersic blockade

K -zdrenergic blockade was by itself, without significant
effect/

[



effect upon SCRF, althoush mean arterial blcod pressure was
significantly reduced from 139 i 9 mme Hg. (mean : SD) %o

87 - 13 mm.Hg. However, it abolished the pronocunced
vasoconstricior action of an infusion of 30 JE NA/:nin afier
blood~cord barrier disruption; the resnonse being significanily
different from that with FA and barrier disruvniicn alone

(p< 0.001 by grouped analysis). The resulis are presented in
Table 8 and the responses of the individual clesrances are in
FPige 12, '



DISCUSSION

Blocd=cord barrier disruvntion

The blood-brain barrier consists anatnmica?Ty cf tight
junctions between the adjacent endothelial cells of venules,
capillaries and arterioles. In addition these cells exhihit
a low rate of pinocytotic activity (Recse & Farnovsky, 1967,
Westerpaard & Brightman 1973). This arrangement, together with
large amounts of degradativ enzywmes, especially monoamine oxidase
within the endothelial cells (Pardridge, Conner & Crawford 1973)
effectively vrevents the entry of amines from the biood into ihe
brain and spinal cord parenchyma. To study the effect cf a
systemically administered, barrier-limitecd; vharmaccologically
active agent on SCBF, it is necessuary to disrupt this barrier,
preferably in a manner that wiil minimelly affcct cther carameters,

Rapoport, Hori & Klatzo (1972) nave describeld variocus methods
by which the blood~brain barrier may ba disrunted snd have
investigated in detail the a2bility of intra~arierially administered
sclutions of urea to reversibly open the barrier (ia vovort,

Bachman & Thompson 1972, Ravovort, Hori & Wletzo 1971, Rapoport &
Thompson 1973). Brightmen, Hori, Rapovort, licese « Westergzard
(1973) have produced electron microscopic evidewunce that a
hyperosmotic solution of 3l urea may rcsult in the openirng of

kY

endothelial junctions through which horse-radich
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vass from the blood to the extracellular fluid of the Traine.

Pickard, McKenzie, Durity, Welsh, Langfiit & Jennett (1975) uave
revorted that intracarotid infusion of hypertonic uvrea onened the

blood~brain barrier to Bvans blue albumin and penicillin & out
did not affeci cerebrzl perfusion, metabholism, autoregulation cr
CO2 reactivity.

The present study demonstrates that 2.5 ¥ urea will
effectively disrunt the blood-cord barrier, 25 evidenced by the
presence of Evans blue albumin complex within veesel wzlls and
perivascular svaces and the urea itself does noi alter SCBF.

The technicue of muliiole arterizl ligations was chosen
in preference to selective arterial catheterisation, as this latier
method/
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method invclves the injection of contrast materials which may
themselves alter barrier permeability. BSelective arteriel
catheterisztion could also comecromise bicod suovnly to the level

L

of cord being investigated. The ligations themselves do not
alter SCEF as control measurements in these experiments zre
within the normal limits for SCBF as previously determined by

the hydrogen clearancé method {(Criffiths, Rowan & Crawford, 1975).

The effect of noradrenaline on SCBR

-

The effects of NA on cerebral blood flow hpve Teecn the
subject of intensive study for many years (see relevani rewicw
in this thesis) and renorted eifects have ranged from vasoconstriction,
to no change, 1o vasodilatation. Intra-arterially administered
NA has a minimal effect on cerehral bhlood flow in the batoon
during normocapnia, but has a significani vesoconstrictory action
during hypercapvnia, when the intraparenchymal vessels are nsar
maximally dilated (Harper, Deshmukh, Rowan & Jennett 1972,
McKenzie, McCulloch & Harper 1976). HcKenzie postulated that the
inability of NA to alter cerebrzal blood Tlow at normocazvniz was
possibly due t0 ithe presence of & blood-brain barrier ic LKA, 1If
NA was administered following bharrizr disruption; large increases
in cerebral blood flow were observed, a resvonse which may be
secondary to changes in cerebral metabelism, rather than a primary
vascular action. ( McKenzie, NecCulloch, O'Keane, Pickard &
Harper (1976))

In contrast, Raichle, Hartmar, Fichling & Sharve (1575)

3
H
o
ot

revorted that stimulation of ascending noradrenergic cere
pathways by cartachcl resulted in a decrease in cerebrzl verfusion,
Support for both views can be found in the work of Resendorff &
Cranston (1971) who demonstrated a dual, dcse~devmendent flo
response to NA, smaller doses causing a rise in hyroihalanic blood
flow and larger doses a decrease in flow. At the larger dose,
inclusion of phenoxytenzamine in the injeciate prevenied the
vasoconstrictor action of NA., Rosendorff & Cranston suggested that
at this dosage NA acted directly on vascular receptors bui a

metabolically/



hetsbolically linked event cannot be excludad. (Neight &
Salmoiraghi 1267) In these experiments the blood-«brain barrier
was by-rvassed as test.substances were injected directly into the
hyvothalamus.

In the present experiments,; bolh concentrations of NA

significantly reduced SCBF at the L segmente of the cozd

5=6

following osmotic blood-cord barrier disrurtion, the higher dose
producing the greater reduction. The same patitern was obrerved
at the L2 cord lewvel but the degree of flow reduction was not as

great as was vproduced by the same concentration at the L level,

5=6

(Fig. 9). This could be cxplained on the basis of the relative

cr

blood supnsly to the two cord levels by tbhe 4th lJumbar arteries.
The L5“5 level, receiving the greatzr provortion of flow from this
source, would in turn receive a higher coacentration of WA than
the L2 segment .
Prior to disruption of the barrier HA was without effect
upon SCBF, with the excepiion of the first clearances, following
the commencement of infusion of NA when increases in flecw were seen.
Significant increases were seen with a 30 pg/min infusion at boih

the L2 and L levels, the increasc at the latter level being

5=6
more marked. The 12 Pg/min infusicn produced a non-significant

increase at the L level and nc effective change at the L2 segment .

-6
The degree of chazges can be relatec to the dosage administered
and the relative blood suodnly to the cord segments, as cutlined
above,

These increzses, however, were unexpected and are difficult
tc interpret. McKeazie et 21 (1976) using a non-invesive method
of cerebral blood flow determination, cdemonsirated an increase in
flow to NA fellowing hyverosmotic blood-brzin barrier disruotion,
They combined the flow studies with ceretral metabolic
investigations and noted increases in the cerebral metabolic rates
for oxygen and glucose in association with the Fflow increase.

The present study used intravarasnchymally placed blood flow
electrodes, which necessarily are invasive. It is vossible thai
the electrodes vroduced a localised damage of the blooid~cord

barrier/
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barrier around the recording tip of the elecctrode, thereby
ellowing enough NA entry to the cord parenchyma to stimulate
local neuronal metabolism and cause the increase blsod flow

in that arca. Unfortunately it is not yet pcssible o anply

the metabolic studies used in the brain to the spinal cord
because of the complexity of its blood supply and drainage.

The return of flows to more normal levels counld then be cxrplained
on the grounds of a developing tachyphylaxis to the resconse.

Pra=treatnent of animals with PBZ, which by itscll was
withovt effect on SCBF, prevenited the marked decrease in ilow
caused by the higher dose of NA follewing barrier disruntion.

The evidence suggests that flow reductions are mediated via
~=adrenergic recevtors. With the vresent technicues it is not

ssible to deterinine whether thec.-mediated reductions in
SCBF are the result principally cf z direct vascular zcticn of
NA or due io ¢4 ~mediated changes in the metabolic demands of
spinal cord tissue.

The present study does not give any indication of the amount
of active NA needed to decrease flow as an unknown "“dilution"
ccours, The intra—-arterially administered drusg is dir
extraspinal tiesue as well as to the cord itself, Only a small
percentage of the amine which reaches the sn»pinal cord will actually
cross the tarrier. It has bezn shown in the brain thet{ after
osmotic disruption of the blood-brain barrier with urea, there
is a fourfold increase in permeability to NA (Herdebo, Bdvinsson,
McKenzie & Cuwman, 1977). In normal tissue the active

1

concentration will Ye further reduced by neuronal upiake, Thus,
an estimate of the true concentration of NA cavsing the flow
reductions can not be made., However, considering the initial
large concentrations of NA used 1o depress flow in the present
experiments and taking into account the above diluting factors,

it is likely that the active NA concentration is still in excess
¢f that vsed by McKenzie et al (1978). The possib%lity thercfore
exists, a2s suggested by Rosendorff & Cranston (1971), that small
doses could increase flow through metabolic stimvlation, higher
doses/

I



doses producing ¢A~mediated reductions in flow.
The relevance of the present findings in the na

of acute spinal trauma will be discussed serarately.

iy
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MATERIALS and METHODS

Cats weipghing between 2 and 4 Kg. were used for these
experimenic. Anzesthesia was induced with & minimal dose of
Thiopentone and maintained with a 1% solution of alrhachlcralese
(60 mg/Kg I.V.). FEndoiracheal iniubation was performed and
100% cxygen delivered via a wvesviratory pump whose rate and
volume were adjusted to maintain normocannia (quO : 32 mmJHge ).
Additicenal doses coi alphachloralose were admlnlutered A8 necessary.

One femoral vein wss cannulated for the adminisiration of
anaesthetic and other drugs., A femoral arterial cannula was used
for the electrcrancmetric measurement of arterial blood pressure
and for the removal of blood sazmples, which were analysed for
paCOz, paOz,

with .49 sodium bicarbonate given by slow intravencus injection.

pH @znd base deficit. Any base deficit was corrscied

End tidal 002 concentration was monitored continuously with an
infra-red analyser¥* and disvlisyed on a Devices chart recorder.
Pedy temperature was maintained between 37-3800 with a
homeothermic blanket and where necessary with the addition of
heating lamps.

Following a parasvinal incision extending from behind the
last rib to ihe iliac crest,; the musculature covering the right
lateral aspect of the Jumbar svine was removed. A high specd
dental drill was used to perform up to three hemilaminectomies
in each animal. During drilling; the burr was cooled by a jei
of salinc. The hemilaminectony measured apnroximately
i1 x 0.5 cm. in each case. The dura in these areas was removed,
special care being taken to leave the underliying arachnoid
mater intact; as tears would lead to leakage of cerechrospinal
fluid. The cut dural margins were sealed by bipolar dizihermy.
Throughout the surgical vrocedure strict haemostiasis was
observed, The skin was sutured to a2 tuoular metal frame
supported by a retort stand, which was heaviiy weighted to
prevent movement of the frame. This arrangementi formed a bath

for heated nineral oil which constantly irrigeted “he operatvion
site./

* Capnograph Codart
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site. The surfzce svinal coxrd temperature was meinteainca
at 36 % by controlling eithsr the flow rate or the tamperaiure
of the oil.

S»inal »nial arteriolar calibre was measured by a
modification of the television image-solitting technioue of
Bzez (196¢). The vessels were visualised with a triocula
Bzusch & Lemb ctereomicroscone at e megnificaticon of x40 or
x70. The image was nassed through an imare-~solituing device
(Vickers) situnated on the vertical eyepicce of the micrcscepe
to zn attached television camera (Crundig PA70) and dienlayed
on & video screen. The shearing screw of the imoge-snlit
vas connected to a votentiometer and thence 1o a Servoscribe
pen reccrier. Thus not only could the cegree of shear be
visualised directly on the videco moniier but a permanent record
cf the mzasurement could be obtained. The degree of sheesr nec—

sgary to split the imege of the vessel is direcily prodoriionszl
t0 the calibre of the vessel. Illumination of the zrea was
nrovided with the wse el a cold, fitre-o»iic light sosurce
(Schott).

Before mezsurements began, the systen wes calibrated against
nylon filaments of known diamcter. Thus the alsoluie diameter

in um could be calculated

‘J

The solutions under investigetion were drawn into sharnened

glass micropnipettes which had tivo diameter of apvroximately

a
pipettes is described in ippendix 2).

=3
(o}

B}mu ("he manufacture of 1
The tooc of these were ssalrd with o0il and the tips submerged in
the bulk of the solution,, again under oil; thus ninimising any
change in oX of the solution in the pivette. These piveites
were used as socn as possible sfter prevaraiion,

Application of solution to a spvin arteriole was carried
out in the following way = the piveite was insertcd inte a
pivette holder, which was connected to a hydraulic syringe and
the holder mounizd on & micromavipulator {Leitz). B careful
manoevring, the pipette tip could be placed into the

subarachnoid /

-l
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subarachnoid epace adjacent to the vessel under test. Jundiaicus
application of vressure to the syringe resuvlted in the relcase
cf approximately 2 pl of solution into the parivasenlor slusa,

After ool application of test soluticn, succesive imaje-
shearing manipulaticns were carried out until the arieriolar
diemeter had returansd tc its ovreviously determined base-~linc.
The meximum response to the injected solution was cpmpareﬁ te
those control observations.

In these experiments, nol ouly were the effcets c¢f several
concentretions of NA uvon sninal sriericles examined, wut the
effect of YA in the presence of the ¢ ~adrenergic blocking agent

phentolamine was assesscde The effect of moclk cerebrosvinal luid

(Cs®) alone was 2lso examined.

.
3
: 4

Test solutiocns were made by dissolving norsdrenalineg Lydro-
a’ 156 aly £ 3 ml, Ca

chleride in artificial CoF contzining I
: - el
1,5 mlf; €1 151 mif anéd HCO 11m¥, The molution was covercd ty a

3

f mineral oil and a final »I of T.15 achieved by bubbling
A

o

/95& 0, gas mixture through it. The osmolariiy of the mock
(2

2
C3F was 300 m,osm/litre,

A was apdlied in concentratione between 5 x 10—8 and- 5 % 10~3
M« The reaction of spinal vial vessels to two concentraticns of NA
(5 x 10-5 and 5 x 10~33) was investigated when shentolamine was
was added to the injectate at a concentration of 5 x 10 “M.

In most experiments, dve to the small number of arterioles
per hemilaminectony site, vessels were examined nore then once,.
Hovever, where possitle different sites or that vessel uiere
assesseds Yhers the same site was examined, at lecast bhalf za hour
was allowed to elavnse before re-investisation.

The nethod of perivascular aoplicaiion of test subsiances
and the measuvrement of vesszl czalibre zre essentially similax
to the technigue performed on the bdrain coxtex by Yahl, Xuschinsky,

Bosse and Thurau (1¢72).

* Artificial CSF made with double — distilled wzter.



nSULTS
S,

The pial arterioles investigated had resting diameters in
the range 50 n to 240 Pe
All perivascular applications were performed at normocapnia

(31.9 : 1.2 mm, Hg.) and normotension (111.7 % 20.7 mm.Hg. ).

dilatatory response of. 8.4 - 6.5% (x = 8D). BRecause of this

Mock CSF alone, aprlied to spinal pial vessels, e2licited a
] d b}

reacticon the effect of CSF alone in a particular experimental
animal was subtracted frowm the subseguent results sbizained for

NA, phentolamine and NA + vhentolamine., The significance of the
response to C5F will be discusosed later.
Significant decrzases in vessel wall diameter were seen with
11 the concentrations of NA, with the excevltion of 5 x 10‘6 M, NA.
At this dosage, a non-significant coastriction oy noted.
Constrictor responses to NA werc seen only at the injection site.
During micro-application of test substauce there was no change in

either systemic blood pressure or end-tidaanl CO Moreover,; no

e
cerrelation between initial veasel =ize znd the degree of response
to N2 was noted.

Fige 13 presents the effect of the variocus concentrations of
NA voen the pial arterioles, Although a maximun constricltion of
58,8 £ 5,14 (x = SD) occurred in response +c¢ an NA concentration
of § x 1073 (the highest concentrztion used in the study).
Fig. 13 reveals a tendency for ihc respense to reach a plateau at
concentrations higher than 5 x 107K,

The effect of phentolamine upon the constricior action of
5 x 102 and 1 x 107>

8 3,

concentration of WA and phentelamine prevented the constrictor

M, NA is shown in PFig. 14. Avi equimolar

response of 5 x lO-SM. A However, 5 x lO-SH phentclamine only
partially prevented the ressvonse to ithe more concentrated solviion
of NA.

Phentolamine arplied alone produced a non~significant

dilatation of 1.0 % 3,24 (X =5D).
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DISCUSSION

The effect of NA on SCBF need not be due to direcut ceffect
on the blood vessels but alterations ir blood flow ceould be
secondary to changes in spinal cerd metabolic/neuronal activity.
For example, it has been shown by Weight %4 Salmoiraghi (1967)
that microicntophoretic apnlication of RA canses depression in
the firing rates of o€ ~motoneurones in the svinal cord. It was

£ ¥ 3
X 43 i

o

therefore decidcd to investigaie the effect o A on svin
arteries a2nd arterioles by the direct apnlicaticn of the amine
cn te the pial vessels, Using this methed, the bleed—cord
barrier and possible metabolic/neuronal effeects could be avoided.

Farly work utilising the 'pial window' techaigue in the
brain (Forbes, Finley & Nason 1933, Fog 1939) involved eith
dripping the test substance oa to the brain surface or flushing
the entire field of cbservation with the test soluticen., It is
possible that in such situvations, espcecially with high cencentrations
of catecholamines changes in neuronal function, with secondary
changes in blood flew and vesszl diamebter could have ocourred.

The present exrveriments, using smaell volumes of very locally
applied test solution to the perivascular environment makes this
possibility much less likely. Noreover, ¥Wahl, Kuschinsky, Bosse,
Olesen, Lassen, Ingvar, Michaelis & Thurau (1972) noied that
repeated avnplication of the same cencentration of NA to & vessel
resulted in a decreased resvonse. By utilising the vessels in
the manner described in the Methods section, the problem of &
develoving tachyvhylaxis to NA was minimised.

The net dilatory effect of mock CSH alone, when arvnlied to
spinal vial arterioles, was unexpected and is difficult tc exvlain
satisfactorily. The CS5F emnloyed was vrevared in a manner
identical to that of Wahl et al (1972). In their exseriments
CS¥ of pH T7.l15, containing 11 mEq/l HCO I induced no change in
arteriolar calibre. In a subscguent study by the same group
(Kuschinsky & Wahl 1975) a dilatation of 2.5% to the same CSF
was noted. In the laboratory where the present work was carried
out,/



out, cerebral nial micrcavolicztion studies revealed an overall
change of 0O z 1.4% (x iSR) to mock CSF (Harver & Mekenzie 1977).
The CSF used by these authors was mrepared and administered in

a menner identiczl to that of the present study. Thue the
difference in resvonse cannot be explained on methodological
grounds. It is possible that the dilatation is related to a
difference in the natural CSF conteni at the suvrface of the
lumbar cord comnared to that =zt the cortical surface. Yo relieble
studies of the ionic content of lumbar C3F have been carried out
for the cat. However, Wei, Raver, Kontos & Patterson (1975)
cemvared the composition of "normali' cat brain CSF as detailed
by Levasseur, Wei, Raper, Kontos & Patterson (1975) tc¢ the mock
CSF used by ¥Wahl and his cclleagues. T™we majer differences can
be seen. The ©l of the former is more alkzline with a HCO?
concentration of 25 mEq/l versus 11 mEq/l in the case of YWahl

et al. If such a situation pertained to the cord, then avvlication
of mock CSF with a lower vH & ¥CO3 content could modify the local
perivascular environment to eliciti a dilatory vascular resvense.
Regional differences in CSF content have been inferred by
Kuschinsky, Wahl, Bosse & Thurau (1972) who demonstrated a CSF
pH gradient between the cisterna magna, cerebral svbharachnoid
space and verivascular space.

The situation is even more compnlex a@s not only have 1C03
and H+ been implicated in the regulation of pial arteriolar tone,
but other ions present in naturally occurring CSI are involved,
The importanrce of xt (Knabe & Retz 1972) and Ca++(Betz, Brandt
& Csornai 1975) has been investigated and it is possible that
other ions such as Mg++ and C)~ also vlay a part. Thus a complex
series of interactions take place in the maintenance of resting
vessel tone., Clearly if artificial CSF with different ionic
concentrations from naturally occurring CSF is avplied to a
perivascular site, the resultant modification of the milieu
could result ir a vessel resnconse.

Vasoconsiriciion of cerebral oial arterioles to tovical
adrenaline was demonstrated in 1233 by Forbes, Finley & Hason
and/



and by Fog in 1939, Similarly, Fraser, Stcin, Darrett & Fool
(1971) found & constrictor resnvonse of the basilar and
vertebral arteries on irrigation of the subarachnnid space with
NA, In contrast to this, Raver, Kontos, Wei & Paiterson (1972)
found no reaction of pial wvessels when artificial CSF containing
the amine was flushed through 2 cranial window presaration.
Likewise no vessel restouse to sympethetic stimulation was
obaerved. They explained this lack of respoince on the absence
of sufficient vascular recentors for NA. chever,'using a
micrecapvlication mothod Wahl et al (1972) demonstrated a dose~
édevendent cconsiriction tc¢ NA, The difference in the last iwe
reverts can be exvlained by the finding of Wahl et zl that CSF
containing 22 mEq/l of HCO3 causes a 20% constriction in vessa)
dismeter. The HCOY content of Raper et z2l1's CSI' was 25 mEq/lc
They were arnarently a»nlying MA to vessels zlready constricted
by HGOE, thereby masking any HA induced effect. A subseguent

study by Yei, Raper, Kontos & Patterson (1975) revealed
constriction of pial arteries > 100 u in diameter to {topically
avplied A,

There is adeouate evidence that in the brain NA »roduces a
constriction of pizl arteries and arterioles, The present results
indicate that the same situation occurs in the svinal cord.

When the effect of the C3F is subtracted the oresent results
(Fig. 13) are similar to those of Wahl et al (1972) ie. a dose—
dependent constriction of sp»inal pial vessels occurs inp response
1o microappiication of HA.

Furthermore o ~adrenergic blockade by vphentolamine gave
similar resulss o that of Xuschinskv & Wahl (1975). The manner
in which phentolamine blocked NA-induced constriction (Fig. 14)
is sugszestive of competitive antagonism. The results indicate
that the resnonse of the vessels fto Ni is mediated via o —zdrznergic
vascular recentors,

Thus an analgous situation to the brain cccurs zlso in the
spinal cord. Noradrenergic innervation of svinzl pial ané initra-
parenchymal vessels has been shown to exist., (Ohgushi 1968,
Fdvinsson, rersonal communication 1977) and vascenstrictory
responses to tonically apniied NA occurs., Although no experiments

investigating/
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investigating the effect of sympathetic stimulation on SCBF

nave been carried out, it would seem thal the argumenis vertaining

te the possible neurosenic control of the cerebral circulsticn
anoly also tc the svinal cord.

' The results of this study lend suprort to the promise thatl
the WA mediated decrease in SCBF revorted in the vreviocus study
are due, at least in part, to a direct vasoconstirictor action orf

NA,mediated via vascular oL -adrenergic recevtors,



PART IV

The effect of inirasyinal

iniections of Noradrenaline
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the histolosical esvnearance of the corc.
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MATVURIALS and MATHODS

Tight unselected cats weighing belween 2.4 and 4.5 Xg. were

used in the experiments. Five cats were uwsed to study the
effects of several concentrations of NA injected intra-medullary
uwrvon the histological avvearance of the spinal cord. The effect
of the highest concentration of NA uged in this study (35 pg/QO Pl)
upon spinal cord histology in three cats pretreated with the
untake blocker, desipramine, was investigated,

Anaesthesic was induced with a minimal desze of thiopentone
and maintained with a 1% solution of alvhachloralose (6C mg/Kg IV).
Endotracheal initubation was performed and a 50% nitrous oxide/
oxygen mixture was delivered through a respirziory punp. The rate
and volume of the pump was adjusted to maintzin normocarbia
(pa002;£2:32 nm.Hg.) during surgery and the subscequent manipuvlaiionse.
Muscle relaxation was achieved with suceinylecholine (1 mg/kg IV).

One femoral vein was cannulated for the administration of
anaesthetic and other drugs. A femoral arterial cannula was
implanted to allow the electromancmetric measurement of arterial
blood pressure and for the removal of blood samples which were
analysed for paCOz, p02, pH arnd base deficit. Any significeni
base deficit was corrected with 8.4% sodium bicarbonate given by
slow intravenous injection. Recial temperature was measured
with a mercury thermometer and heating lamps were used to maintain
the temperature between 37 - 3800.

The animal was placed in sternal recumbency 2nd & 3 = level

dorsal laminectomy was performed to expose the LE' and

b3a
L5—6 segments of the svinal cord. The bone was seazled with bone
wax and evidural fzt removed.

The cat wazs then suspended in the following way. Two
Steinman pins were inserted through aovorovriate dorsal spincs
anterior and posterior to the operation site. These pins were
attached 1o 2 steel bars, one on each side of the animal, arranged
parallel to its longitudinal axis. The bars were supnorted by
retort stands belted to the operating table, This arrangement

effectively/
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effectively eliminated the transmission of respiratory
movements to the svinal cord.

The skin margins of the original incision were sutvred to
the bars to create a bath for heated mineral o0il which constantly
irrigated the overation site} Surface spinal cord temperature
was maintained at 38°C by controlling either the flow rate or
the temperature of the cil.

Small, laterally placed incigions were made in the exvosed
dura by gently and repeatedly stroking a small area of the dura
with the tip of a scalmel blade. These incisions were performed
under the bath of warmed mineral oil.

When surgery was complete, a 2% solution of %vans tlue dye
with 5% Fraction V bovine albumin (EBA) made up in normal saline
wae administered by slow intravenous injection at a dosage of
3 ml/Xg.

Spinal injections were performed using sharpened glass
micropipetites. These were similar t¢ those described in un
earlier section of this theszis, with the exception that the
present study utilised pipettes with a tip diameter of approximately
15 pme (Their manufacture is described in Appendix 2 ) Yhe
pipettes were graduated sc that the volume of solution injecied
could be assessed at any time during the injection veriod.

Test sclutions were vrevared by dissolving noradrenaline
bydrochloride in artificial CSF. Thz ionic content of CSF,
preparation of NA sclutions and meihod of charging snd sealing
the pipettes has been descrited earlier.

The volume of CSF employed in each injection was 20 rl,
containing either 5, 12, 15, 30 or 35 ps NA, The effect of 20 Pl
CSF alone on spinal cord histology was also assessed.

The injections were carried out as follows — a pipetite was
irserted into a pipette holder attached to 2 hydraulic syringe
and the hclder mounted on a micromanipulator (Narashigi). The
ripette tip was carefully manoevred through a dural incision and
inserted intc the grey matter of the spinal cord, 20 Pl of the
test/



test scoluticn was injected, the rate of injection being
controlled manually. Not more than 2 injections were serformed
at each laminsctomy site.

Desipramine pretreated cats were rrepared in an identical
manner to that described zbave,with the excention that fellewing
¥BA administration, desirpramine was administerec at a dosage of
2 mg/Xg, given by slow intravenous infusion over 30 mirules., The
effect of injection of 35‘pg NA in 20 Pl w28 investigated in these
animals. Injections in these cats commenced 30 minntes aftier
termination of desipramine infusion.

Two hours after the last injection was made, the animals were
given 1,000 units of Hevarin intravenously. The left thoeracic
wall was incised and the aortis arch wes cannulaited in an
orthograde direction. A two~stage perfusion wes performed
utilising a weak and a strong paraformaldehyde-gluataraldehyde
mixture. The weak fixative was administrered at a temperainre of
37°C and the strong at apvroximately AOC (Xarnovsky 1965 ). A
cannula placed in the right ventricle allowed release of blood
and excess fixative. Perfusion pressure was maintzined at or up
to 10 mm. Hg. above the mean arterial bleecd oressure measured
through tns arterial cannula.

The cords were removed 2 hours after perfusion and further

.
fixed in 2,57 glutaraldehyde overnight. 1 mm2 blocks of epinal
grey matter were taken from each injection site and control tlocks
were removed from caudal thoracic segments. These were osmicated,
dehydrated and embedded in ¥pon. 1 Pm sections were cul znd stained

with toluidine blue.,



RESULTS

a) A total of thirty-two intraspinal injections were
performed., Nine injecticns were mads with CSF alone; Tive with
5 e NA, nine with either 32 or 1% 1g N4 ond nine with either
30 er 35 pg A ineluded in the injectate. The mean injection
time was 132 X 37 secs (x )3 SD) with a rance 50 - 216 zecs. Nean
arterial blood ovressure was 124 27 . ¥ (F Y sD). Intrasvinal
injection had ne effect wvon blood pressure. There was no evidence
of groess YBA extravasation when the injection sites were examined
prior to prevaration for microscovy excert in one case wiere
haemorrhage and TBA extravasation had occurred as a focal cirveular
area within white matter.

Sections of caudal thoracic sesments were taken to serve ao
controls. The microarchitecture of the sninal arey matter was
normal in these areas (Fig. 15). Occasional erythrocytesc could be
scen in some blood vessels but in general the cliearing of vessal
lumina by the rerfusion fixetion techniguve was good. Occazional
artifactual enizrgements of verivascular spaces were cbserved

otherwise no abnormalities were present.

Effect of CSF injecticns: The effect of 20 Pl injections of

CSF on the histological appearance of the cord was varizble. In

threce injection sites no abnormalities were observed. In 5 injection

sites 1the most common avpcearance was that of c:idema. There was
generalised looseness of the neurovril with perivascular and
verineuronzl astrocytic swelling. Where the irjections were mace
at grey/white matler Jjunctioneg, the white matter also showed
evidence of oedema (Fig., 16). A few neurcnes were pale staining
with loss of perivheral Nissl substance and occasionally darkly-
stained shrunken vacuoclatied neurcnes were observed. The arsas
where the descrilbied changes occurred were focal and well defined.
Outwith these areas the sv»inal cord architecture was normal., 1n
one ca2se where an injecticn was made into white matter, haemorrhage

and oedema was observed {Fig. 17).

Effect of 5 ng NA injections:/

o/



Bffect of 5 pe HA injections: Injection sites receiving CSF

W
containing 5 P NA showed nc observable differences Irom aites
receiving CSF alone. Threc arcas ayvreared normal and two showed

evidence of oedema as described above.

Effect of 12 -~ 1% B NA injections: Three injections with
12 Re HA in CSF were made. Wwo sites showed no difference from
control sections. In-the remaining injection, a volume of 40/u1
CSF was injected intc the spinal cerd varencbyma in 50 secs.
The effect was to create an area of cevitation at the injection.
There was compression of cord tissue at the veriphery of ithe
cavity and the surrcuvnding grey matter showed evidence of gross
oedema with swelling of neurcgiial elements and shrunken,
vacuolated, degenerating neurones (Fig. 15). Fige 19 illustrates
the severe verivascular and vevineural astrocytic swelling which
was typical of the grey matter appearance surrcunding the cavity.
Of the six injections made, utilising a conceniration of
15 pg NA in 20 pl CSF, three sites showed no evidence of
histological change. The remaining thrze sites showed verivascular
and perineuronal sywelling with swelling of neuvroglial processes
evident within the neuvropil. ig. 20 illustrates this appearance,
Neuronal changes of the kinds described carlier were minimal.
As with the previous injecticns, these arcas of oedema were well

defined, focal areas surrounded by normal spinal cord tissuve.

Effect of 30 =~ 35 ne NA injections: The effects of injections of

30 or 35/ug NA were essentially similar to those of the preceding
groups., Of the three sites into which 30 pe HA in CSF was
injected, two avveared histologically normal (Fig. 21) and one
showed moderate oedema with pale staining neurones exhibiting loss
of perivheral Nissl substance.

Six sites were injected with 235 Re NA in CSF. Four avrsared
normal and two showed the oedematous picture previously descrited
for the injections involving CSF alone. Fig. 22 illustrates a

typical example.
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b) fect of CSF and 35 pg NA in CSF injections on the
. P4

sninzl cords of Desivramine nre-ireated animals.

A total of 16 injections were made in these animals. Six
injections utilised the injection of 20 pl of CSF alone and ten
injections were made with 3)/pr N4 in ?O Pl CSF. Thn mean time
for injeciion of this velume was '8 -~ 10 secs (x - D) with a
range of 90 ~ 130 secs. HNean resting arterial blood pressure
before the intravenous acdministration of desipramine was
128 £ 11 mm.Hg. (% » SD). Following administration, the mean
oressure did not differ significantly from this mean (122 = Q mm.Hg).

Control secticns, taken from caudel thoracic segmenis of the
cord, were histologically normal. Of the six injections made with
CSF alone, four sites showed a2 normal histological appearance.

The remaining two sites showed evidence of oedema with perivascular
and perineuvonal astrocytic swelling as rrevicusly described for
CSF injections in the non=ireated aninals. Neuronal changes were
minimal.

The effect of injections of 35 Ne WA in CSY was also variatle.
Of ten sites in which injections were verfoermed, seven showed no
sign of histelogical abnormality (Pig. 22), while in three sites
cedema with perineuronal and rverivascular swelling was evideni,
(Figs. 24 a), b) & ¢)).
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In the courcse of experiments designed to tes
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+ the hypctihesis
that NA was an important factor in the vathogenesis of the

central haemorrhagic lesion typical of acute injury fto the spinal
cord, Osterholm & Matheuws (1972z) and Hill & Osterholm (1973)
injected HA directly into the cord sxnd examined the effects
histologically. fThey noted that injeetions of 35 pg and 100 F&
A given in a volume of 10 pl saline over 5 mins caused lesions of
a size 4,8 and 8.0: of the cross-sectioned cord respectively.
Arees of haemorrhage and necrosis, localised about the neecle tip
(35 pe) and snreading 2 mm over grey metter (100 pg), wers found
in specimens injected with KA. Control animals injected with

szline alone uvecre found to exhibit some cedema and laking but no

central haemorriazges. The technicue of intrespinal microinjection

utilised was thalt develoved by 3Sinba, Ducker & Ferot (1971, 1273).

In the »resent study, injection of A over a
D | |.

=

ange of 5 =~ 35 ps
did not vroduce the ecentral haemorrhage and necrosis obtained by
the above auwthors. The most drominent chansge was oedema, which wes
also present ia control areecs injected with C3F alone. In only

onec case was haemorrhage seen. This was most likely due to édirect
trauna to intraspinel vessels by the pivette tin. The presence of
oedema in the »2resent study is mosil drobably & Tunction ol the
volume of injectate given and the time over which it was olmin-
istered. Oslerholm (1974) stated thuat if:> 10 pl/min of solution
is' given, injection ftrauma results in histopathological changes
similer to those following blunt injury. 7This was not found to be
the case in this study. Indeed, in one site where 12 jug NA ues
given in a volume of 40 pl CSF over 50 secs. no haemorrhagzic

oy

necrosis occurred, RQather, an area of cavitaiion with surrcunding

severe cedema was seen., It could be nostulated theat the exce

[0
(9]

interstitial fluid interfered with the ncrmal passage of cxrygen from
he capillaries to the neurones, thus leading {0 gradual deterior-

ation of the neuronal elements, (Rlackwood 1967) a feature seen in

this site. Osterholm (1972a) found oedemz and leking in his control

aniaals/



animals 2 hoars afier the injeciion of 10 Pl saline over a

5 minute veriod. The formation of oedema in cords in the present
study ig therefore most provsbly the effect of excessive injecticn
times and volumes,

The great disparity in results between the present work and
those of Osterholm & Mathews (1972z2) and Hill & Osterholm (1973)
is difficult to exnlain satisfactorily. Kakari, De Crescito,
Tomasula, Mlamm & Campbell (1973) rerformed intraspinal injections
of NA in cets and noted that haemorrhagic necrosis anpeared noi
only in cords receiving 35 g NA in saline but also in those
receiving an zqual volume of saline alone. The extent of the
hazemorrhagic necrosis was however greater in the former groun,.

Two points of diiference exist between these studies and the present
one. Sharvensd glass microvipettes of 15 um 0D were used in ths
present study, compared to the much larger steel needles utilised

in the other studies. The likelihood of traumatic damage to the
cord bty the larger needle is greater. Moreover, the snine must te
held absolutely rigidly or respiratory movements of the cord would
exacerbate the trauma of injection. In such a situation it would
not be suvrprisirg if a potent vasoconstrictor substance liks HA
increased the extent of damage elicited by needle trauma,

Secondly, the vehicle used for NA injection in the other studies
was salaine, In the present experiments artificial CSF was used.
Following addition cf NA {to the CSF, the pH of the solution was
ad justed to 7.15 to eliminaie possitle effects of extreme piH. In the
other studies no mention of buffering the NA/saline solution was
made. The solulion injectied in these studies nust therefore have
been very acidic. The cumulative effect of trauma, extreme low pH
and NA could possitly explain the results obtained in these studies,

The lack of histopathclogical change to injected NA in ihe
present experiments would sugmest that either NA does not cause
the development of haemorrhagic necrosis or that the exogenous
HA is rendered inactive by avid neuronzl uptake. 1o evidence of
haemorrbagic necrosis was seen 2 hours after intravsinzl injection
of 35 pg NA in animals in which neuronal uptake blockade by
desipramine had beern induced.

14 is, therefore, ccncluded that NA in the doses utilised
is not/

e



‘is not by itself responsible for the developmenti of haemorrhagic

necrosis tyvical of acute bluat injury to the =2pinzl cord.
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PART V

Lffect of Moredrenzline on the histelosical

cord

after blood--cor

barricr

Vo



NATERIALS and METHODS

6 unselected cats weighing between 2 and 4 Kg were used
for the experiments. Anaesthesia was induced with a minimal dose
of thiocpentone and maintzined during surgery with a 507 nitrous
oxide/oxygen mixture and 0.5 - 1% Halothane. The mixture was
delivered through =z respiratery oump whose rate and volume were
adjusted to maintain mormocarbvia (paCO?=£= 32 nmm.Hg.). On
completion of the orerative procedures, the Halothane was
discontinued and anaesthesiza maintained with lf alphachloralocse
(60 mg/¥Xg IV).

One femoral vein was cannulated for the administraticon of
anaesthetic and other druvegs. Boeth femoral arteries were cannulated,
one for administration of urea, or urea and NL and the other for
the continuous electromanometric recording of arferial blood
pressure and the removal of blood for the 2nalysis of paCG?,
pa02 and vil. Any significant base deficit was corrccted with an
8.4% solution of sodium bicarbonate administered intravencusly.

Rectal temverature was measured with a mercury thermometer and
the temperature maintained within 37 - 38°C by heating lemps.

Following midline lavarotomy incision, all branches cf ihe
vosterior aorta caudal to the renal arteries,; with 1he excertion
of the lumbar arteries, were ligated. The abdominal suargery
was identical to that described in *the dogs and illustrated in
Fig. 4 exceot that, in this series, the 5th left lumbar ariery
was not cannulated. The femoral artery cannula through which test
substances were administered was adjusted so that its tip was at
the level of the 4th lumbar arteries., The abdominal incision was
then sutured znd the animal'placed in laieral recumbency.

Following surgery and injection of alpha chloralose, 2 25
solution of Ivans blue dye with 5% Fraction V bovine zlbumin (EBA)
made up in normal saline was administered by slow intravenous
injection at a dosage of 3 ml/Kg.

a) 3 cats prevared as described above were used t¢ determine
the effect of urea on the histolozical appearance of the spinal
cord. 30 minutes after the administration of EBA, 6 ml/Kg of 3 or 3.5 1
urea/



urea was steadily given over & pericd of & mins, via the femnoral
cannuia. The animals were then left for 2 hours after which
perfusion fixation was carried out (sece telow).

b) 3 cats were used to determine the effect of NA upon
spinal cord histology after Blood—spinal cord barrier disruption

induced by the intra-artierial infusion of urea. Immediziely
following the administration of urea ati a dose end rate descrived
in a), 2'Pg NA/Kg min. was delivered via the arterial cannula.
(This value apvroximates closely by weight to the higher doze of

NA given tc the doge in the blood flow studies) Two hours aficr

(o B}
O
o}
e
)

the termination of NA infusion, perfusion fixation wog carrie

Perfusion fixatien in each of the above sections was
preceded by the intravenous injection of 1,000 units of Hevarin.
Fixation in each animal was carried out as follows. The left chest
was openea and the aortic arch cannulated in an orthograde
direction. A two stage perfusicn was performed using 0.5 L weak
(at 37°C) und 1.5L strong (at 4°C) paraformaldehydes~glntaraldehyde
miviure (Kernovsky 1965). Perfusion pressure wes mainiained at
or vp tn 10 mm. Hg. above the mean systemic arierial blcod pressare
as measured through the femoral arterial cannulz. The total
perfusion time was about 15-20 mins. Following perfusion, the
cords were removed after 2 hours and further fixed in 2.5%
glutaraldehyde overnight. 1 mm2 blocks were taken from Jumbar
segments of the cords at areas wnere barrier disruption had
occurred (as indicated by blue staining of the cord with EBA)
and from control blocks (non-stained) taken from caudal thoracic
segmenis. These were osmicated, dehydrated and embedded in Epon
as outlined in Avpendix 3. i pm sections were cut and stained
with Toluidine blue.

Other blccks were processed in the histokene and embedded in
paraffin wax. Sections cut at 8 u were stained with haematoxylin
and eosin (H/E), cresyl violet and Hartius scariet blue.

Further blocks were frozen in liquid nitrogen, mounted ou
chucks and sections cut at 10 pona cryostalt. The sections were
mounted/
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movnted in 50 glycerol and examined in a {luorescent
vsing incident illumination. Bxeitor and barrier filters were
combined with a chromatic bheam sulitter, The excitor filiex
allowed passage of UV lighi of‘).below 500 nm and the barrier filier
allow e-:tA of above 528 nm to nass,

c) An 2dditional cat was used to determins the distribution
of intra~arterially injcctcd substances in animzls licated 28
described above. 1 ml. of Conray wes injected intra-~arterially
via & femeral caennula adjusted such that its tip was al
of the 4th lumbar arteries. The animel, lying in latersl
recumbency, was radiogranhed, during the injecticn, utilising a

Puel rapid Tilm exchanger o take serial films over 1 minuie.



a) The effect of urea on blood vpressure, nhlood-gord barrior

and histolersical ansearance of the svinal cord.

Following urea administration, mean arterial bloed pressure
was 139 > 2) mm.Hg (X = SD), a value which was not sismificantly
different from the resting pre-urea adininistration value
(137 2 16 mm.Hg).

EBA extravasation was seen microsconically in the feline
svinal cords extending from the sazcral to apnroximutely the L?
segments. Leakapge occurred, predominaniliy in the grey matier,
although it was occasionally observed in the white maller as
scattiered, focal, punctate areas, Some sitaining wes also visible
onn the pial surface ventrally ané ventrolaterally., OCn fluorescecnce
microsecopy, vessels with flvorescent walls were seen. These were
mainly arteries, arterioles and cavpillariecs, thonzgh small venules
affected. (Figs. 25a & ). The degree of extravasation was small,
the indicator heing coufined mainly to the vessel wall and
inmediately perivascular neurovil,

Urea had no effect on the histological apvearance of the cord.
The sections of paraffin embedded mzaterial avneared normal.
Similarly the 1 pm sections stained with Teluidine blue were normal
in avpearance. Fig., 26 shows the appearance of a control section
from a non— EBA stained block taken from the 12th thoracic segnzrt,.
Fig. 27 illustrates the histological appearance from an EBA stained
block ¢htained from the lumbar cord following urea administration,.

No zbnormzlities are detectable.

b) The effect of NA on blood pressure and the histolozrical

arnearance of the svinal cord after blood--cord barrier disrvotion,.

Adminisiration of NA following barrier disruntion withk urea
sig 1f1cant1y inereased dlood pressure from a mean of 1Z¢ : 15 uml.Hg.
(x = SD) to 172 X 13 mm.Eg (p 0.01). This peak was reached
within 2<3 mins of starting the NA infusion. The blood nressure
gradually declined *o a mean value of 145 - 13 mn.Hg during the

NA infusion/



NA infusion time.

Of the three animalg given NA after blood-ceord harrier
disruption by urea, only one showed evidence of pathological
change, GCeneralised oedematous swelling of cell processes was
the prominent feature (Fig. 28) A number of blocd wessels were
also obzerved to contain erythrocytic clumos which were wainly
confined %0 cavrillaries and arterioles., In thic znimal coenciderable
difficulties were encountered in the perfusion~fixaticn w»rocecs.

A high perfusion pressure was necessary to infuse a reasonable
volume of fixative,

Fig. 2¢ illustrates ihe normal histclogical sprearance of the
spinal cords following NA administration, typicel of the other

two animale.,

c) The distribution of the injectate zs Jeronsirated b

[— )
angiogravhy.
Fig, 230 illustrates the distribution ol conirast mediz injeeted

intra-arterially. The ventral spinal artecry can be ciearly seen.
Ligation of the vessels referred to in an sarlier section prevents
loss of injectate to abdominal organs (with the excevtion of the

kidney).



DISCUSSION
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lend wregzure, bloecd gord

(o)

a) The effoct of vrez on

barricr 2né histoloriczl anrearance of the cord

o

Certain differences in the respons:zs of catsu to ithe
administration of urea occurred. In vilot studies, (not reverted
here) the bolus injection of 2.5 N urea led tc & severe and
abrupt rise in blood »nressurz which w28 unaccepteble. loreover,

on exomination of the cord, both grossly and by fluorescent

microscody, barrier disruntion was either absent or very miaimal,
It is orobaklce that excessive vressure was used during the injection

and much of the urea was lost to other tissues. However, z slover

»

infusion of 2.5 M urea such ithat blond nressure was unaiiected,
did not always ceause disrvytiocn of ithe berrier. A glov infusion

of € ml of 3 oxr 3.5 M urea given over a2 nericd of 5 nius was
found zdecquate to cause barrier disruntion in all cases. Iiowever,
the extent of the barrcier disruntion as demonsirated by gross
extravasation of BBA was highly variable even within 1 -~ 2 segnents
of the cord,

The urez had no effeci on the histological ansearancs cof the
cord and awvwrezrs a usefvl method for the investigation of the
effects of arierially administered barrier-limited, sharmacologically

active agents on s»pinal cord function.

b) The effect of NA on blood nressure and the histologicsal

annearance of the sninal cord after Llood-cord dborrier

The blood pressure rose anproximetely 40 mm.lHg. in each animal

as the NA was infused. This is in contrast to the situation

o
Jd  febe
(o]
£
fu

dog where ihere was no significant change in vressure. The
vressure in the cats returned to resting values during the course
of the A infusion. The cat anvears much mere sensitive to
intra-arterially administered WA than the dog.

In the one animal in which there was evidence of vpathological

chhuge/
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change in ihe soinal cord, difficulty was encountered in the
verfusicon fixation., It is noscible that delayed fivation, due
to the vasoconsiriction induced by NA,resulted in the oedemwatous
appearance of cell swelling.

However, there was no evidence of haemorrhase and/or
necrosis of the itype that Osterholm and Methews (1972a) nroduced

by intrespinal injections of HA.

0

. -~

¢) The ro diogranh (Pig. 30) shows the distribution of a
bolus injection of contrast medium adwministercd intra-—arterially.
The outline of the ventral spinzl artery is clearly seen showing
that the vwreparation allowed the intrz—arterially administered
substances to reach the svinal cord. The test solutlions uscd

in the exverimental situation were given &t 2 much slower rate.

3

here would not he as grezt a losa of test substance to the

kidney, os occurred in the angiogran.
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Both the lizht cnd clectron nicrozconic annenrance oF

(o7

svinal cords of various snecies after exnerimentally produced
trauma have been revorted. (Cocdkin & Campdbell, 1969, Ducker,
indt & Kemve, 1971, Yasmer, Dohrman, Bucy, 1571) tepuise
seguential changes were ohaérved when cords were examined at
varicus times after injury and a classical picture of progressive
central haemerrhegic necrosis iz generally accevnted. In

aciation vith the development of this lesion, changes in
bloosd ficwr occur. In the grey matter there is a vrogressive
decreace in SCEF from norwmal pre~trauma values. (Kobrine,

vyle & Martins, 12975, 3Bingham, Goldmen, Friedman, lurphy,
Yashon & Huat, 1975, Griffiths, 1976).

sterbolm and his colleagues have provosed & biochemical

theory to cxnlain the evenis following injury. Their catecholamine
hypethesis states that excessive guantitice of NA are synthesised
by noradrencrsic svinal nerve filkres in resvponse 1o =severe blunt

trauma,. The accummulated amine is vrogressively releassed fr

<

necvrenes into wounded tissue, inducing a maximal foxic vasosvasn
vhich impedes circulation, diminishes local oxygenation and
nroduces necrcsis of veazels and neurones, leading 4o the classical
picture of hcemcrrhagic necrosis. These workers investigated
the effect of HA in the following ways:
a) by measuring sovinal NA concentrations befere and after
QXﬁerimental injury to the cordj
b) by investigzting the cansbility of NA to vroduce szuinal
lesions; and,
c) by evaluation of the possible modification of injury
resnonse by anti-catecholamnine therany.

These noints will be discussed in relation 10 the fin

').

dinys of
other workers and the results of the preseni exrerimenis.
Csterholm znd Mathews' discovery of increased A levels
after experimental spinal cord injury, stimulated others to
investigate this phenomenon. The results of 4hese studlies hnve
been reviewed elsewhere in this thesis and will, the
be repeated here. However, it should be reiterated theti sone
of these investigations can net be directly compared with one
another/



another, due to differences in exnerimental designe. 1f 2 broad
conclusion can he inferred from the siudies in yqig, it is thal
the tissue concentration of WA in the spinal cerd av the site
of injury is unchanged or decrezsed following a trsumatic insult.
Under physiological conditions A within CIS tissue iz stored
almost entirely within neuronal granules and its main terminaticn
of action is by a neuronal untake mechanism (Iversen 3G723).
Thile under normal circumsitances onec would exvect that the
neuronal uviaize mechanism for catecholamine would renmove A fron
the interstitial fluid, in the hyvoxic and ischaemic situaticn
crezated by trsuma this mechanism may be severely hamnpered. The
vossibility of local increases of FA in the interstitial Tiuid
hes been discussed by Wurtman and Zervas (1974). '

However, tissue levels of zmines before and after trouma ar

{L

N

not the critical parameters from a functinnal »oint of view, in that

it may be the active extracellular component which is important
rather than the total ticsue concentration. Thus investigetions
into the differential demonstration ¢f active versus inactive i
in the coré after acute itrazuma could provide imvertant information
as to the role of KA in the pathophysiology of the lesion. In
this context, 35 pg A given by direct intraspinal injection after

neuronal urntake blockade with desipramine failed to vroduce any
haemorrhagic necrosis.,

The second method by which Csterholm and co-workers examined
the NA theory was by testing the amine's possible lesicn-nroducing
canacity (Csterholm & Mathews, 1972, Hill & Osterholm 1973). Theyr
reported that intraspinal injections of 25 and 100 P& HA in 10 pi
of saline given over 5 mins produced lesions of haemorriage znd
necrosis 4.6 and 8.0. of the cross~scctioned area of the core,
respectively. EKakari, DeCrescito, Tomasula, Flamm and Campbell

(1972) 21so0 reporied lesions afier the intrasvinal injection of

35 pa "4 in cats. Injected !TA is known to cause haemorrharic
sloughing of many body tissues (Oglezbdy & 3augh, 1968 thbhaldi
Pfeiffer & Roth, 1970) and Alksne & Creenhoot (1 74) orasented

169
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evidence that injection of N& into the prepontine cistern of ihe

monkey/



monkey produced acute and delayed intracranial ariterial snasm,.
Electron micrcscopic examination of the basilar artery removed
during the sccond phase of spasm revealed myonecrosis of the
media; with fragmentation of myofibrils, dissolution of the
sarcolemna and interstitialeedema. The animels remained
clinically normal until sacrificed, The present author cxamined
the effect of intraspinally injected A over 2 wide range oF
concentrations {gv) but found no cvidence of heemorrbagic necrosis
even after neuronazl upntake blockade of MWi. The main vathological
change seen was cedema formation with cccasional dark, shrunien
neuronesy probably indicative of injection trauma. The prescnee of
oedema in these specimens has bheen discussed, Light microscouniczl

-
T

examinztion revealed no evidence of vathological change in blood

vessels, Similarly, no siga of haemorrhagic ncerosis wag seen in

the cords of cats in which intra=arterially administered A had

v

<

been given in a concentration eguivalent to that which produced 2

profound decrease of SC3F in dogse.

!

Investigations inte the modification of injury by ant
celecholamine therapy has been carried out by several grouns.
Osterholn and Mathews (1972b) revoried that administratica of
oC~ methyltyrosine (a drug wnich »revents or diminishes the
conversion of tyrosine 1o Dovna by inhibition of the encyme tyrosinc
hydroxylase, and thereby significantly °lter° HAsynthesis) to
experimenial animals 15 mins, after cord 1ndurv nrotecicd against

haemorrhagic necrosis,; reducing

£
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lesion by = Factor

of &, However, Hedeman and Sil (1974) reporied that o -~ meshyi~
tyrosine had no vroteciive effect either on the extent of +the

central grey lesion or the cliniczal stztus. They nouvzd that

a high degree of drotection was conferred by treatment with
thenoxyvenzamine, an oK — adrenergic receptor vlocker, dhui agzin
this drug had no effect upon the extent of the lesioa. Rawe, Rcth
& Collins (1977) likewise found no evidence of reduciion of srey
or white maiter haemorrhages after either oc - methyliyrosine or
resernine treatment but found =z marked reduciinn in ihose aninals

vretireated /
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rztreated with vphenoxybenzamine. They concluded %
absence of ihe nressor resnonsce to sninal trauma (a result of
vhenoxybenzamine dpretreatment) was of imnortance. Shoultz (1277)
analysed thae histovathelogical changes to trauma in catecholanine-
intact cats end in cats devleted of catecholamines eiiher by
resernine administration or by adrenzlectomy. 'The secuential
nature of the develovment of haemorrhagic necrosis was sinilar

in both grouvs.

As with WA assey before and after trauma, a greatr deal of

3

disvarity is rresent in the liiterature. luch of it mey be duve

to differing exverimental methodelogies, Tor example drus dosage,
tine of administration before or afier itrauma eitc. Mowever, ihe
veight of evidence vpoints to the possivility that the rcle of

HA in the genczis of the sninal lesion is not as impoartant as wes
once thouzht.

Co-existernt with the sequentizl vathological changes z2fter
exverimental cord trauma is a progressive decrcase in SC3F. The
effect of cexogerously administered NA on SCBI uas therefore
examined., The present resuvlis show thet N4 in the doses utilized
can adversely affect SCBF in the cord after barrier disruption.
This study does not give an indication of the amount of azctive NA
nceded to decrease flow as an unknoun "dilution” of exogenous NA
occurs, (av) owever, considering the large cencentraticns of HA

used to depress flow in the study and taking into ascccuni lhe
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diluting factors, it is unlikely that the cuantity of A »r
in the injured cord could by itself account for the progressive
and profcund reduciions of flow seen in 4rauma,

Hhike NA z2lone may not be the important factor in the gzenesis
of traumatic sninal lesions, recent evidence points to the
vossikility of interaction btetiween NA and other substences o»resent
in spinal tissue., Rosenblum (1975) has offered evidence thai NA
plus »rostaglandin F2c<- nreoduces a significantly grezier
contractile resnonse in cerebral vial arterioles fthan either zgent
can cause vwhen aprlied alcene. Jonsson & Daniell (1976) demonstrated
that prostaglandin I is nresent in spninal tissue and levels

dramatically/



éramatically increase following treuwmatic injury. Ioreover, it
hes been showm that the eontractile response of cerebral crieries
to both NA and S5~H,T. is increzsed in the present of dleod.
(Svengaard, Fdvinsson & Ouman, 1977) It could, therefore; be
ostulated that amines in the vresence of haemerrhage
mey vnlay a role in the devolopmeﬂt of the arterial cpasm.
5=H.T. may also play a role in the pathogenesis. Although
platelets are known to adhere to damaged endothelium, il has zlso
been shown that they cen cavss endothelial dorage (Jdrgensen, Hovig,
Rowsell & Mustard, 1970). Reised tissu

levels of 5-H,T. in thermal

s

D

injury of the cortex has meen attributed tc release from nlatcled

aggregates (Costa, Ito, Svatz & Klatzo, 1973, and %ivin, Doppman

Reid, Tappaz, Saavedra, Honin & Jacchowitsz, 1976) have demonstraied
platelet aggregates in the svinal grey natter zfter injury.

In an investigation of the early vascular changes in stinel
grey matter, fellowing impact injury, CGriffiils, Burns & Crawferd
(1978) have suggested that the initial events of wperivascular
haemorrhage, »rotein extravasation and same disruntion of the
neuro»il, are a result of mechanical forces. It covld be posinlzated

that in this situation a number of endogenouvs substences may act

in concert tc v»roduce vasospasm, conlinuing hyrpoxia and vrogressive
haemorrhagic necrosis, tyoical of severe trauma to the cord.
However, it is felt that HA by itself is not the most important

factor in the development and vprogression of the lesion as weas

first suggested by Osterholm's group,

(9%
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GEIIERAL CONCLUSICNS

The results of thig thesiz indicate:

1) 2,53 urea will sffectively disrupt the sninal hlcod—

i
cord barrier in dogs withoui alieration of SCEBIF.

2) NA in the doses utilised is capable of reducing ST3F
3) The degree of reaciion of the spinal vasculature to

4) "™he reduction in SCBEF and vescular calibre o ild is

medialed viz o -~ adrenergic recevtors,

5) NA doee not cesuse lesions of haemorrhagic ncercuis
in the spinzl cord cither when infused intra-arierialliy aflier
blocd~cord barrier disruntion or whean dircctly injected ints

the cord.

6) It is suggested that despit

e the preiound {flow
reductioas which MNA caused, it can nol ke held to be sclely
responsible for the propozation of the lesion scen in acute

spinal trauma
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pl, pCO
routinely measurcd Irom bvlocd samples of e'nerimcntul
veing & Corning pH Blood Gas Analyser 15~C « This maching
containg a Clark tyve oxygen electrede, & Severinghaus-

Stow tyne CC, electrode and a flow~through, glass capillary

2
oH electrode with rcference assembly. HCO3 and bage-cxcess
ralues were presented ag calculated funciions. The machine
is celibrated such that each parameter can be read off

directly.

a) The wrincinle of o measurement — oH is tlie negative

logarithm of the chemical noteuntial (or roughly the
concentration) of the hirdror~en ion. Chenmical notential is
analogous to nartial pressure in gases, both beins the meas-
uwre of the force exerted by a concentration gradient. The
pli elccirode is a thin glass membrane which is vermeatle

+ . ‘ " o
H cns but not to other ions, Yhen & sample contuining i

e

is exposed to the membrane, a votential is generated. In

n

order to mecsure this poientisl, an Ag/AgCl reference
electrode is placed in a stable reference solution
svrrcunding the H+~sensitive gless membrane and is directly
connected to an electrometer. The other connection is
formed bhetween the sample in which the pH is to be measurea
and a saturated KCl solution (2 liguid junction) which is in

turn connected to a calowmel rzference elecirode. The calomel
h

ot

electrode forms the other conneciion to the electrometere
Because of tte high resistance of the glass membrarne, the

current floir caused by the r
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difference generated oy the system is very low, and a very
sen

sitive stable electrometer must therefore Te used,

Corning Scientific Instruments, lMedfield, l'ass.



b) ghgmggjggg;ggaixiupgg? measurenent -~ The CO, clectrode

~

it
-l
v

consists begically of z membraane which sevarates the samdle

-

being measvred from a bicarbonate solution in wvhich ie

nlaced z glass electrode. The membrane is freely permeable

to dissolved 002 but not to ncog“. Thus, CO ciffuses Tfroin
the samople into the bicarbon ie-solutlon, whlch is held in
2 thin layer next to the H+~sensitive glass memdbreane, At
equilibrium the change in pil of the bicarbonate secluiicn

is nroworiional to the nCC? cf the sample, and thic is

measured by the glass electirode with a suitavle relox

electrole. The pH of the bicarbonate solution is given by

the Henderson=Easselbalch ecuation, Since the bicarbonatz
concentraliion can te considered to be constant, the ecuation

3

can be simplified thus:
log nCC, = censtant minus »Hd
c
"The analyscr is celibrated suech that the pCO2 *en e rezd

off directly.

c) The nrineinle of ng?_ggasqgggggj - The “u lectrode is
based upon polarogrenhic »rinciviss. It is made nu of a
negatively charged »latinum wire covered with a noly-
ethylene membranc. The end vroduct at the cathode is COH
thich accumulates at the rate of 4 moles / mole of 02.
The current vascing from the platinum ¢lectirode te the
Ag / AgCl electrode in saturated KCl is directly reclated

to the p02 at its surface,

2) The lanufecture of lHdcroninettes

Microvinettes are cnstructed from commercially madec ninettes

(J
o
Hy
—
.

L]

o)
A
[}
0}
)
.—‘
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;.o.

15 cms., long, with an ouiside

net
thickness of 0.16 mm. The pipette i

|.o.
iv
H
(4}
D
7]
&
(@]
o |
)

custom-made »ivette puller (Sperre). A pipette is placed
with its nmid-»oint over a plaitinum heating element, vwkcose
temperaiure is controlled electrically,., Ilach end of the
pipette is clamped tc a mounting which is connecied io 2
soring., The springs are arranged in such 2 manner that when
the / .



the mid-neoint of the vivette is heated, znd the glats begire
to melt, the two sprinrs relcase in opvesiie dircetions,
separating the pivrette inte twe sections. 4s the nivelie
separates,the heated part is drawn into = finc tin.
tip is Ffurther preovared by grinding it at an angle on a
water—cooled grinding stone of the finest carboruvndun

Te result is a

nrocedure is performed under a microsconc,
sharp, htevelled tiv. Yhe fincl dicmeter of the tid is
measurced undexr a2 microscope ubtilising a graduaterd evenicac,
By judiciocus grinding the reguired tip diameter can be

obtained.

Processing of Svinal Tiscue for Yicrosconical Twamination
—apd &3 — e - - PSS et

Following perfusion fixation of experimentel animals, removal
of spinal cord and overnight fixation in gluitaraldenyde, 1r”
blocks of +tissue were cutl under a dissecling nmicroscose with
a razor blade and orccessed as follows:

a) 3 rinses of 2 minc, each in dhosthate buffer.

b) 2 hrs, posti~Tixation in osmium tetroxide w.

¢) Brief rinse in phosvhatie buffer.

d) Dehydration in 50, 70, €0;, 90, and absoluie
alcohol respectively. The tissues srent 15 mins. ir each
concentration of alcohol. 2 ckanges of zbsolute alcchol are
made within the last 15 mins. of dehydration.

e) Clearing with prooylene oxide = 30 mins. with 2
changes .

£) Cvernight in a 50/53 solution of propylens oxide™
and EZpon.

g) 6 hrs. or overnight in 100, Znon.

h

s 3 Follewing trimming of Epon blocks, 1 um seciions
o )

3!
ot

-

mbedding in Zpon in capsules for 2495 hrs. a2t 60 C.

were cut, dlaced on microscope slides and stained with
1 Toluidine blue & 15 borex in distilled water over 2 hot-
nlate,

4 . . 5 @ o PHa
j) The sections were mounted in DPX moutani .

*
Polaron Tguipment Lid., Watford, ®ngiand,

4
BPH Chemicals Ltd., Foole, Zngland.
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Phosvhate Bufrer

Phosohate btuffer contained:

« B s y < .
a) /15 Digodium hydrogen nhosvhate.

i 4 2 i
& B) /15 Potassivm dihydrogen vhosvhate.

s\ .

For pH = 7.3, 80ml. of A} is added to 20 ml. of B).

on

feto

Csmium Tetroxide solut

2:: osmivm tetroxide in distilled water is mixed with

nhosphate buffer in a 50/50 solution by volume,
1 1 2 5 8

The Epon was made up ag follows:
A o084 (dodecenylsuecinicanhydride) - 186.2 £h8
& Toon (Doikote 812) - 160.0 grs.
B) nEA (memhylnndicuuhydride) - 155.6 guse
& Bpon - 200.0 gns,

A) & B) are mixed in equal vproporiions and 15 drops/lo mlse
of final solution of the accelerator DMNF 30 (2, 4, 6, -

tri(Qimethylaniromnethyl )ohenol) are addede
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T ABLE 1

Authors (year) Assay technique Species Spinal level Resting NA content
g/ gm)
ix - 3D unliess
stated otherwise)
Osverholm & HMathews chwwv Spectroflnorcmeiric cat mid=thoracic =33 0.75
method of Fleming
; 3 3 m~ “ S +
de la Torre et al ﬂwoﬁkv Cation-exchange method dog Til - 12 0.227 - 0.022
of Barchas et al
Hedeman et al (1974%) Spectrofluorcmetric dog T10 0.144 « 0.012
method of Shelienberger
& CGordon ¢
- “ - o +
Naftchi et al (21974) Fluerometric assay cat r7 - 10 0.150 - 0.015
Rawe et al (1977) Fluorometric method of cat TS 0.077 2 0.013
Von Euler Amm modified
by Hoth & Stone)
Bingham et al (1975) Modification of spectro- hesus average of 0.237 L o0.16
fluorometric method of monkey T1, Hw & T10
Shellenberger & Gordon
Zivin et al (1976) Enzymatic radicmetric rabbit LE - 3 0.148
assay
Tsubokawa et al (1975) Spectrofluoramatric mathod deg ™ - L3 0.6
of Fleming
. kY £ . ~ N * ~
‘eis & Gutnick (1970) Fiunorometric method of cag T9 - T13 0,217 - 0.034 Avwv
Von ¥Buler {1 pm)
Shoultz (1977) Fluorometric method of cat L6 0.126

Weil-Malherbe




T ABLE &

Authors A%mmﬁv Epecies Method of Injury¥® Response of amine

M.Cm. e1ner impounder NA DA -HT
> m.v
dimension

Jsterholm & Mathews AHwﬂmv cat 5C0 not stated increase - -
de la Torre et al (197k) dog 5CO not stated no change no change no change
Hedeman et al (1974) dog L20 not stated decrease increase -
Naftchi et a2l (1974) cat Loo not stated no change increase no change
rawe et al (1977) cat 500 7.06 st no change no change#*#¥ -
Bingham et al (1973) rhesus 300 5 mm D. decrcase nc change -
monkey
4ivin et al (1976) . rabbit Fogarty Balloon lesion centre no change decrease
GM:. decrease
WM. decrease or no change -
no change
lesion edge - no change increase
'subokawa et al Awwqmv dog 300 not stated no change - increase
or less
500 not stated increase - increase
or mcre (s1ight)
shoultz (1977) cat 400 8 mm D. increase - -

* In all but one series, injury was produced by the weight dropping method of Allen (1911)

*%¥ No dopamine was detected in either control or trauymatised samples.



T A BLE

The effect of intra-arterial hyperosmotic urea on SCEF
Spinal segmental level rm rrlw mhlw
n (electrodes) 5 y 4
-, & + o+ - +
SCBF Control wvalues 13.5 « F.k 12.8 - 3.2 9.7 - 2.5
(m1/100g/min) i p N
( % + sD) 0 - 10 mins post urea | 12.7 - 6.5 Al.5 = 3.9 8.8 «~ 3.2
1i = 20 mins post urea 18,2 = 5.6 10.8 £ 3.0 7.9 H 1.9
21 - 30 mins post urea | 15.7 = 7.5 1.8 2 L.y 6.2 2 4.8
Flows do not vary significantly from controls with respect to time or

segmental level.




T A B 1 ¥ 4

Effect of Hw_ﬁw\ﬁwc infusion of noradrenaline on SCBF before
and after blood-cord barrier disruption with urea.

Spinal level Control wvalues Noradrenaline Infusion
Fre-urea Aawbmv ’ost=urea AEMva
30 20 10 10 20
L SCBF 16.6 I 4.9 17.9 £ 6.2 |16,353.8 | 17.42 5 15.235.4 | 14.8%6.3 | 11.525.8
bl 10 8 8 8 10 10
(electrodes)
D s NS NS I xs NS NS
Le_g BOBP 15.9 ~ 4.7 17.8 £ 7.0 133.%%4.9 | 13.%%45.0 | 13.0%10.3 7.926.9
n 15 i3 13 8 15 12
(electredes) :
P - NS NS NS NS 0.01
+

Biood flow figures are expressed as x - SD ml/100g/min.



T A B . E

b

Effect of uo.ﬁm\aw: infusion of noradrenaline on SCEF before and

after blood-cord barrier disruption with urea.

Spinal lievel Control wvalues Noradrenaline Infusion
Pre-urea (minsj Post-urea (mins)
30 20 1C 10 20 30
iy SCBF 15,3%L.7 17.8%7.0 [13.524.9 |13.434.0 13.0210.3 | 7.9%6.9 | 8.8%5.8
5 15 13 13 8 13 " ?
(electrodes)
» .
L, ¢ SCBF 13.4%2.1 20.928.4 |15.528.0 |17.48.4 3.424.8 {1.5%2.4 |1.1%1.8
n 10 i0 9 6 10 10 10
(electrodes)
P - 0.02 NS NS 0.001 0.001 0.001

Blood flow figures are

expressed as x

+

SD ml/100g/min.



T

B L I

6

Mean systemic arterial blood pressure AEB.EW.V during infusions of
12 pg or 30 tm\SMS noradrenaline before and after blood-cord barrier

disruption.

Infusion rate/spinal level Conircl values Noradrenaline Infusion
Pre-urea Post-urea
12 pg/min L, 137 = 21 1ik1 I 218 141 I 16
: A + 7 -+
12 ug/min FMIm 144 = 21 146 - 15 149 < 17
: . T ) + P +
30 pg/min L, 135 - 17 148 = 20 139 = 21
. ¥ + +
30 pg/min rmpm 137 - 11 144 2 15 145 - 15

In no case was blood pressure significantly different from control.
(Analysed by Student's grouped t-test)




pCO
»h\ N

TABLE 7

values A

v furing infusions of 12 g or 30 1m\aw= noradrenaline
beffore and after blooud—-cord barrier disruption.

Infusion rate/spinal level

Control values

Noradrenaline

Infusion

12 EM\BWS
12 pg/min

30 jig/min

30 EN\EHS.

ko.6 2 1.9
9.0 < 8.3
39.7 T 1.7
39.4 I 1.5

Pre-urea

Post-urea

ho.h = 2.2

i+

2.4

1+

1+

4o.2 I 1.8
ho.h = 2.1
ko.4 X 1.0
k0.3 I 1.2

In no case was pCO
(Analysed by Stude

signi

Ticantly different from control.
fNt's grouped t-test)




TA B L 2 &
The effect ¢f o -bleckade onx SC3F and of wc.%m\awz NA cn SCEF after blood-cord
barrier disruption at the bm 6 level of the spinal cord,
i
Experimental Conditions n SCBF (ml1/100g/min)
X = sb
" " - + L.
Control 21 24.3 - 12.5 1 “
T mm _
O~ blockade® 14 21.9 - 9.8 J
NS
NE HJWCmMCE$*
ol - Uwﬂmxwam m w
biood cord barrier discuption 21 27 = 13.9
* Two clcarances were performed with o< - blockade alone. The

results were pooled

g

Pnree
a 30 minute

*#E ecstimatio

ns
period.

o~ ] [
n = no. of zlectrodes,

to

I3}

The valne

give a single value.

of fiow were made in each experiment within

the mean of the total results.
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Intermediate stages in the formation of the catecholamines.
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Fig, 2 The metavolic degradation of ancradrenaline.

MAC = JMonoamine oxidase
COMT = Catechol C -~ methyltransferase
AD = Aldehyde reductase
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‘Fig, 3 Histofluorescent vpreparations of spinal cord prevared to

demonstrate noradrenaline containing nerve fibres. The upper

photogranh depicts a svinal pial vessel and the lower one an

intraspinal vessel, Fluorescent noradrenergic fibres are seen

in close association with the vessels.

Magnification unknown.
(Courtesy of Dr. Lars Edvinsson).



FIG. & Schematic diagram of the posterior aorta
and branches showing the pattern of ligations and

cannulations employed in the experiments.
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FIG. 5 Schematic diagram of the 6 channel
amplification system used in determination of spinal

cord blood flow by the hydrogen clearance technique.
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FIG. 6 Circuit diagram of hydrogen electrode

current ampliifier.
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PIG. .7 The effect of intra-arterially administered
hyperosmotic urea on systemic arterial blood pressure

{(ABP) and 5th lumbar artery pressure.
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FIG. 8 The effect of urea on SCBF at the L5 6
segrnient of the spinal cord., No significant differences
in flow occurred following the intra-arteriel

administration of urea.
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TIG. Graphical representation cof SCBF results
during an infusion of ether 12 Pg/min or 30 pg/min
noradrenaline before and after blood-cord barrier

disruption with urea at L, and L levels of the
“~

5=6
spinal cord.
c = control values
Runs 1, 2 & 3 are 30, 20 & 10 mins pre-urea
administration respectively.
Runs 4, 5 & 6 are 10, 20 & 30 mins post-urea
administration respectively.

BH= p < 0.01

@= p £ ©.001

A= p< 0.05

A= p< 0.02



)

g/min

SCBF (mifioe

STBT (mifiocg/min)

at L2 Levet

at Ls—o Level

Neradrenaline (2ug/min)
o -y

Urea

H

T_1°
i

T
L

e

Noradrenaline (3ouc/min

Urea




Fig, 10 Scatter graph cf vercentags change of flow in
resnonse tc a 12 pg/min intra—~arterial infusion of noradrenaline
(norepinephrine) before and after blcod-cord barrier disyuntion,
Flow estimations were performsd at avpvproximately 10 minute

intervals., C = control (100%).
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300;

Norepinephrine (12ug/min)
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0- £s co
c 1 2 3 4 5 6
Run Mo.
x (%) 100 ®50 @28 881 860 547 585
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p - <0.05 ns. ns. ns. <001 <002
n. 15 13 13 8 15 12 9



Fipg, 11 Scatier granh of vercentage change of flow in resnonce

to a 30 Pg/min intra-arterial infusion of noradrenaline
(norepinnphrine) before and after blood~cord barrier disruvntion.

Flow estimations were performed at aprroximately 10 minute interwvals,
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FIG. 12 The effect of o{ ~blockade by phenoxybenzamine
(PBZ) on SCBF and ¢f 30 ng/min noradrenaline (NA) on
SCBF after blood=cord barrier disruption during

e/ ~blockade. Clearances were made at approximately

10 min. interwvals.,
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Pig, 13 The effect of tovically avrlied noradrenaline on the

vascular diameter of spinal pial arteries and artericles.
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Fig. 14 The effect of vhentolamine (Ph) on noradrenaline {NA)

induced constrictions of spinal pial arteries and artericles,
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Fig, 15 Area of G.M. from caudal thoracic segment (control).
Toluidine blue x 250..
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Fig, 16 GM/WM junction which received an injection of 20 pl

CSF. There is evidence of oedema in both grey and white matter.

Toluidine blue x 400,



Fig, 17 Area of W.M. which received an injection of 20 pl CSF.

Haemorrhage and oedema are evident. Toluidine blue x 400.

Fig, 18 Area of G.M. which received 12 pg NA in 40 pl CSF.

Cavitation, with compression of neural tissue, has occurred.
Oedema and shrunken neurones are also a feature.
blue x 250

Toluidine



Fig, 19 Area of G.M. receiving 12 pg NA in 20 pl CSF.
CGeneralised oedema with severe perivascular and perineuronal

swelling is a prominent feature. Toluidine blue x 250,

Vi

"Fig., 20 Area of G.}. receiving 15 pg NA in 20 pl1 CSF. This

shows similar changes to Fig. 19.. Toluidine blue x 400..
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Fig, 21 Area of G.M. which received 30 pg WA in 20 pl CSF.

There is no abnormality. Toluidine bluc x250.

Fig, 22 Area of G.M. which received 30 pg YA in 20 pl CSF.

There is moderate cedematous swelling of neural elements.
Toluidine blue x 250.



Fig., 23 Area of G.lf. receiving 35 pe NA in 20 pl CSF showing

normal microarchitecture. Toluidine blue x 250

Fig, 2g§a2 Area of G.Me. receiving 35 pg NA in 20 Pl CSF.

Generalised oedema, with verineuronal and perivascular

swelling, is evident. Toluidine blue x 250.



Fig. 24(b) Detail of Fig. 24(a) showing perivascular swelling.
Toluidine blue x 1000

Fig. 24(c) Detail of Fig. 24(a) showing oedema of neuropil..
Toluidine blue x 1000,



Fig,. 25(2) Ventral horn G.M., L3-4 junction.. Evans blue

perivascular neuropil. (x 160).

Fig, 25(b) Dorsal horn G.M., L4. Evans blue fluorescence can

be seen in several blood vessels. (x 160),



Fig, 26 GM/WM junction from a2 non-stained area of le segment .

It is normal. Toluidine blue x 250,



Figs, 27 G.M. from an "BA-stained part of the lumbar cord
following NA infusion. There are no abnormalities to be
detected. Toluidine blue x 250..

Oedematous

Fig, 28 G.M. from EBA-stained segment of L

4.
swelling of neuroglial processes are seen. Toluidine blue
x 400,



Fig. 29 Area of G.M, from lumbar cord which was EBA-stained.

The tissue appears normal. Toluidine blue x 400,



Fie, 30 Lateral radicgrarh of lumbar s»ine and abdomen of a

cat. Abdomninal aortic lizaticns were carricdé out a2s in Fig, 4
J 8 i

<

L 2
The distribution of an intra-—arterizl injection of conirast

-

media is defined.






