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ABSTRACT 

Spi nal co rd blood flow has us'ually been considered to be 

controlled by the sa me mechanisms that operate throughout the . ~ 

central nervous system. While there is evidence for neurogenic 

contri bution ~o cerebral blood flow regulation, such evidence is 
\ 

lacking for spinal cord blood flow. We examined the role of 

• 
i ntrins ic neurogénic influences upon spinal cord bloQd flow by 

inducing a stimulus that consisted of an increaee in, 

intracranial pressure. The study was carried out in male 

Sprague-Dawley rats, anesthet~zed, paralyzed, and artifically 
\ 

ventilated. The arlimals were kept throughout the, experi ments 

normothermic, normocapnei c, and normoxem~c. Spinal cord b],oo,d 

f low was measured by the hydrogen clearance techni que and 

c l4-iodoantipyrine method. Our findings incl ude: (l) 

existence of autoregulation in the rat spinal cord, (2) grey 

/' 
matter blood flow is approximately two-fold greater than white 

matter blood flow, (3) in' response to increase in intracranial 

pres,sure to the point of eliciting the Cushing Pressor Response, 

while maintaining blood pressure within a!-1toregulation range, 

grey matter blood flow is greatt'y enhanced, while \ooIhite matter 

blood flow remains unchanged. We conclude that spinal cord 

blood flow is to some degree, dependent on suprasegmental 

survei llance, media ted by as yet unknown descending pathways. -
,. , 
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RESUME 

Les mécanismes de régulation du débi t sanguin médullaire 

sont habi t uellement cons idérés identiques à ceux qui 
1 \1 

interviennent dans l"ensemble au système flerVell7.: central. Bien 

qu'il existe des arguments en faveur d'une participation 

neurogène à la régulation du débit sanguin cérébral de tels 

arguments n' exi stent pas pour le débi t sanguin midulla ire. Nous 

avons étud i é le rôle des inf 1 uences neurogènes i n,trinsèques sur 

le débit sanguin médullaire en utilisant un stimulus non 

spéc i fique, l'augmentation de la pression intracrânienne. 
~ 

L'étude fut conduite sur des rats mâles de souche, 

Sprague-Dawley, anesthésiés, paralysés et arti f iciellement, , --
vent i lés. Pendant les expériences,' les animaux furent maintenus 

normothermi ques, norm'Ocapniqu,es et normox igues. Le débi t 

sanguin médullai re fut mesuré par la techn ique de clea rllnce de 

- l'hydrogène et la méthode au C 14-iodo- antipyrine. Les 

constatations suivantes ont été faites: 1) il existe une 

autorégulation au niveau de la moelle épinière dù rat, 2) le 
• J 

débi t sangll in de la substance gri se est approxima ti vement le -
double de celui de la substance blanche, 3) lorsque la pression 

intracrânienne est .auamentée au point de produire la réponse 

pressive de Cushing, et alors que la pression artérielle est 

maintenue dans les chi f fres d' autorégula t i on, le débit sangu in 

de la substance grise augmente beaucoup, contrairement au débit 

de la substance blanche: qui reste stable. Nous concluons que 

• 

~ 1 
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le -débit sanguin médullaire dépend en partie d' un contrôle 

~ 
suprasegmentaire, médié par des voies descendantes actuellement 

inconnues. 

1 
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INTRODUCTION 

-
There have been many reports in the literature concerned 

/ 

with the various aspects of cerebral blood flo,,", in physiological 

and pathological conditlons (Pasztor et al., 1973: Syemon et 

al. ,1973), yet much less i8 available on the sul?ject of spinal 

cord blood flow (SCBF). Much of what has been written on SCBF 

deals wi th the normal state and the PhYSie\Og.ical factors 
~--

affecting it or the changes induced in SCBF wi th experimel)tal 

cord trauma (Sandler and Tator, 1976). It is weIl establ i shed 

that the brain, acting via the sympathetic nervous system can 

regulate the systemic circulation, and it has been suggested for 

many years that the brain may neurogenically control (ts own 
1 

ci rcula t ion. However t to the bes t of our knowledge, i t was not 

yet investiga ted, quant i ta ti vely, whether the bra in does 
1 

participate in regulation of the SCBF. The goal of this study 
\ 

is te clari fy whether ln the rat, mechanical stimulation of 

increased intracranial pressure which had been shown te cause 

vasoactive changes in, the brain, will modify a180 SCBF. 

Understand ing the physiology.of blood ci rculat ion in the 

spinal cord might have great impact on the therapeutic app~oach 

to patients with spinal cord ipjuries, as weIl as providing ,. 
important information related to the spinal cord vessels 

reaction, to pa thological events in the bra in. In this study, 

an attempt was made to use an already established method to 

estimate SCBF - the hydrogen clearance technique. SCBF was 
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(1 measured under normal physiological state: over a wide range in 

systemic blood pressure and under induced increased intracrani al 

pressure caused by cerebral compression. 
• 
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SCBF - REVIEW OF THE LITERATURE 

The methods avai lable to measure blood f low (,BF) may. aupply 

two categories ,of information: quantitative and qualitative' 
"-

data. The latter can only show a relati ve increase or decrease 
~ 

in SCBF in contrast to the quantitative studies which provide 

"actual" values of BF measurements and therefore would appear to 

be more accurate and r~liable. 

SCBF -, QUALITATIVE METHODS 

The most commonly used of studying SCBF, 

has been the heat clearance thermoelectric 

devices which have been ei ther embedded in the co rd (Field et 

al., 1951) or placed on the cord surface s(Palleske and Herman, 

1968). Changes in BF produce cha.nges in the temperature which 

are c1etected by ~he thermocouple junctions and in turn 1ead to 

variations in electrical current whlch can be measured. These 
fIIi'Ii 

studies demonstrated a relative increase in the SCBF of the 

lumbar cord of dwarf pigs when 5-8% COi was added to the 
• 

i nspired gas (Palleske and Herman, 1968) 1 and al so an increase 

in SCBF when blood pressure was elevated (Palleske 1968). 

Other stud i es outl i ne the spi na1 cord vascula ture, thus 

supplying data concerning patency of vessela in vivo and their 

capillary density that is higher in the gray than in the white 

matter, but dn not measure flow per se. These methods incl ude 

the intravenous injection of fluorescent indicators such aa 

fluorescin, or filling vessels wi th colloidal ba-rium suape!lsion. 

, 1 
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~nd subsequently per forming microangiographic studi es (Hass 1er, 

1966) • 

SCBF - QUANTITATIVE METHODS 

Quantitative measurements of SCBF require either venous 

blood collection or the measurement of the qu~ntity of certain 

tracer in the neural tissue of the spinal cord. The complexi ty 

of the ana'tomy with respect to the venous drainage of the spinal 
• 

co~d precludes use of standard techniques such as venous 

sanrling, and t?erefor'e, "investigators have used various "tracer 

techniques". Examp1es inc1ude diffusible indicators, Le., the 

uptake of 14C-antipyrine which permit on1y a single 

determination of BF (as the animal must be sacrific.ed post 
\ . ~' 

injebtion) 1"'1" tracer washout studie~ inc1uding injection to the 

spinal cord of 133Xenon, or inhalation of hydrogen by the 
. 

animal, methods that allow few or unlimi ted number of flow 

determinations in the course of an experiment respectively. 

The theoretica1 basis for the use of inert diffuse tracers 

and for the ca1culation of measurement SCBF are based on the 
, 

Ficle principle and, wi fl be described later (Ficle 1870). 

Landau ~t al (1955) performed the first quantitativé study -of SCBF. They used a radioactive gas, tri-f1uoro-iodomethane 

labelled with 1311 - (CF3l31I)- and 

autoradiographic techniqu~s to measure regional cerebral and 
~ . 

cervical BF in cats. They found the mean cervical cord BF to he 

-
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14 ml/100gm/min in and gray matter 

respecti vely. 

Sandler and Tator (1976) m~asured SCBF in primate thoracic 

spinal oord l.Ising the l4C-antipyrine autoradiography 

"-
technique, essentially in the same method as Landau et al 

(1955). T)le mean value in 22 monkeys -for the thoracic white 

matter BF was 10.3 ml/IOO gm/min, and the mean thoracic gray 

matter flow was 57.6 ml/IOOgm/min. Whereas white matter flow 

, was much the same in aIl areas (dorsal coluI:\ns, ventral and 

dorsal lateral) rangirig from les!' than 10 to 20 rnl/lOOgm/min, 

the central gray matter and anterior horn f low values were 

betweEfn 20 and 90 rn1/100gm/min. Al though these tracer uptake 

and autoradiograph ic techniques only measures f low at one 

particular time, it permit differentiation of white and gray 

matter SCBF and obvioQ,sly there is no trauma to the cord. 

The indicator fract ionat ion technique was\ used by Bingham 

et al (1975) to measure SCBF in I(Jonkeys. This \!Ilethod was used 

originally by Sapi rstei n (1958). When an indicator such.s 

\ 
\ 

antipyrinë- is admi nistered in a single intravenous injection and 

the Killing time is short, the pattern of antipyrine 

â.istribution in nervous tissue will be the same as the pattern 

of the fractional distribution of the cardiac ouj:put. The-

average values obtained in this method for example in T2 area 

were 40.3 and 18.3 ml/lOOgm/min for ~ray and white matter 

respectively. There is· no trauma to the cord in this technique, 

. .. ~ .. 
.. " '4,' 
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and Wl th microdlssection gray and Whl te mat ter can be measured 

separa tely, however wi th the ml crodl S sect 10n there lS al ways 

poss1bl11ty of cCVltamination and inaccu~ète BF readlngs. The 

other dlsadvantage of the method lS that 1t allows only one 

measurement of flow at one partlcular t1me. 

Flohr et al '(1968) ha v~ deve loped a techmque for Sl ngle 

measurement of SCBF. They in]ected to the heart of cats 

particels of 1_ 131 l~belled albuIDln and after 4 minutes 

killed the anlmal. The splnal cord was removed and transected. 

The amount of lndlcator found in each segment was taken as an 

1 ndex of the fract 10n of cadi ac output pass i ng to that reg 10n. 

Flow values were calculated from local 1nd1cator concentrat1on, 

the total amount of the tracer ln]ected and card1ac output at 

the tlme of ln]ectlon. Mean SCBF was 19.2 ml/lOOgm/m1n. , 
Flow to the thoraclc segment (16.8 ml/lOOgm/m1n) was lower than 

t 0 the ce r v 1 cal (l 9 ml / l 00 g m / ml n) and l u m bar co r d s (2 2 . l 

ml/lOOgm/mln). Once agaln the method allow only one 

measurement, and g~ ves val ues for a whole segment of the cord 

without differentlatlon to white and gray matter, howeve.l"", the 

method is atraumatlc to the cord. 
", 

Marcus et al (1977) provlded another quantitatl~e date of 

SCBF by ln]ectl0n of m1crospheres label~ isotops to the heart. 

After the animal was sacri flced the segment,s of the spinal cord 

were exc i sed and gray and whi te matter were separa ted by 

dissectlon. Under control condltlons gray and white matter 
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flows to the lumbosacral cord of 5 s~ee~s were 110 and 25 

ml/l00gm/ml.n respectlvely. Mean BF to the cervlcal and 

lumbosacral cord s qments was 40% hlgher than flow to the 

thoraclc cord 

Another quantltatlve me~od was used by Smlth et al (1969), 

by Ducl<er and Perot (1972), and by Gnfflths (1973). They used 

the lnert radloactlve gas 133Xenon washout technlque, ln 

WhlCh the lndlcator was dlssolved ln sallne and lntroduced lnto 

the splnal cord by dlrect inJectlon. Dl f fUSlon lnto the 

peri-injectlon slte tlssues occurred, and the partlal pressure 

oi 133Xenon at a partlcular slte was dependent on 

dlffuslon and solubllity. , The 133Xenon diffused lnto the 

caplllarl es and was removed by the blood f low, thus a llow l ng 

further dlffuslon of the lndlcator. If follows tha t the grea ter 

the BF, the faster the lsotope cl~arance from the tlssue. The 

recording apparatus conslsted of a crystal sClntll~atlon counter 

that was posltloned 1-2 mm. above ~he surface of the cord. The 

SCBF was calculated from the 133Xenon clearance curves . 
• 1 

The mean SCBF for aIl their measurements at normal PC02 levels 

(for whlte and gray mëltter) ln the thoraco-lumbar reglon ln 

goats (Smlth et al, 1969) and dogs (Ducker and Perot, 1972) were 
1 

16.2 ml/100gm/mln and 15.6 ml!lOOgm/mln respectlvely. Wlth' the 

same method Grlfflths (1973) succeeded however to demonstrate ln 

\ 
the whlte matter of the thoraC1C s-ament of dogs mean values of 

15.7 ml/gm/mln, whl1e the mean B~ ca1culated from the fast 
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, 

component (WhlCh represented gray matter) was 48.4 

m1/lOOgm/mln. 

In contrast to the tracer uptake/k"l~chni gues, i. e 

14C-antlpyrine, the radloactlve Isotope clearance of 

l33Xenon lS advantageouB ln that measurements can he 

repeated ln the Bame animal. However, the results of Grlfflths 

(1973) demonstrated a marked varlatlon ln f10ws between 

different dogs, and he had dIfflculty ln obtalning reproduclble 

results ln the same dog under simllar conditlons. SmIth et al 

(1969) also found a marked varIation in flows at the same 

segment between different animais. The trauma to the spinal 

cord tIssue caused by a 29-gauge needle and, the dlfflculty to 

dIfferentiate between gray and whIte matter are othèr 

dIsadvantages of thlS method. Howev~r, wIth respect to the 

trauma produced by the needle SmIth et al (1969) observed nO
t 

disturbance of normal cel1 archItecture. Although Grlfflths 

(1973) dld conclude that he measured flow both ln whIte and gray 

matter he dldn': report if hlstology w,as done. Fort y pe~cent of 

hls desaturatlon curves were blexponentlal and ln these 

lnstances the slow component was calculate to represent the 

white matter flow whIle the fast component was conslder to 

repre6ent the gray matter flow. The other 60% of the washout 

curves were monoexponential and were consldered to represent 

only the whlte matter flow. The other investigators employing 

this technique surmoun:ed thls problem by calculatlng the 1 
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average cord blood flo",. Indla Ink was InJected into a few 

animaIs at the same place that the Xenon was InJected and was 

found ln both gray and whlte matter. The SCBF values that were 

obtalned by the varlOUS lnvestlgators descrlbed above 18 

summarIzed ln table 1. 

SCBF AND H2 CLEARANCE METHOD - THEORY 

One of the quantitatIve methods used for measurement of 

SCBF 15 the H2 clearance technique, which we have used ln our 

experiments. Before descrIbing the varIOUS groups of 

investlgators who have used this technIque, a theoretlc 

background of the method lS in order. 

Kety (1951) pointed out that hydrogen lS metabollC lly 

Inert and not normally present ln body tlssues. Furthermore, 

H2 dlssolves readlly ln liplds and therefore dlffuses through 
..; 

the blood braln barrler easily and thereby penetrates the ~ 

nervous tlssue weIl. Because_ of lts low water-qas partltlon 

CC1t!"'fflclent of 0.018, (Lawrence et al 1946) the pulmonary 

cIrculatlon should rapldly remove It from arterlal b1ood. These 

teatures of hydrogen fuIflll the criterla for tracer elements 

clearance studies of blood fl0W, developed by Kety (1951). The 

H2 clearanc~ method lS based upon the detection of hydrogen by 

a positlvely polarlzed platinum electrode Implanted ln the 

tissue of interest. Momentarl1y respIred (or lnjected intra-

arterially) hydrogen ~s transported to the surface of the 

electrode where It produces a current proportlonai to the 
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hydrogen concentration at the electrode tip. As the dissolved 

gas is cleared from the tissue and removed from the b~od by the 

lungs, tissue hydrogen clearance is reflect~d by a decreasing 

current that is related to the rate of blood flow at the sIte of 

the electrode. The relationship of the distribution of the 

hydrogen (according to its partitLon coefficIent between tissues 

and blood) to the blood flow i5 described by the Fick principle 

(1870). 

where J is the flow in moles (the flow of H2 towards the 

e~tctrode) and dc is the concentration gradient over distance x 

from the electrode. The term ~, the flow of H2 can ben 

converted into a current term, using Faraday's Law. The 

polarographic technique should reflect H2 concentration in 

tissues" and the developed Fick equation tells us that the 

current 15 a linear function of the bulk of H2 concentration. 

The equations for ca1culating b100d flow from the hydrogen 

clearance have been recent1y extensive1y reviewed by Young 

(1980a). 

Blood flow ~an be, estimated from t?~, the time required by 

the H2 concentration to fall to half of its original value. 

Thus, one of the derivatives of Fick's equatlon i5 

\ J=-ln(1/2)= 0.693 

t 1/2 t ~/2 
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Hydrogen clearance technique was introdûbed as a method to 

measure blbod flow by Aukland et al (1964). They used the 

polarographio~method measurlng tissue HZ concentration in 

vitro ~. monltoring the ~urrent generated by a platinum 

electrode. They found it correlated with hydrogen 

concentration. They also measured blood flow using the same 

method in animals' kidneys, myocardium and skeletal muscle, and 

found it to correlate well with flows obtained by venous outflow 

collection. 

Fieschi and Kety (1964) and Fieschi et al (1965) in 

experimental anlmals and Gotoh et al (1966) in man were the 

first to apply the H2 clearance method to the central nervous 

system. Good correlation were obtained between the H2 

clearance and the 14C-antipyrine autoradiographic method, 

measurlng BF in cat sub-cortlcal nuclei and white matter 

(Fieschi et al., 1969). 

SCBF AND H, CLEARANCE TECF.~IOUE, LITERATURE REVIEW 

This technique was tirst used by Kobrine et al (1974) to 

measure SCBF ln primates. Using a platlnum wire 250 m which 

was plac1d ln the lateral funiculus at T7-Tll segments 

they we/e able to measure BF in the white matter which ranged 

from lt to 21 ml/100gm/min with a mean of 17.5 ml/100qm/min. 

They 150 found the BF in the Il center Il of the cord to be 14 

ml/1DD m/min. 
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Gr i ff i ths et al (1975) used the hydrogen clearance method 

te measure SCBF in dogs and baboons. The platinum electrodes 

used were 0.2 mm. in diameter, and the resu 1 ts obtained in the 

white matter of the thoracic cord were II.5 in doge and 13.7 

ml/l00gm/min in the baboone, whi1e gray matter flow was 10.8 and 

16.5 ml/l00gm/min in the dogs and baboons respectively. The 

segments of the cord in which the~e measurements were performed 

were not gi ven. 

Senter et al (1978) using 250 um diameter platinum 

e1ectrodes wi th a sharp 10 m t ip., measured SCBF in the whi te 

matter of the cats thoracic latera1 funiculus to be between 10 

tO(l3.3 ml/lOOgm/min. 

The bel ief shared by a few author s (Sandler and Tatar, 

1976, and Marcus et al., 1977) that' the H2 clearance technique 

" cannot differentiate between gray and white matter flow, proved 

to be incorrect when two groups of investigators independently 

reported in 1983 their white and gray matter SCBF results. 

Hayashi et al (1983) using platinum wire 35 um in diameter 

w ith a t ip 0 f 10um found in ra ts the mean SCBF in the cervical, 

theracic and lumbar segments ta be 63 and 20 ml/lOOgm/min in the 

gray and white matter respectively. They suggested that the 

SCBF maintained constant values within the various spinal cord 

levels despite significant variation in the blood supply to 

these various levels. 

--------------------------~~ 
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Scremin and Decima (1983) stu~ied the SCBP in cats with the 

H2 clearance technique, uîsin~ a p1atinum wire 75 m in 

diameter. The average value of SCBF of the ventral horn gray 
\ 
), 1 

matter and of the w~te matter were 43.2 and 16.2 ml/100qm/min 

respectlvely. TQe results obtained ~y t~e various investigators 

using the H2 clearance technique including the present study 

are s"mmerized in Table 2. 

The apparatus for the H2 c,earance method used by all 

groups of investigators cited above as well as by us was very 

similar to that reported by Aukland et al (1964) and had been 

modifled to resemble that used by Pasztor et al (1973). 

AIl of the dlfferent authors who studied SCBF using the 
, 

H2 clearance method used very similar protocols and methods 

with a few noteworthy diff~rence~: sorne of which will be 

descrlbed ln the discussion seSSlon. 
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- SCBF - l4C IODOANTIPYRINE METHOD 

A different way to measure SCBF and CBF that was used also 

in our experiments wa~ by introduction 14C Iodoantipyrine as 

a tracer to the blood system. 

THEOR:( 

This method to quantitatively deter~ine the rate of blood 

,flow to specifie component of the brain was first described by 

Kety (1960) using freely difusable inert gases as tracers. ~e 

method is based on the following equation derived by Kety (1951, 

1960) . 

Ci(T)=WT Cal-K(T-t)àt 
o 

Here, where Ci(T) equal the tissue concentration in a homogenous 

tissue at a given time, T, after introduction of the tracer into 

the blood, ~equals the tissue: blood partition coefficient; Ca 

is the concentration of tracer in the arterial blood; t, equals 

the variable time; and K equal a constant that incorporates 

within it the rate of blood flow in the tlssue. The constant K 

ia given as K=mF/WÀ. Where F/À is the flow per maSe of tissue 

and m is a constant that describes the extent to which diffusion 

equilibrium between blood and tissue is achieved during passage 

from the arterial to the venous end of the capillary. Without 

any diffusion limits or arteriovenous shunt m=l. 
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0- VASCULAR ANATOMY OF THE RAT' S SPINAL CORD 

Blood flow to the spinal cord, like other organs in the 

body, is dependent on the cardiac output and on the caliber of 

the vessels, mainly the arteriols which supply the corda The 

intention to use rat fot experiments on the ~CBF made it 

necessary to evaluate the vascular ~rrangement of the spinal 

co rd of the rat. Woollan & Millen (1955) who gave the tirst 
. 

ac~ount of the vascular anatomy of the spinal cord of the rat, 

as well as other investigators (Tveten, 1976) were' strucK by the 

close similarity to that of man. The latter author used spinal
r 

cords of 115 rats, which were cut_transversely or in 

longitudinal plane and were examIned by radlography, and 

stereomicroscopy in different positions, and a summary which 

cites thIS study will follow (Teveten, 1976). 

Each mIddle branch of the spinal artery divided outside the 

dura mater into a ventral and a dorsal root artery (the 

radicular arteries) . 

THE ,VENTRAL RADICULAR ARTERIES 

The ventral root arteries provided the maIn blood supply to 
Ir 

the corda The average number of the ventral radIcular arteries 
., )\ ' 

in the cervical level was 3. in the thoracic region 4 and in the 

lumbar region 0 to 1. To the upper thoracic regjon there was a 

remarkable poor supply. One artery, larger than the others, the 

great ventpal radicular artery originated between Tll to 

L2' and in about two t~irds of the specimens it arose from 
./ o 
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the sub-costal space at T13' ~li9htly more often from the 

right than from the left side. In the vast majority of . 

speclmens, the qreat ventral radicular artery was the'only 

ventral tributary to the lower thoracic and lumbo-sacral cord. 

On the ventral surface of the cord each artery divided npar the 

ventral median fissure into an ascending and descending branch. 

These branches united with those from above and below to form 

the ventral spinal artery (or anterïor spinal artery) which 

extended the entire length of the cord. 

THE DORSAL RADlCULAR ARTERIES 

The~e arte~ies were smaller but more numerous than the 
~ 

ventral radicular arteries, and as for the latters, a profuse • 
supply to the spinal cord enlargements and a relatively poor-

supply in the upper thoracic cord was~evident. These arteries 

give ascendinq and descending branches WhlCh form the posterior 

(dorsal) spinal arteries. 

THE SURFACE ARTE~IES OF THE SPINAL CORD 

The surface of the spinal co rd possesses three longitudinal 
J 

arteries, a single ventral (anterior spinal artery) and paired 

d~rsal (posterior spinal arteries). The anterior spinal artery 
1 

extended the hole length of the cord in front of the ventral 

median fissure and gave rise to branches transversing the 

ventral median tissue - the central arteries. 

.. 
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The paired posterior spinal arteries, one on each aide, 
. 

were situated on the dorso-lateral surface, and their size was 
1 

markedl~ smaller than that of the anterior spinal artery. The 

two posterior spinal arteries interconnected by small transverse 

bra~ches cross ing the dorsal surface. of the ""Cord. Branches were 

given off penetrating the tip of the dorsal gray horn to s~ply 

the dorsal gray and whi te matter of the cord. 

THE -INTRINSIC ARTERIES OF THE SPINAL CORO 

The central arteries emerged from the anterior spinal 
• 

artery and cross the ventral median fissure to reach the base of 

the ventral gray horn. They terminate in a rich vascular plexus 

supplying the main parts of the gray and white matter. Their 

total number is approximately 200. The average number per 1 cm. 

of the cqrd was 26, 14 and 32 in the cervical mid-thoracic and· 

lumbar levels respectively. Most of the collaterals of the 

~entral arteries coursed to t~e periphery of the gray matter 

before they divided into terminal arteriols. The main blood 

supply to the cord derived from this system. 

The penetrating branches from the posterior spinal arteries 

enter obllquely the tips of the dorsal gray horns. They 

anastomoséd wit~\heir pair in the longitudinal and transverse 

plans to supply the dorsal gray 'and white matter. At the base 

of the dorsal gray horn, branches from the central arteries 

over~apped with penetrating branches of p08terior spinal 

arteries. 

, 

\. 
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As described ~bove, the blood supply of the cord might be 

divided into two arterial systems, according to the direction of 

blood flow. a) The anterior blood su~~(central artery) in 

which the direction is centrifugaI and b) The posterior spinal 

arteries and their penetrating branches, with branches of the 

ventral radicular artery which aFe entering the cord fro~ the 

periphery and in which the direction of b~ood flow is 

centripetal. 

An important ext"ensi ve capi llary network was found in the 

gray matter, more pr~minent in the ventral and lateral gray 

horns than in the dorsal gray horn. The cortieo-spinal tract 
~ ~ 

which is located in the ventral part of the dorsal funiculus 

sèem to have mueh better blood supply than the rest of the white 

mactter. ... 

~ INNERVATION OF THE BRAIN AND 

SPINAL CORD BLOOD VESSELS 

The cerebral vessels, bath extra and intraparenchymal are 

richly innervated. The cerebral a~teries are innervated by both 

the peripheral aminergic and cholinergie nervous system (Iwayama 

et al., 1970, Edvinsson et al., 1976), while the cerebral veins 

have the same aminergic innervatin, however, they have no 

cholinergie nerve fibers (Nakakita et al., 1983). 

By"light microseopy Chorobski and Penfield (1932) found a 

dual sympathetic and parasympathetic innervation of cerebral 
~ 

- . 
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arteries. They traced nerve fibers from both the facial nerve 

and t~e superior cervical ganglion to the cerëbral arteries. 

They also showed that a large number of these nerve fiberÎ 

survi~ed after cervical sympathectomy and suggested that the 

origin of these fibers is in the cranial nerves being 

parasympathetic fibers. Iwayama et al (1970) studied the 

anterior cerebral arteries of rats in two techniqùee: a) 

fluorescent histochemistry, and b) eleotron microscopy. a) 

With the fluorescent method it was shown in the controlled group 

that fluorescent nerve fibers formed a meshlike plexus over the 

entire length of the anterior cerebral artery. Two days after 

removal of superior cerevical ganglia all the fluorescent nerve 

fibers had disappeared from the anterior cerebral artery. b) 
• 

After fixation with potassium permanganate, two populations of 

small vesicles, granular and agranular, could ~ distinguished 

in the terminal axons of the nerve fibers, under the electron 

microscope. Two da ys after sympathetic denervation, no axons 

containing small granular vesicles were seen, whereas the fibers 

containing small agranular vesicles were not affected. 

Other studies on organs innervated by adrenergic nerves 

indicated that the small granular ve~iles are sites of etorage 

of noradrenaline. Th~ fact that t,he fibers containing small 

granular vescicles and the fluorescent fibers around the 

cerebral arteriei were degenerated after cervical sympathectomy, 

, 
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suggest that these axons are adrenerglc. The fibers that were 

not a f fected by sympaïet ic denervat ion and which were observed 

after the degeneration of adrenerglc nerves (contalning small 

agranular vesclcles) considered by Iwayama et al (1970) to be 

chollnergic. These nerve flbers seem to have another origin 

probably non sympa thet i c, that m 19ht be the cran l al nerves or 

more specifically the facl~~ as descrIbed by Chorobski and 

Penfleld (1932). 

Although much has been learned about the neurogenlc 

Innervation of the cerebral blood vessels, there lS pauclty ol 
rnorphological lnformatlon concernlng the neurogenlc innervatlon 

of the spinal cord blood vessels. Nevertheless, few , 
Investigators have demonstrated sympathetlc lnnervatlon of the 

splnal cord blood vessels ln rats and dogs; flbers from 

paravertebral sympathetlc ganglia enter the splnal cord 

accompanylng the blood vessels and synapse on the muscle of 

the se vessels (Ogushi, 1968, McNlcholas et aL, 1980). 

Very recently lt was found by hlstochemlcal studles that ln 

the splnal cord the arterIal system ha~ dual innervation of 

amlnerglc and chollnerglc nerve flbers, but the venous system 

has only amI nerglc Innervation, the bame as ln th,e bra i n 

(ltakura, 1983). Thls author also demonstrated that the most 

characterlstic morphologlcal dlfference of the neurogenlc 

innervation between the braln and the splnal cord Ile ln 

., , 

'" 
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Intraparenchlmal arterlols; those of the e,plnal co rd posses 

perlphérai amlnerglc nerve flbers, while the Intraparenchimal 

~rterlols of the braln do not. 1" The amlnerglc and chollnergIc 

nerve flbers ln the cat splr~al cord blood vessels (anterlor 

spInal artery, central artery, and posterlor spInal veln) were 

studled by means of amIne hlstofluorescence and 

acetylchollnesterase (ACHE) stalnlng (Itakura, 1983). 

Concernlng the role of the autbnomlC nervous system ln 

con t rolll ng the central nervous sys tem blood f low, WeI et al 

(1975) "'uggested that the amlnerglc system ln the blood vessels 

rnay play a role ln vasoconstrlctlon by performlng sympathetlc 

nerve stlmulatlon. D'Alecy and Rose (1977) descnbed the 

choll nerg - c sys tem ln dogs cerebral arter l es to act as a 

vasodllator. Pharmacologlcai blocklng agents were used by Lowe 

and G llboe (1971) and by Yordanov and Vlahov (1971) to 

demonstrate the presence of alpha and beta adrenerglc receptors 

and thelr dlfferent role on cerebral blood :10 .... , ln the canIne 

and ca t ce rebra l vesse 15. 

.. 
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PHYSIOLOGY OF SCBF AND ITS AUTOREGULATION , 

SCBF has usually been considered to be controlled by the 

same regulatory mechanisms that operate in the rest of the 

central nervous system (Marcus et al., 1977). 

Several st udies have been per formed to ëxamlne the ef fect 

1 
on SCBF of varying physiologlcal parameters such as systemic 

arterial blood pressure, actl vation of spinal neurons, arterial 

carbon dl0xide tension (PaC02)' and arterlal oxygen tension 

EFFECT OF SYSTEMI C BLOOD PRESSURE ON SCBF 

'. 
(AUTOREGULATION) 

.... 
Ear ly repor ts us i ng quaI i tat i ve methods (thermocouple 

desIgn) found that SCBF was independent of a wide range of 

systemic arterial pressure changes (Field 1951). Palleskle 

(1968) with heat clearance devices and Kindt (1970) using 

Peltier flow devices studles pigs and monkeys which were under 

anes thes i a. Following ln je ct Ion of vasoconstr i ctl ve drugs, and 

subsequen t ly, el evati on of BP they found only 1 ni Ua 1 increase 

in SCBF that soon re-turned to normal, although the BP remained 

high. They also suggested that the cord reacted in a similar way 

as the brain did, regarding changes in BP. 

The quant i ta t l ve rnesurements of SCBF as af fected by changes 

in systemic arterlal blood pressure showed clearly that 

autoregulation in SCBF does exit. Flohr et al (1968) studled 

anesthetized cats with t_he particle dIstributIon method, 

_._. 
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and concluded, that under normal condltlons, no slgnlficant 

correlatIon was found between m""'an arterial blood pressure and 

SCBF when the me an arter l al pres sure var i ed between 60-160 mmHg. 

Gn ft l. ths (1973) us i ng the 133Xenon cl earance technique 

demonstrated on anesthetl.,zed dogs no sl~nificant variation in 

whlte matter f10w in the BP range af 60-h50 mmHg. Hawever, 

below 60 mmHg flow decreased wi th reductlon af BP. Anesthetized 

monkeys were shown ~ ha ve autoregul- t lon ta changes in BP as 
( 

was descnbed by Kobrine et al (1975a) uSlng the H2 clearance 

technl.que. The SCBF ln the thoraclc whIte matter remained 

canstan t and ln the narma l range wlth a _ mean arte r laI BP a f 50 

ta 135 mmHg. Be10w 50 mmHg SCBF fell passlvely wl.th further -decrease in BP, and values above 135 mmHg resul ted ln lncrease 

in SCBF with further Increase in BP. In thlS study, changes ln 

BP were reached by b1eedl.ng the ammal or by Infus lon of 

norepl nephr l ne when BP was lowe red or ralsed respectl ve l y. The 

same tendency af regulatio!1 of SCBF ln the presence of 

alteration ln BP was emphaslzed by Marcus et al (1977) uSlng 

labeled mlcrospheres. Increasing systemic pressure by 40-50 

mmHg (from 110 to 152 mmHg ln doqs and from 75 to 134 mmHg ln 

sheep) did not al ter flaw ta any reglon af the spi nal cord ln 

the ane s thet l zed dogs or sheep s tud l ed. BP was 1 ncreased in 

t hese exper'l ments by in fu s l ng phenylephn ne. A dl f feren t range 

of autoregulatlon ln reaction to elevatlon or: lowering of the BP 

was observed by Senter et al (1979). Thel r exper l ments were 
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done on anesthetized cats using the H2 clearance method. 

Systemic BP was changed using Aramine and Nitropruside for 

i ncreas ing 0" decreas ing the BP respect i vce-ly. They observed 

SCBF ln the dorsolateral foniculus of the thoracic cord to b~ 

1ncreased passively above 90 mmHg and to decrease be10w 40 

mmHg. 
1 

EFFECT OF SYMPATHETIC NERVOUS SYSTEM ON SCBF 

Few data were published concerning the role of the 

sympa thet i c nervous syst em on control and regula t 10n of SCBF. 
-.. 

After the admlnistration of phenoxybenzam1me, an alpha 

adrenergic block1ng agent, it was found by Kobrlne et al, 

(1977a) that the SCBF ln monkeys white matter was Ilnearly 

related to mean systemic arterial pressure, which means that the 

autoregulat 1 on phenomena appeared to have been aboI ished. 

The effect of high éervical cord section on the phenomenon 

of autoregulation was studled ln monkeys with the H2 clearance 

methf"\(j (Kobrine et aL, 1976). Autoregulat1on was found to be 

intact between 50 and 125 mmHg, follow 1ng a pattern slmi lar to 

the one observed in the 1 ntact an1mal as descr ibed above 

(Kobrine et a1.,1975a). These flndings suggested that the 

sytlpathetic system can regulate SCBF on a 'spinal cord reflex 

basi sand not necessari ly via the central hypothalamlc control 

of the sympa thet ic system. The admi ni stra t ion of propanolol, a 

beta adrenergic blocker, emphasized that at high systemic 

arterial pressure the beta'adre~ergic cnmponent is involved 
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wi th ini t iat ing a vasod ilat i on and a resu1 tant marked increase 

in SCBF (Kobrine et al., 1977b). To support part of these 

observat ions Young et al (1982) per formed para vertebra 1 

sympatectomy in the thorax of cats and demonstrated that the 

blood flow correlated 1inear1y with systemic blood pressure in 

contrast to the wide range of autoregulatlon observed in the 

intact animals. This was a dIrect proof of the peripheral 

sympathetlc involvement in regulating SCBF. 

EFFECT OF METAgOLIC STIMULATION ON SCBF 

Another factor that affects the SCBF, is increased neural 

activity Whl~h is lnduced by stimu1atiol'l of periphera1 nerves 

( i . e. hee1 plnching or s timu 1ation of àe animal scia t le nerve) 

and has been shown to inerease SCBF, elther with the 

qua1ltative method (Field et al 1951), as weIl as using 

quant i ta t ive techniques (Seremin and Dec i ma 1983, Marcus et al 

1977). The latter group tested the effect of a metabo1ic 

stimulus - an e1eetrical stimulation of the femora1 and sClatie 

nerves - on lumbo - sacral blood flow. When these nerves were 

stimulated in the left side, SCBF to the gray matter on the same 

side lnereased by 50%, whlle simultaneous measurement of flow to 

the ipsilateral whlte matter and tO the contralateral,white and 

gray matter demonstrated no change. It lS genera11y accepted 
'? 

that blood flow is linked to metabolism in the normal nervous 

system (Olsen 1970). 
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EFFECT OF CHEMICAL STIMULATION ON SCBF 

c Al terations in systemic blood gases, ma inly the arter ial 

carbon dioxide tension has been shown to be the most important 

physiological parameter af fecting SCBF. 

Kindt et al (1970) studied anesthetized monkeys SCBF by the 

Peltier flow devices. Recordings were made as the respiratory 

gas was changed from 100% 02 to 10% C02 in 90% °20 They 

reported a prompt rise in SCBF (as weIl as in cerebral blood 

f1ow) when the respiratory gas was changed from 100% 02 te 10% 

C02 in 90% 02' When the respira tory gas was again changed 

to 100% 02' there was a reduction in SCBF 0 Another SCBF 

qualitative study on anesthetized pigs has been performed using 

hea t cl earance probes (PaIl es~e and Herman 1968) 0 They al so 

obtained consistently, increases in SCBF (and in brain) wi th 

increases in arteria1 pC02' Following hypoxia they observed a 

reactive hyperaemia of the cordo 

The majori ty of the evidence elaborated by the 

investigators who used the quantitative methods indicates that 

extreme hypercarbia causes a marked increase in SCBF and 

hypocarbia causes a marked de'crease in SCBF. Flohr et al (1968) 

using the particle distribution method in anesthetized cats 

found that SCBF in whole segments was linear1y related to 

pC020 Smith et al (1969) in anestetized goats using the" 

133Xenon clearance method, report ed mean SCBF to fall from 
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17.4 ml/lOOgm/mi n when pC02 was 39.3 torr, to 8.5 m1/100gm/min 

-
when pC02 was reduced to 16.8 torr. Conversely, elevation of 

pC02 from 37.4 to 59.4 torr increased mean SCBF from 13.0 to 

19.6 ml/lOOgm/mi n. Us ing the same method in anes thetized dog s, 

Griffiths (1973) showed a h!gh linear correlation between the 
o 

change in fI ow and PC02' and ra i s ing the pC02 f rom 40 uunHg 

to approximately 85 mmHg doubles the ~lood f10w in the white 

matter. Hypocarbia was consistent wi th vasoconstriction and 

this e f fect was absent ln coex i stent hypox la. No change in f low 

occurred unt il p02 had reached 60 mmHg when a sharp increase 

in f10w occurred reaching maximal levels at p02 of 30-40 mmHg . ... 
Very s imilar concl usions were obtained by Marcus et al (1977). 

They measured SCBF in anest~et i zed dogs and sheep. For exalllple, 

their total SCBF (in dogs) .with pC02 of 39 mmHg and p02 of 

123 was 32 ml/IOOgm/min. With a pC02 of 24 and 55 mmHg the 

total SCBF was 18 and 55 ml/lOOgm/min respectively. Thus, 

hypercapnia increased flOw and hypocapnia decreased flow. 

Hypox i a in sheep al50 markedly l ncrea sed f'low, i. e. under p02 

of 32 mmHg lumbosacra1 blood flow was 53 ml/100g/mln whi1e the 

contr~ measurement under p02 of 100 mmHg SCBF in the same 

segment was 32 ml/100gm/min. 

The normal value for the pC02 in the thoracic white 

matter of an awake unanesthetized monkey was 31 mmHg based on 

the observations of Kobrlne et al (1975a) using the H2 
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relatively larg~nges in 
, 

pC02 in ei ther direction did not result in signi ficant change 

in SCBF, and unlike the cerebral blood flow they found that 

between 10 "'nd 50 mmHg, SCBF remained constant at 17 

ml/lOOam/min. On the other hand they demonstrated a Ilnear 

increase in SCBF from 50 to 110 mmHg of pC02' 

Thus, i t can be concluded that SCBF in experimental animaIs 

lncreases markedly when pC02 i s above 50-55 mmHg and decreases 

in pC02 values below approximately 25 mmHg. Hypoxia (p02 

below 60 mmHg) also incr~ases SCBF reachlng maximal levels at 

p02 0 f 30-40 mmHg. In addi t ion, SCBF demons tra tes 

autoregula t ion in react i on to system i carter ial b)ood pressu re 

changes,' and increases significantly in the presence of 

metabolic stimulation. SCBF is regulated by the sympathetic 

nervou8 system on the level of the spinal cord and lS not' 

necessarily under central sympat-hetic control. 
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EFFECT OF DRUGS ON SCBF 

o The effects of drugs on SCBF are depende-nt upon thei r 

capability to cross the blood cord barrier (BCB) and to reach 

the extracellular fluide Anesthetic agents however in addition 

to having direct vasoactive effects on the blood vessels (i.e. 

vasoconstriction or vasodilation) may have secondary effects on 

SCBF; e.g. by affecting blood pressure, metabo1ism, or 

respiration (e.g. changing the pC02)' 

Concerning cerebral blood f low (CBF), the anesthetic drugs 

that are given intravenously (Let sodium pentob~rbital) cause 

vasoconstriction and reductio~ in CBF, secondary to reductlon in 

cerebral metabol ism. In contrast, the inhalational anesthetics 

tend to di la te cerebral vessels (SmJ..th and Wollman, 1972). For 

example, Fieschi et al (1969), (the investigators who introduced , 

fi rst the H2 clearance method to the bra i n in exper imental 

animals) demonstrated that caudate nucleus blood flow tends to 

decrease signiflcantly (37%) during deep barbiturate anesthesia 

ln cats (Pentobarbita1 50 mg/l<g/Lp.) as compared to awake cats. 

There i s no up to da te deta i led st udy, yet to the bes t of our 

knowledge, tha t investiga t es the role of anes thet ic compounds on 

SCBF. Nevertheless, using the hea t clea rance method, a 

non-quantitative technique, it was shown by Field et al (1951) 

that intravenous inJection of barbiturates (sodium 

pentobarbi tal) or D-tubocuranne caused a decrease in the 

rabbits SCBF. However, Landau et al (1955), using a short 

o 
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5cting barbiturate, thiopentone, reported no difference in the 

cervical whi te matter SCBF from values obtained in 

unanesthetized cats. Sokoloff (1958), in a quanti tati ve 

measurement using radioactive inert gas in the feline, found 
. 

also that light thiopental anesthesia had no signi ficant effect 

on the SCBF. A further support to these studies was emphasized 

by Griffiths (1973) using the 133Xenon clearance method on 

dogs. Although he didn't test unanesthetized doge, the 

comparison of the effecte of trichlorethylene, halothane, and 

pentobarbi tone anesthesia on the f low in the whi te matter showed 

no si gni fican t di fference in SCBF wi th any of the three drugs. 

Practically aIl the various investigators in SCBF are using 

either light anesthesia with barbiturate (i.e. 25/mg/kg of 

pentobarbita.l, Young et al., 1982) or N20 and 02 in 

approximately a 2:1 mixture (Kobrine et al., 1977a). 

Not much is known either on the effects of non-anesthetie 
L. 

vasoactive agents on the normal SCBF. Propranolol (a beta 

adrenergic blocker) was given via slow intravenous infusion at a 

dosage of Img/kg and it failed--to affect the SCBF (which was 

measured at the normal resting blood pressure) which remained 

constant (Kobrine et al., 1977b, H2 clearance method). ThU9, 

despite the adrenergic innervation of the spinal arteries, at 

least the beta receptors in "normal resting flow pressure" are 
". 

not aet i vated, perhaps due to the rela t i vely smaU number of 

beta receptors in the spinal eord, compared ta the rest of the 
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central nervous system (Alexsander et al, 1975). 

Crawford et al (1977) studied on dogs the e f fect of 

norepinephrine (NE) on SCBF using the H2 clearance me~hod. 

Multiple 1igations of branches of the posterior aorta was done 

(except those supplying. the lumbar and sacral segments), and 

further pharmacological disruption of the blood co rd barrier 

(BCB) using hyperoslnotic compounds (2.5 M urea) was performed. 

Then, they injected NE directly into the aorta, and concluded 

that SCBF decreased in direct correlation with an increase of 

the NE dosage. However, no change of SCBF was observed whi le 

the BCB remained intact. This decrease in SCBF was prevented by 

treating the. dogs (before the administration of NE) with 

phenoxybenzamine (an alpha adrenergic blocker). The 

last observation suggests that the decrease in SCBF (after the 

NE treatment) is via an alpha adrenergic mechanism. It is worth 

noting however that injection of NE after BBB disruption caused 

increase of cerebral blood flow and cerebral metabolism 

(MacKenzie et al., 1976). The reason it didn't happen in the 

spinal cord might be, as we noteq above, due to the nHatively 

smaii number of beta receptors in the spinal cord as compared to 

the brain. In the same study (Crawford et al., 1977), they also 

measured SCBF between 0 to 30 minutes after urea administration 
4 

(intrarterially), and found that urea had no significant effect 

on SCBF. 



It was recommended by Young et al (1980b, 1982) to~.e 
ca:-efully, acetylcholine blockers (i.e. tubocurare, gallamine, 

and succ:=inylchol ine) to paralyze animals in spi nal in jury 
'1 

experiments because of the varying degrees of symP?thetic or 

parasympathetic blockade they produce, that subsequently might 

maSK the pressor response to the trauma, r~ulting in higher 

post-traumatic f lows. 

In conclusion, the experimental evidence reviewed here tend 

to agree that light barbiturate anesthesia has no significant 

effect on normal SCBF. Beta adrenergic blockade ageryts do not 

change normal SCBF, and do not abol ish autoregulation phenornenon 

in SCBF. Alpha 'adrenergic blockade agents, do have a role in 

modulating SCBF. Treatment wi th phenoxybenzamine a,bol ishes 

both, the decrease in SCBF following NE injection and the 

autoregulation to changes in blood pressure in the SCBF, as 

weIl. NE administration only after disruption of blood cord 

barr i er decrease signi f icant ly SCBF (via an alpha adrenerg ic 

receptors) in contrast to i ts effect on cerebral blood flow. 

\ 
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The Effect of Intracranial Pressure on Cerebral 

and Spinal Blood Flow 

Two experimen~al methods to simulate clinical circumstances 

of increased intracranial pressure (ICP) were summarized by 

Cushing -' 1902}. The first is a local compress ion of the brain 

(e.g: inflation of an extradural balloon) lead~g to a resultant 

unequal distr i bution of 1 CP, in contras t to the other tE'chnique 

(e.g. perfusion of the sub-arachnoid space wlth saline) which 

br ings about a generalized compression. 

One important factor that i nO uences CBF is the pressure 

di fference between i ts arteries and vei ns, and thi s is de f ined 

as the cerebral perfusion pressure. The pressure inside the 

cerebral veins is practically the same as the lCP in almost all 

situations, so that cerebral perfusion pressure (Cpp) is 
• 

commonly regarded as being the di fference between the systemlc 

arterial pressure (SAP) and intracranial pressure (ICP). 

Thus , CPP=SAP-ICP (Jennett and Teasdale, 1982) .. 

The other factor cons icdered to de fine CBF is the 't'es i stance 

of the cerebral vessels. 'Thus cerebral blood flow (CBF) vanes 

wi th changes in perfusion pressure and the diameter of the 

cerebral vasculature. 

.~ 
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CBFcperfus10n pressurejvascular res1stance 

This assumption 1S a der1vatlve of the quat10n Wh1Ch was 

glven for flow through r1gld tubes: 

Flow=(lnflow pressure-outflow pressure)rad1us 4 

length X V1Scoslty 

Slnce the length of the cerebral vessels changes very 

11ttle, and the V1~cos1ty can be assumed to be constant the 

denom1nator of the equatlon can be 19nored. The 1nflow pressure 

m1nus outflow pressure and th.~ radlus 4 represent the perfus10n 

pressure and vascular res1stance respectlvely. Desp1te the fact 

that the lnteract10ns between lCP and CBF are complex, there lS 

general agreement tha ta) the cerebral Cl rcul a t ion 1 sable to 

compensate, w1th1n Ilm1ts, for r1s1ng intracran1al pressure and 

b) a crltlcal pOlnt lS rêached when the lCP lS w1thln 40 to 50 

mmHg of the rnean arterial pressure, after WhlC~ CBF falls as 

perfus10n pressure further decreases (Symon et aL, 1973, 

Jennett and Teasdale, 1982). 

lnterestlngly, two recent stud1es'demonstrated that such 

reduct10n ln CBF durlng 1ntracranlal hyp~tenslon was 

heterogeneous and (low to the medulla was preserved much more 

efflclently than flow to the cerebrum. In these studles, 

1ncreases ln lntracranlal pressure were Slrn11ar ln the cerebrum 

and medulla (Sadoshlma et al, 1981) and hlgher suptatentorlally 

than lnfratentor1ally (MallK et al., 1977). 

r 
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Whlle many Investlgators demonstrated that Increased 

Intracranial pressure (the so called Cushlng response) caused a 

reduction in CBF, ln contrast, electrlcal stlmulatlon of centers 

of the braln stem (the Fastiglal nucleus of the cerebellum and 

the Dorsal Medullary Retlcular Formatlon) whlCh had caused also 

the Cushlng reflex, (thlS tlme, electrlcally wlth no pressure 

effect), the blood flow ln the braln (cerebrum, cerebellum and 

brain stem) was found to Increase marked1y (Nakal et al., 1982, 

ladecola et al, 1983). These centers appear to function as 

tonic vasomotor centers and medlate the reflex cardiovascular 

responses to the Increased Intracranlal pressure (the CushIng 

re flex). Whether or not the changes ln blood f low resu l t l ng 

from stlmulatlon of these nuclel, are restrlcted to the cerebral 

hemlsphere, basal nuclel and braln stem or are wldespread and 

affectlng also the splnal cord, lS unknown. While we falled due 

to technlcal reasons to pe~form electrlcal stlmulation and blood 

flow measurement o~ SCBF wlth H2 clearance slmultaneously, we 

deClded to Investlgate the SCBF durlng acute Increased 

Intracranlal pressure. The sa me Idea was tested by 

Palleske et al (1970) uSlng the heat-clearance technIque. Wlth 

thlS qualltative method they were able to demonstrate ln dwarf 

plgS that an Increase of lCP by means of an epldural balloon, 
~, 

caused an Increase ln SCBF, although the blood pressure dld not 

change. A st ronge_r compr ess l on resul ted in cerebral Cl rcu la tory 

arrest, whlle the clrculatlon of the splnal cord rose. 
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AIM OF THESIS 

The hydrogen clearance technlque hqs been used for almost 

20 years to measure cerebral blood flow (Fieschi and Ketti, 

1964~~d for approxlmately 10 years for quantltatlve 

measurement of SCBF (Kobrlne et al, 1974). This method is one 

of the most widely used and accepted approaches for studylng 

spinal cord ln]Ury. We have chosen the H2 clearance technlque 

malnly because of the fact that during an H2 clearance study, 

one can take many measurements, uSlng dlfferent stlmuli and the 

same anlmal mlght serve as the control as well as the induced 

stlmulus group. 

The main purpose of this work is: 1) to study a method to 

measure normal SCBF ln the rat as well as to test the aspect of 

autoregulation in rats SCBF, wlth the devices and techniques of 

H2 clearance, 2) in an attempt to evaluate the valldlty of the 

SCBF measurements obtalned by the polarographlc technlque, a ) 

comparlson study of blood flow between the latter method and \ 

lodoantipyrlne as a tracer done. 3) the role of central 

nervous system on SCBF regulation is not fully understood. 

Kobrine et al (1976) tested the autoregulatlon pheno~enon 

ln monkeys SCBF. After high cervical cord section, 

autoregulation was stlll observed, following a pattern slmllar 

to the one observed in the intact animal. This, therefore, 

lndlcates a local regulatory mechanism of the splnal cord. The 

same notion was expressed by Scremin and Decima (1983) who 
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falled to provide eVldence for a role of suprasplnal conn&ctions 

ln the malntenance of restlng SCBF. Thus, during the period 

immedlately following an acute cord transectlon, SCBF did not 

change several segments below, ln spite of a profound depresslon 

of reflex activlty. Fllrthermore, the same Investlgators 
, 
" 

demonstrated that supraspInal connectIons are not necessary for 

the effect of C02 on SCBF, Slnce SCBF varled accordlng to 

pC02, slIDllar to what had been descrlbed ln the Intact anlmal. 

It lS well establlshed that the braln, actlng Vla the 

sympathetlc nervous system, can regulate the systemlc 

clrculatlon; It has also been suggested for many years that the 

braln may neurogenlcally control ltS Own circulatlon (Rels et 

al, 1982). The splnal cord and ~he braln have quite the same 

hlstology, embryology, and Slmllar physlologlcal control, yet 

the role of the braln on the SCBF is not yet known. An attempt 

was made to study the effects of an acute Increase ln 

Inttacrar.lal pressure on SCBF. The elevatlon of the 

lotracranlal pressure wlll cause lncreae of ,systemlc blood 

pressure (via sympathetlc dlscharge, clrculatlng catecholamlnes 

and vasoconstrictlon) and .,a ralslng ln the pressure ln the 

splnal canal. 

Slnce the prepsure effect is known to cause a decrease ln 

cerebral blood flow (Symon et al., 1973), and noreplnephrlne 

after dlsruption of the blood-braln-barrler produces an lncrease 

ln cerebral blood flow (Mackenzle et al., 1976) and a decrease 
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( ln SCBF (Crawford et aL, 1977), it wIll be interesting to 

determine the effect of these factors, on SCBF. Moveover, since. 

li slgr'lificant (2.4 fold) increase in CBF can be elicited by 

electrlcal stimulation of the Dorsal Medullary Reticular 

FormatIon (Iadecola et al, 1983), the anatomical subtrate for 

the Cushing Response, we intend to study the effects on SCBF 

assoclated wi th the" Cushing Response elicl ted by rai~li-.g / 

Intracranial pressure. Thus the role of supraspinal influencej 

on SCBF are to be examined. ~ 
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MATERIAL AND METHODS 

H2 CLEARANCE TECHNIQUE-IN VITRO STUDY 

In order to test our polarographic technique, to assess how 

accurately it reflects H2 concentration, the sa me H2 

clearance methodology was used ln an in vitro model. 

Saline saturated with hydrogen gas was injected into a 

closed 100 cc. reservoir which was ag.itated by magnetlc stirrer. 

Normal saline was than run through the reservoir to an outlet 

which contained a platinum electrode 130 ~m in diameter and a 

gold reference electrode (Flg.l). The rate of flow was first 

measured with a stopwatch and a graduated cylinder and then 

calculated from the washout curve on the recorder, bath measured 

values were then compared. The theory behind the method will be 

stressed again. H2 polarography i5 based on the principle 

that the oxidation of H2 generates electrons. 

H2 .. 2H++2e-

If provlded an acceptor surface, such as a platlnum 

electrode, the reaction will donate electrons to the electrode, 

ca us lng a current flow. In vi tro - when the polarized pla t l num 

electrode is inserted into a solutlon contalnlng H2' the H2 

molecules closest to the electrode surface oxid1zes to form H+ 

lons. As the H2 ad~acent to electrode surface becomes 

depleted, a concentratlon gradient is established between the 

bulk solution and the immedlate electrode vicinity. This 

concentration gradient causes a migration of H2 molecules, 
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contro11ed by the dlffusion coefficient of H2 in the solution. 

When the H2 dep1etion is sufficiently rapid, the e1ectrode is 

diffusion 1imited, and this is described by Fick's Law (1870), 

as exp1alned above. 

ANIMAL PREPARATION, MONITORING AND OPERATIVE PROCEDURES 

Male Sprague Daw1y rat, weighing 300-400 gm. were 

anesthetized with sodium pentobarbita1, 30 mg/kg 

intraperitonea1ly.· Polythy1ene catheters, fi11ed with 12 lU 

sodium heparin and 0.009g NaCL per ml of water, were tied into 

the right femora1 artery for b100d pressure and gases monltoring 

as we11 to the right femora1 vein for the purpose of drug 

administration. The traehea was cannulated and the skin was 

sutured. The Ag/Cl gold reference electrodes were implanted 

subcutaneously in the abdomen. The animal's head was p1aced in 

a stereotaxie frame and the temperature was maintained at 

36-37oC wlth a heat 1amp, and monitored by rectal probe 

connected to a YSI Te1e-Thermometer. (Anesthesla was maintalned 

if needed by supp1ementa1 lntravenous injections of sodium 

pentobarbito1). The animal was then para1yzed with (Tubarine) 

Tubocurarine eh10rlde (3 mg/kg i.p.) and meehanlcal1y venti1ated 

with a smaU volume resplrator. The respiratory volume and rate 

were adjusted to maintain arteria1 b100d pH at 7.38-7.42, p02 

at 100 to 150 mmHg, and PC02 between 30 to 35 mmHg. B100d 

pressure (BP) was monitored directly from the femora1 artery 
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with a pressure transducer connected to a Hewlett Packard 8 

channel recorder. 

One level laminectomy was performed between L2 to L5 or TI0 

to T12 or C3 and C4 as needed, using a mIcro rongeur, taklng 

care not to damage the spinal cord. Two small dural incisl;ns 

(1 mm) were made wlth a No. 11 surglcal blade, at the 

dorso-lateral aspect of the cord (0.5 mm. medlally to the 

posterlor spinal artery) ln bath sides, when 7 the gray matter 

blood flow was to be measured. When the whIte matter was to be 

measured the dural incision was situated l mm. lateral to the 

1 
mldline which was marked by the posterlor central veln. The 

animal was allowed to recover from the operation for 30 minutes 

because of the depresslon of SCBF immediately~following 

laminectomy (Anderson et al., 1978). The polarographic 

electorodes were Inserted through the dural inCIsions with 

mIcromanipulator. The connecting wires were fixed to the 

animal's skln, allowlng the electrodes to :loat freely wlthln 

the spinal cord, in synchrony wlth the respIratory movement. 

The electrodes were advanced to a depth of 0.5-1.0 mm without 

VIsible trauma to the cord. NO methods of Immoblllzation of the 

vertebral column were performed except for the head which was 

fixed by the frame. The surgIcal procedurs described above 

'were done under surgical microscopie illumInatlon and 

magnification. The recording electrodes were connected to the 

o amplifiere and recorder, (Fig.2) then polarlzed with +350 MV 
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c (positive to the gold reference electrode) and left for 15 

minutes ta stabilize. Once a steady baseline has been achieved 

and monitored in the ampmeter and on the recorder, the local 

SCBF measurement was performed using the hydrogen clearance 
-

technique. Ten ta 15 percent hydrogen mixed with alr (Fig.3) 

was adminlstered to the rats through the mechanical ventllator, 

for 3-4 minutes, until the tissue was saturated and a plateau 

was reached on the chart recorder. The hydrogen was turned off 

and the decreasing current was recorded (Fig.4). The local SCBF 

was calculated from the exponential clearance rate of tissue 

hydrogen. An artist drawn of the experiment model is plotted in 

Fig. 5. 

A computer was used to sample the current (arbitrary 

numbers) versus the time every 30 seconds during the initial 2.5 

minutes of the clearance curve, excluding the first 45 seconds 

that were disregarded because of arterial recirculation (Pasztor 

et al., 1973). By the programed computer, the logarithm of the 

H2 signal was taken and a linear regresslon over time was 

performed and the correlatlon coefficient of the line was 

calculated and the exponential slope was obtained. The slopes 

were multiplled by 100 to expres the flow rates in units of 

ml/lOOgm/min. Most clerance curves were recorded from the gray 

matter but blood flow was also measured in the white matter. 

Clearance curves were recorded wlth a polygraph (Hewlett 

----------------.-----
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packard recorder), and by the same instrument, the blood 

pressure and the heart rate were recorded. 

Arterlal blood samples (0.2ml) were drawn durlng the 

experiment to detemine pH, pC02 and p02' 

The duratlon of the experiments was between 5 to 7 hours; 2 

hours for preparing the animal for the measurements and 30 mIn. 

between the consecutive clearance observatlons. 

In the end of the experlment the anlmal was kllled wlt~ 

saturated KCL and after stalning the place of the electrods with 

Fuxin, the spinal colum~ segment was removed and e~bedded in 10% 

buffered formalin. After 3 days the cord segment was removed 

and serially sectioned and stained with Hematoxilln Eosin, and 

the positlon of the electrods was microscopically verifled. A 

comparison between blood flow values obtalned by the 

observations ln the experimental groups was done by statlstlcal 

methods relylng on the student T-test for paIred and unpalred 

data. 

An attempt was done to evaluate the functIonal neurologlcal 

damage caused by insertion of the electrodes to the spInal cord. 

A low thoracic one level laminectomy was performed ln' three rats 

and the two platinum electrodes were put into the thoracic 

spinal cord, in the same technique as It had been performed in 
, 

the other' experimental ~roups of animaIs. Thè electrodes were 

left in place for 4 hours and then were removed and the Incision 

was sutured. The animaIs were allowed to recover from o 
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anesthesia and were examined daily for motor activity regarding 

the posterior limbs. 

ELECTRODES AND MEASUREMENT CIRCUIT 

ELECTRODES 

The microelectrodes were made from Teflon coated platinum 

were (10% iridium, 90% platinum) 180 ~m in diameter. Bath of 

the electrodes had the ends sc~ped off of Tephlon insulation 

and a plantinum tip was exposed (130 m bare diameter) 0.5 mm in 

length and tapered to a point, while the other end is connected 

to a thin nylon-insulated copper wire. 

CIRCUIT DESCRIPTION (FIG.6) 

Amplifer Al buffers the source of polarization voltage and 

connects it to the Pt electrode, +350 polarization voltage was 

used. 

Amplifier A2 senses the algebralc sum of the polarization 

voltage ep and the potential eH (generated by the oxidation 

of molecular hydrogen to hydrogen ions at the Pt electrode). 

Ampllfler A2 lS connected for unit y gain, and was selected 

because of the following characteristlcs (OP-Q7 Preclsion 

Monolithic): 

1 . Offset voltage 10uv 

2 . Voltage drift/temp 0.2 v/oC 

3. Viktage drift/time 0.2 v/month 

4. Noise 0.35 v p-p 

5 • Input current 0.7 nA 



o Parameters 1 to 4 ef the above show the negliglble error • 
that the devlce ltself contributes t measurement in terme 

of changes of temperature and duratlon the e~eriment. 

Parameter 5 means that the measuring cir uitry presents an 

impendance of approxlmately 100 M to the potentlal source, 

errers due to clrcuit loading are thus negligible. 

Amplifier A3 i6 connected as a difference amplifier and 

subtracts out the polarization voltage from the output of A2, 

thus the output of A3 lS the hydrogen potential eH' 

Amplifier A3 was aiso chosen to be the OP-07 as the preceding 

circuit characteristics were aiso desirable in this section. 

Amplifier stage ~4 was configured to provlde maximum noise 

re]ection particularly at baseline frequencies. 

Ampllfier stage AS lnterfaces to the Pen recorder (Hewlett 

Packard). It provides for various stages of gain selection and 

the facllity for setting the recorder trace to zero for zero 

input at the electrodes. 

ln the varlOUS experlments four groups of animals were 

tested. In group No. l, normal SCBF was measured ln the 

cervical cord. In group No. 2, SCBF was measured ln the lumbar 

region under normocapnic conditions, over a wide range of 

o 
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systemic blood pressure. In group No. 3, thoracic SCBF was 

measured after induced increaseù intracranial pressure. In 

group No. 4, SCBF was measured in the same animal using both 

methods, H2 clearance and 14C-iodoantipyrine. 

GROUP Nb. 1 
! 

AnimaIs were prepared and SCBF was measured in the cervical 

spinal cord as described above under normocapnic and 

normotensive co~tions. In few experiments while one Pt 

electrode was in the ~rd, the second electrode was inserted 

into the caudate nucleus using stereotactic methods. A 

fronto-parietal skin incision was done, and the periost was 

retracted. Using the point where the sagital and coronal 

~utures cross each other as the 0, 2.5 mm anteriorly, and 3.5 mm 

laterally, a smail hole was done in the cranium. A platinum 

electrode 0.25 mm was then advanced to a depth of 5 mm in 90 0 

angle to the caudate nucleus. 

GROUP NO.2 

Using the same surgical conditions as descrlbed above 

lumbar SCBF was measured. After few control readings were done, 

changes i~ perfusion pressure (autoregulation phenomenom) was 

tested. 10 
SystollC blood pressure was increased or decreased by 

infusion of metaraminol (a peripheral vasoconstrictor) or 

bleeding the animal respectiveIy. While mqnipulating the 

systemic blood pressure, simultaneous measurement of SCBF was 

done (Fig.7). 

C, 



o 

• 

o 

50 

GROUP NO. 3 

After the animaIs were prepared as described above, 3 to 5 

blood flow determinations in the lower thoracic segments were 

done in every animal of this group to serve as control. 

A craniectomy was then performed in the left posterior 

pa~ietal region, an area of dura about 3 mm. was exposed for the 

insertion of the epidural balloon. 
~ 

A deflated Fogarty biliary catheter balloon (0.4 ml maximal 

balloon inflation capacity, Edwards Laboratories, California) 

was then applied into the epidural'space in the fronto-parietal 

• region of the left hemisphere. The small craniectomy defect in 

the skull was filled completely by the polyethylen tube that was 

connected to the balloon. A~ this stage (with the balloon 

deflated intracranially) another 2 flow measurements were 

performed. The polyethylene tube which was.connected to the 

balloon from one side, was connécted (in its other end) to a 

syringe fllled with saline and attached to a Harvard perfusion 

pump for gràdual inflation of the balloon (Fig.8). ~ydrogen gas 

was glven by inhalation ta the animal and at the time while the 

saturation was almost completed and Just before the hydrogen 

turned off, the intracranial balloon started to ~ill causing an 

acute increase in intracranial pressure. 'Each measurement 

consisted of the stepwise inflation of the extradural balloon by 

increments of 0.2 ml fluid, de~ivered over a 5 min period. When 

blood pressure was elevated about 50 to 100 mmHg above its 
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( baseline value the InfusIon of the balloon was stopped, and 

slmultaneously the washout clearance curves from the splnal cord 

were recorded (Flg.9). The balloon was then partlally deflated 

ln purpose to lower the blood pressure back lnto the 

autoregulatlon Ilmlts whlle the washout clearance took place. 

The anImal was alloweG to rest for 30 mIn. and then the 

observat~on was repeated. 

GROUP NO. 4 

CERVI CAL SCBF DE~ER.l'~INED BY H2 CLEARANCE 

TECHNIQUE AND IODO-ANTIPYRINE METHOD 
,cP 

Twenty male Sprague Dawly rats were prepared, anes~hetlzed 

and monltored as descrlbed above wlth few exceptions; both 

femoral arterles and velns were cannulated and a cervlcal 

lamlnectomy of C3 and C4 were performe.d. After the dura was 

InClsed and the platlnum Electrodes were lnserted lnto the 

spInal cc the paralyzed artlfically ventllated anlmal was 

glven hydrogen to Inhale anè a few washout cu~ves we~e recorded 

ln each anlmal to determlne the cervlcal SCBF wlth the H2 

clearance technlque. 

In thls stage, 500 lU of sodIum heparlne was InJected 

Intravenously, 14C lodoantlp;rlne (New England Nuclear) 

40-60 MCl/mmol specIfie actlvlty was Infused (5 l..Cl/IOOgm) for 

approxlmately 30 seconds lnto one of Lhe venous Ilnes (wlth the 

Harvard pump). II:1mediately after It, the anlmal was sacrlflced 

( 

_. 
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wlth a bolus of 2-3 ml of saturated KCL WhlCh was InJected to 

the other venous llne. 

Durlng the Infuslon penod, blood samples of 40 '11 ters 

were taken from one of the arterlal Ilnes (whlle the second 

mom tor blood pressure and gases) durl ng 0 to approxlmately 30 

seconds, for every 3 to 5 seconds. A casset te tape recorder was 

on, to record tlmes dunng whlch 

these t l me per lods were measured w l th a stopwa tch. 

the samples were taken. Later 

~ 
Immedlately 

after the anlmal was kllled, the skull and vertebral column were 

opened and the bra l n and the segments of Spl nal cord (cerv l cal 

and ,lumbar) were remnved as soon as posslble and were placed -on 

cool watch glasses. The duraI and sub-arachnoldal vessels were 

carefully removed. The braln was heml.sected at the mid-ll,ne and 

dl ssected ln to ana tomi cal reg l ons that were p laced ln prewelghed 

sClntlllatlon vIals. The spInal cord segments were bIsected 

under the operatlve mIcroscope and then whlte and gray matter 

were dlssected and separated and were placed also ln pre .... 'elghed 

sClntlllatIon vlals. 

t-1EASUREMENTS OF 14C CONCENTRATIONS IN LOCAL 

SPINAL AND CEREBRAL TISSUES 

The brain and splnal cord tlssues (placed ln SClntlllatlOn 

vlals) were rewelghed. One ml of tlssue solobillzer ETOH 

Protosol (New England Nuclear) were added and wére shaken in a 

water bath at 60 0 C overnlght, 10 ml of Econoflour (New England 

Nuclear) was added and vlals were counted for 10 mlnutes. 
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Twenty IJ liters C14 taluene (New England Nuclear) 4.0xl0 5 

dpm/ml was added as an internaI standard and recount for 10 

minutes. 

MEASUREMENT OF 14C CONCENTRATION IN' BLOOD 

Fort y micro Il ters blood sampI es were placed ln v laIs 

containlng l ml of tissue sôloblllzer ETOH Protasol (New England 

Nuclear) and placed ln an incubator for 30 mlnutes at 60 0 c. 

0.2 mIs of hydrogen peroXlde was then added, and fl ve mlnutes 

later, in arder to let the gases escape, the vials were shaken 

in a water bath for 15 minutes. 15 mIs Bloflour (New Eng1and 

Nuclear) was added and vlals counted for 10 mlnutes. 20 \..liters 

of 14C tal uen was added as an lnternal standard and Vl al ~ 

recounted for 10 minutes. The concentratlon of tracer ln the 

blood samples were calculated from the measured amount of 

rad l oact l vi ty and the vol ume Dt" the sample of bl ood. 

1 
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RESULTS 

H2 CLEARANCE TECHNIQUE - IN VITRO STUDY 

In fourteen obervatlons, the rate of flow of the saline 

saturated wlth hydrogen gas was calculated by both methods (as 

desCrl bed above, page 46) . The flow of sallne that was 

accumulated ln the graduated cyllnder dUrlng l mlnute, (see 

Fl g.l) and was measu red S l multaneously f rom the washout 

clearance curves are shown ln table 3. 

The data obtalned was analysed wlth the llnear regresslon 

method to flnd out the correlation between these two technlqul;.s 

of calculatlon, ln order to evaluate the accuracy of SCBF values 

wh l ch ha ve been mea sured f rom the washout cl earance curves USl ng 

the same technlque. These flow data were analyzed by 

ca lcula t l ng the regress Ion of one measurement s (y) on the other 

ones (X) ln the pairs. The regresslon equatlon obtalned \<Jas 

Y==O.98X+6.4 The correlatlon coefflclent (r) was 0.98 (Flg. 

l 0) . 

GROUP No. l - Normal SCBF was measured ln elght ammals. 

In only three rats were the two platlnum electrodes recordlng 

Sl.multaneously the cervlcal SCBF~ whlle ln flve rats one 

electrode traced the washout clearance curve from the cerv lcal 

cord whi le the other electrode recorded data from the caudate 

nucleus. For 8 anlmals the range of systollC arterlal pressure 

(SAP) was 80 ta 150 mmHg and the means .: SEM's were as follows: 
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pH = 7.-36 :!:. 0.02 unit5, PaC02 = 29.6 :!:. 1.32 mmHg, Pa02 = 

126.9 ~ 16.1 mmHg. For aIl 45 consecutive blood flow data in 

the gray matter of C3-4 the mean value was 53.6 + 2.5 

ml/100gr/min. The data obtained in this experimental group 15 

shown ln table 4. Under the same phYSlologlcal conditlons for 

aIl 21 flow data ln the caudate nucleus the mean local blood 

flow was 41.0 + 2.6 ml!lOOgm/mln. (table 5). 

GROUP No. 2 - Lumbar SCBF was measured in nine animals 

under normocapnlc and normoxemlC conditlons (means :!:. SEM's were 

as folloW5: pH =;. 7.40 + 0.02 units, PaC02 = 36.8 + 2.8 mmHg, 

and Pa02 = 111.5 + 21.7 mmHg) and over a wide range of 

systol i carter ial blood pressure (SAP) -220 to 25 mmHg, to f ind 

out the autoregulat ion curve ln the rat 1 s SCBF. The SAP was 

ei ther lowered by bleedlng the anlmal or ralsed by the 

lntravenous administratlon of metaramlnol (Aramin). Both 

electrodes recorded slmul taneous washout clearance curves from 

the gray matter of the lumbqr spinal cord. The SCBF remained 

relatively constant wlth a mean of 52.3 + 1.9 m1/l00gr/mln 

between quit~ a wlde range of SAP of 45-50 to 160-165 mmHg. 

When SAP was between 50 to 15 mmHg SCBF fell to 24.9 + 1.8 

ml/100gm/min, while below 15 mmHg the spinal circulation fell 

down to zero value. SCBF rose to 88.2 + 4.0 ml/lOOgm/mln. when 

SAP reached 165 to 220 mlfiHg. The data obta i ned in this 

experimental group i5 demonstrated in table 6 and 7 and i5 

plotted in Fig.ll. 



56 

GROUP No. 3 - In thls group of eleven animaIs the effects 

of increased intracranial pressure on SCBF was tested. Under 

normocapnic and normotensive conditions (paC02 = 31.4 + 1.8 

mmHg; SAP = 127.6 + 22.7 mtnHg) the control SCBF ln the gray 

matter of the lower thoraclC cord was 41.2 ~ 12.6 ml/lOOgr/min. 

In some anlmals after the control washout clearance were dane, 

addltlonal rea91ngs were made after the balloon was placed 

(de f·la ted) i ntracranl a lly (st 111 W l thout l ncreas ing the 

lntracranial pressure). At this stage SCBF was 45.1 + .11.4 

ml/lOOgm/min. This was to ensure that application of the 

balloon itself dld not alter the SCBF. ThlS was lndeed true p 

<0.05, student's unpalred T test (Table 8). 

Few changes progressed in association wlth the increasing 

balloon volume and lncreased lntracranial pressure. Once the 

balloon reached the "crltical volume" for elicltlng the Cushing 

response (appraxlmately 0.2 ml) a few observatlons were made. 

The systal i c and dlastol ic arterial pressure lncreased, ln each 

of the animals, to a oean value of 200 mmHg. The heart rate 

lncreased ln most of the animals and decreased ln few. 
{ 

Immedlately before the appearance of the arterlal hypertensive 

response puplilary changes were evident. The left pupil 

(ipsllateral) to the balloon was maxlmally dilated and 

unresponsive ta light. At the peak of the systemic arterial 

pressure in one anlmal both pupils were fully dilated. The 

balloon at this stage was partially deflated 60 the pupil1ary 
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changes and the cardiovascular parameters were i mmed i a tely 

reversed and SCBF measurement took place. 

After induced increased intracranial pressure (ICP) in the 

same anImaIs (with SAP of 132.5 + 20 mmHg = within 

autoregula t ion) the thoracic gray matter SCBF rose to 53.2 + 

19.3 ml/l OOgr /min. The rai s i ng of SCBF after the elevat ion of 

ICP when compared to the control was statistically significant 

(P<0.005). In few animaIs, after repeated observations of 

increased lCP, although the SAP was only 29.3~5.3 mmHg (quite 

below autoregulation) the SfBF remained close to the control 

value 38.2.!lO.7 ml/lOOgm/min (Table 8). 

When the electrodes were inser ted in the whi te matter of 

the lower thoracic cord, with SAP of 118 + 12 mmHg the control 

SCBF was 22.2 .! 2.4 ml/lOOgm/min, and almost did not change 

after the induced increased lCP, to be 21.0 ~ 1.8 ml/IOO gm/min. 

during SAP of 128 + 5 mmHg (Table 9). The data obtained in this 

experlmental group is demonstrated in tables 8 and 9 and 15 

plotted ln FIg. 12 and 13. 

GROUP No. 4 - In this group a compar150n of blood flow 

measured Wl th H2 clearance and 14C iodoantipyrine methods 

was done independently, wlthin few mInutes in the same animal. 

In nine animaIs the blood flow was measured by both methods, 

while in three animaIs only with 14C iodoantlpyrine 

technique. The arterial blood pressure and blood gases were 

\ 
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stable during both measurements. The range of SAP was 100 ta 

140 mmHg, and the m~,an PH, PaC02 and Pa02 was 7.41 + 0.01 

units, 33.2 + 0.9 mmHg and 152.~ ~ 11.7 mmHg respectively. The 

average value of total cervlcal SCBF (Gray and White Matter) ln 

90 consecutl ve flow data wi th the H2 method was 47.8 + 1.5 

ml/lOOgm/mln. The cervical SCBF measured separately wlth the 

same technlque, in whi te mat ter and gray mat t er was 26.8 + 1.0 

and 51.9 2: 1.2 ml/lOOgm/mln respectlvely (Table 10). 

By the 14C lodoantipynne technlque the total (entlre) 

cervical SCBF (Gray and White Matter) in 23 observations was 

70.9 + 6.6 ml/lOOgm/mln. With the same method the cervlcal 

blood ~low measured separately in whi te and gray matter was 50.4 

+ 5.3 and 93.2 2: 8.5 ml/100gm/mln respectively. 

The values of blood flow obtalned wlth the 14C 

lodoantipyrine method, ln the cervical and low thoracic splnal 

cord, and in the caudate nucleus, pons, cerebellum and cortex 

are demonstrated ln tables Il and 12. The da ta of thls group 

concernlng SCBF and blood flow ln the caudate nucleus obtaiJ\ed 

from this group by both methods (14C lodoantipyrine and H2 

clearance) and from group no l (caudate nucleus by H2 methodl 

is plotted in Fig. 14. 

MOTOR FUNCTION AFTER INSERTION OF THE 

ELECTRODES l NTO THE CORD 

In this experlmental group of 3 animaIs in whom insertion 

of the platinum electrodes to the thoracic spinal cord had been 
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performed and the animaIs were allowed to recover from 

anesthesia, only one animal had mild paresis of the left lower 

limb which had been resolved after four days. The other two 

rats were neurologically intact immediately after recoverlng the 

operatIon and during the following week. The hlstologlcal 

prepara t ions of these an 1 mals were not di f f erent from the other 

preparations obtained from the vanous experimental groups and 

showed small hemorrhages along the electrode tip and tract. 

HISTOLOGY 

The tips of the electrodes were identi fied after staining 

w i th Hematox il in Eos in ta stay in the gray or the whi te matter 

of the spinal cord or in, the ca udate nucleus. In some 

preparations diffuse small hemorrhages were seen around the 

electrode tracts. 

CLAr M TO aRr GINAL WORK 

SCBF,under phYSlological conditions as well as under 

different sta tes of systemic blood pressure was descnbed 

already with the hydrogen clearance technique and by other 

methods in various species. To the best of our knowledge 

a utoregulati on of SCBF conéerni ng changes in per fusion pressu re 

by hydrogen clearance technique in the rat 1 s spinal cord has not 

yet been described. In addition, we presume that thlS is the 

f irst experiment ai med a t determi ning quant i tat i vely SCBF val ues 

in the presence of induced increased intracranial pressure. The 

i dea tha t SCBF rose in as sociat ion wi th acute increase of 
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lntracranial pressure was described, though qua1itative1y. by 

others (Pa11esk l and Herman, 1968). 

\ 



( 
61 

DISCUSSION 

One of the most devasting diseases of this century is the 

spinal cord trauma and unfortunately there is no treatment 

available once the damage has been done. Al teration in SCBF has 

been suggested to be one of the main factors responsible for the 

neural dysfunctlon following spinal cord in jury. Therefore It 

is of paramount importance from the general physiologlcal and 

the cllnlcal points of view to acqulre continous information and 

knowledge conc~ning the circulation of the spinal cord ln 

normal and pathological conditions. 

The study of SCBF be fore and after exper i mental trauma, lS best 

performed with the H2 clearance technique, because of the 

unique capacity of this method to provide seriaI measurement in 

the same animal over time (Young 1980a). Thus, if it is 

desirable to observe changes in SCBF produced by physiological 

or pathological events over a period of time, the H2 clearance 

technlque is an excellent method to choose, Since in our 

experlments, the blood flow values obtained were qui te constant 

wi th respect to time for each anlmal as well as constant for 

series of anlmals. It should be stressed that thlS IS not the 

case with the radioisotope tracer techniques and autoradlography 

because the animal has to be sacriflced·at the time of 

measurement of the SCBF, thus blood f low can be measu red only 

once in any experiment. The conclusions in such experiment 

could be obtalned on statistical basis only, using large series 

. 1 
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of animals, and i t lS i mposs ible that the sarne ani mal will serve 

as the control and as the induced st i mulus. 

H 2 CLEARANCE MEASUREMENT OF SCBF 

AN ANALiSIS OF TECHNIQUE 

Traditlonally, there are two maJor disadvantages of the 

H2 clearance technique, namely. that thlS technlque 

traumatizes the cord with the electrodes, and cannot 

d1fferentia'te bet:ween gray and white matter blood flow. 

However, i t seems l.n our ànd other hands ta present much less 

difflç:::ultles than wlth previous studies uSlng H2 clearance 

techniques. ~ 

Concë.rning the aspect of tissue damage, a few 

conSl derations ehou Id be noted: 1 ) in order to minimize tissue 

inJury from the electrode implantat ion, the various , 
lnvestlgators ln this technique showed a tenàency to use smaller 

~nd smaller electrodes. Thus, Aukl}nd et al (1964) used 2 mm. 

dlamet~r electrodes, Fl eschl et al (1969) used 0.4 mm. t lSsue 

electrodes, Kobnne et al (1974) used 250 mlcra, and the 

diameter of electrodes used ln the present experiments was 130 

mlcra. Two recent studles used ev en smaller dlameter Buch as 75 

and 35 micra (lcrem ln and DeClma 1983, and Hayashl et al., 1983) 

respect,ively. 2) The post-mortem microscopic preparats 

reveal ed mi n imal tissue dl srupt i on a long the elect rode tract 

only, wi th few red bloo~ cells along the tract. This was 
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demonstrated in the present experiments as well as in others 

(Kobrineet al., 1974, Senter et al., 1979). 3) Al though the 

H2 clearance cons i dered to he an invas ive technlque, i t was 

shown in the present experiments and in others (Kobrine et al., 

1974, Hayashi et al., 1983) not to interfere with neurological 

function following electrode implantation. 4) l t was suggested 

by Pasz tor et al (1973) that the areas from which the hydrogen 

electrodes record, although small, are themselves beyond the 

immediate area of tissue damage, 3nd ~herefore, reflect 

perfusion through relati vely normal tissue. 5) Perhaps the 

Most important scientifi~ proof for this issue was mani fested by 

Aukland et al (1964) who had pointed out that a small zone of 

devi tal ized cells must surround the implanted electrode. He 

showed that there is a delay in clearance curves resulting from 

a diffusion layer of varying thickness between the actual 

clearing tissue and the electrode. He also calculatec;1 that for 

theoret ical membrane of 0.2 and 0.4 mm., wh l. ch covers the 

e1ectrode, the electrode. response does not approach the H2 

concentration until the first second of clearance or 16 seconds 

,later, respective1y. Thus, it i8 c1ear from thlS 

calculation that the clearance curve may be somewhat delayed if 

there iB an area of necrotic tissue around the electrode, 

however, the electrode response should rel fect H2 

concentr~tion during most of the clearance curve. H has been 

the experience in the present study that no serious tissue 
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damage results from the implantation 'of the electrodes. In few 

experimen ts, however, a delay in the desa t ura t 1. on curve of more 

than 30 seconds after the hydrogen gas was turned of f, Buggested 
< 

that'" tissue damage has odcurred. Indeed, a small hematoma was 
\ 

found around the electrode in the \post-mortem disseGtlon and 

these clearance curves were discarded. 

SCBF - GRAY AND WHITE MATTER RESOLUTION , 

With earller ..etudies using H2 method, there hÇl.ve been 

difflculties with the measurement of local SCBF within white and 

gf"ay matter allleas. Thus, Kobrine et al (1974, 1975b) bbtained 

-in monkey values of 17.5 and 14.0 ml/100gm/min in the white and 

gray matter respectively. Griffiths et al (1975) reported Il.5 

and 10.8 ml/100gm/mln in dogs a~ 13.7 and 16.5 ml/ l OOgm/mln in 

baboons Whl te and gray matter respecti vely. 1 t is clear, 

however, that these f low ra tes for gray ma t ter wou1d be more 

appropriate for white matter. It has been suggested that low 

blood !low values for gray matter were obtalned due to rapid 

di f fusion of hydrogen from Whl te to gray matter (Hal sey et 

aL, 1977). The same authors were impres~ed by their'lnability 

to demons trate appropr i ate g;-ay matter cl earance rat es in the 2 

mm thickness of rabbi t cortex, and by the same phenomena in. the 1 

mm thickness of mon~ey 1 S splnal cord dorsal horn gray matter 

(unlike the 5 mm. thickness of baboon cortex in which gray", 

matter flow was separate1y demonst.ated) and concluded that the 

spa t ial resolut i on of the hydroOjen method would be about 2 mm, 
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and when the electrodes are wlthln 2 mm. of another tlssue 

compartment the errors are greatest. On the other hand, Kobrine 

et al (1974) claimed that the technlque measure focal flow ln a 

volume of tlssue less than 0.5 mm, and Young (1980a) in hlS 

extenslve reVlew of the hydrogen technlque doubted the abl1lty 

of the H2 clealance ta locallze blood flow to tlssue volumes 

of less t1.a n 5 mm. 

Interestlngly, whlle It was establlshed and generally 

accepted that the H:> method cannot dl fferent late gray and 

whi te f low, lt was demonst:ra ted tha t val ues of 64 and 20 ln rat 

and 43 and 16 ml/lOOgm/ min. ln cat for gray and <flh-ite matter 

respectlvely can be obtained with the H2 method (Hayashi et 

al., 1983, Scremin and Decima, 1983, respectlvely). In the , 

present study, as weIl, flow rates of 54 and 23 ml/lOOgm/min 

were achl eved ln the rat SPl nal cord gray and wh i te ma t ter 

respect! vely. 

l t 1 S beyond the scope of th 1 s pre5en ta t lon to fl nd out 

what have been changed ln the methodology of the technlque ln 

th 1 S decade tha t brough t to th 15 new area of resol ut 1 on of gray 

and whlte matter. However, the hydrogen method has dlffered ln 

its technique of appllcation ln the hands of varlOUS authors, 

and an atte.mpt to analyze lt wlll follow. 

As mentioned above; 1) the dlameter of the platinuITi 

electrode became smaller, and 2) the length of the exposed t Ip 

became shorter, l.e. 1) 250 micra-dlameter, 2) 1000 mlcra-tip 

_ ... 



) 

o 

66 

(Kobnne et al., 1974) 1) 250 nllcra-dlameter, 2) 700 mlcra-up 

(Senter et al., 1978) 1) 150 micra-dlameter (Young et al., 

1982),1) 130 mlcra-diameter, 2) 300 mlcra-tlp (present 

experlment, 1984) 1) 75 mlcra-dlameter, 

and Declma, 1983) 1) 35 mlcra-dlameter, 

(Hayashl et al., 1983). 

2) 75 mlcra-tlp (Scremln 

2) 50-100 mIcra-tlp 

The ume of Inhalatlon of ,hydrogen was stressed as an 

Important precautlon ln use of the method, to obtaln homogeneous 

tlssue saturation by prolonged Inhalatlon (Halsey et aL, 1977). 

In the present experlment the impresslon was that very short 

lnhalatlon tlme (ObVlously due to a very hlgh H2 concentratIon 

that caused systemic changes ln the anlmal llke hypotenslon) 

tended to give flows on the hlgh side. The H2 concentratlon 

and tlme of Inhalatlon used by the various Investigators was 

between 5 to 15% and between 3 to 5 mInutes respectIvely. 

The reference electrode used by most authors was a standard 

sllver/sllver chlorlde or a staInless steel electrode. We found 

the reference electrode of gold (used ln the ElectroMyograph) to 

be Important ln maIntalnlng a constant basellne over the course 

of the experIment. 

The external polarlzlng voltage applled ta the electrode 

(ta reduce contributIons from 02 changes ln Ischemic tIssue) 

had been van ed between 650 mV (Kobn ne et al., 1974) and 350 mV 

(Young et al., 1982 and present experlInents) ta 110 mV (Senter 

et aL, 1978). It was c~ear from the present experlment that 
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the greater the polarization voltage used, the longer the time 

required by the electrode to equllibrate. 

Few investigators (e.g. Kobrlne et al., 1974) stressed the 

Importance that the tlp of the electrode should be coated 

electrolytically with platinum black to lncrease the surface of 

the area of the electrode tip. Others (e.g. Scremin and Decima 

1983) covered the spInal cord after the laminectomy was done 

with mineral oil. In the present experiments it was not 

necessary to use the platinum black nor the mineraI oil and lt 

doesn't seem to change the stability and reproductability of the 

technique. 

In purpose to overcome movements of the spInal cord wIth 

respiration the anImals were immobilized in a metal 

spinal frame (Scremin and Decima, 1983) or by passing sutures 

through the supraspInous ligaments and paraspinal muscles 

(Hayashl et al., 1983) or by Introduction of a negative 

Intrathoraclc pressure (Senter et al., 1978). ~one of these 

Immobillzation methods were used ln the present experlment 

wIthout detected dIsturbance from the respiratory movements. 

AnesthesIa wIth sodium pentobarbital was maintalned 

throughout the whole experiment, with spontaneous respIratIon 

(Young et al., 1982, Hayashi et al., 1983) while the others 

paralyzed the animaIs wIth pancuranium and ventIlated them with 

oxygen-nitrous oxide gas (Kobrine et al., 1974, Senter et al., 

1978, Scremin and Decima, 1983). 

_ .. 
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From analyslng the dl. fferences in the methods, it seems 

that the blggest crltlcal contributlon done recently towards the 

satisfactory resolution and dlfferentiation of gray and whlte 

matter lS the tendency to use smaller electrodes and short 

exposed tip. (Although orlglnally thlS tendency to use smaller 

electrodes was dlrected to prevent tlssue damage and perhaps 

Indeed, the less the damage the less IS the dlffuslon of the gas 

between the gray and whi te mat ter). l t is a1most obv lOUS, from 

looklng a t the da ta, that <;>nly e 1 ectrod es w i th d lameter of less 

than 150 micra and wl th an exposed tlp of less than 

300 micra wlll be able to glve satisfactory gray and white flow 

rates in such a tlny structure as the rat's splnal cord wlth a 

dlameter of approximately 2 mm. The problem with these mlcro 

electrodes rest with the small amplitude of the current produced 

by oXldatlon of the hydrogen in the leve1 of the e~posed tip 

(Young, 1980a). Thetefore the electrlca1 CIrcult that can 

resolve nanoampers or even plcoamperes should be available. 

As was mentloned above, one of the drawbacks of the 

hydrogen clearance method was its inabi11ty to differentlate 

• between gray and whlte matter ln the splnal cord. 
1 , 

The values of 

the blood flml measured wi th this technlque, especlally 

concerning the gray matter, were ln confllct with data obtained 

by other methods (Table 2). We have been able to deflne 

quantitatlvely the blood flow of gray and white matter 
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separately in the spinal cord in rats. :.;~ our 

to those previously reported (Table 2). 

res u 1 ts are close 

It is known that the gray matter of the spinal cord has a 

richer capillary network than the white matter (Tveten, 1976). 

It was also showed that the use of glucose and oxygen ie higher 

in the gray than in the white matter (Hayashi et al., 1983). 

These observations are in consistent wlth our results as weIl as 

other s (Bingham et aL, 1975, Scremin & Decima, 1983) namely 

that the SCBF ln the gray matter was found to be twice as high 

in comparison to flow in the white matter. Other investlgators 

found the same tendency, though with different ratio; threefold 

(Hayashi et al., 1983) and fivefold (Marcue et al., 1977) high 

values in the gray as oppose to white matter. 

Only a few groups of investigators measured the SCBF ln 

different segments of the cord. The present experiments support 

the resul tB obtained by F1ehr et al (1968) 1 by Bingham et al 

(1975), and by Marcus et al (1977), that SCBF's at the thoracic 

level were 10wer than flows measured at the cervical and lumbar 

segments. This was true for the reglonal SCBF as wel1 as for 

the more speclflc flow measurement of the gray and white matter 

(Table 1&2). These findings might reflect the dlminished blood 

s upply te the thorac ic cord and i ts lower metabol ic demand. In 

contras t 1 Hayashi et al (1983) concluded tha t there lS no 

slgnificant difference between SCBF values for cervical, 

thoracic, and 1umbar 1eve1s. Interestingly, they a1so found the 
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ratlo of white to gray matter area wlthln each spinal cord level 

to be 3:1, 1,8:1 and 1:1 ln the thoracic cervlcal and lumbar 

regions respectlvely. A decrease ln the gray matter area of the 

thoracic cord ln respect to whlte matter, demands for a 

lower vascular density and neuronal metabollsm in the same 

segment and subsequently manlfests a decrease ln blood flow 

requirements. ThlS assumption flts weIl wlth our and others 

findlngs, namely, that the thoraclc cord has a lower blood flow 

than the cervlcal and lumbar reglons. 

AUTOREGULATION PHENOMENA IN SCBF 

Fog (1938) fIrst described the phenomen of autoregulatlon 

in the brain. He noted changes in the callber of plal vessels 

in response to fluctuatlons ln systemlc arterlal blood pressure. 

The ldea of autoregulatlon tells us that the blood vessels 

malntaln the capabillty of changlng thelr caliber (to constrict 

or dIlate) ln order to keep a constant blood flow durlng 

variations ln tnelr intralwnlnal pressu;-.~, or accordlnglj' durlng 

changes in perfusion pressure. Many lnvestlgators confirmed 

thlS concept in the cerebral clrculation. 

In the present study, an excellent autoregulatlon to 

changes in perfuslon pressure was found ln the gray matter of 

the lumbar spinal cord. As can be seen from Flgure 11, SCBF 

remained relatlvely constant and within the control values when 

systolic arterial pressure (SAP) was 50 to 1~5 mmHg. Below 50 

mmHg and above 165 mmHg, SCBF was a functlon of SAP; decreased 
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with further lowering of blood pressure below 50 mmHg, and 

increased when raised.above 165 mmHg. 

In the introductlon to this study we described the results 

of various workers that contributed their experiments to 

demonstrate how changes in systemic arterlal blood pressure 

affects SCBF. Our data is ln general agreement wlth these 

previous reports. With the exception of Marcus et al (1977) who 

defined in sheep's lumbo-sacral gray and white matter the 

existence of autoregulation to systemic blood-pressure, the 

other authors in the last decade summarized their flndlngs 

concerning autoregulation and SCBF, only ln the white matter of 

dogs, monkeys and cats (Griffiths, 1973, Kobrine et al, 1975, 

and Senter et al., 1979) respectively. In this respect we were 

able to report autoregulation to changes ln SAP in the ~ 

matter of the rat's spinal cord. The present investigatlon 

makes it appear also that the regulation of the blood flow of 

the splnal cor.è, in relatlon to perfusion pressure, is slmilar 

to that of the brain. 

INCREASED INTRACRANIAL PRESSURE AND SCBF 

The quantitative methods of studying SCBF which had been 

performed in experimental animals, supported essentlally the 

earlier qualitative evidence on changes in SCBF mainly due to 

chemically active agents and perfusion pressure. We had the 

opportunity in the present study to confirm and validate the 
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experlmental investIgatIon that had been carried out by Palleske 

et al (1970), using the heat clearance technIque. Thus, 

compression of the left cerebral hemlsphere by means of an 

epldural balloon, led to an Increased blood flow ln the spinal 

cord. 

Our observatIons were also in consIstent Wlth those 

described by others (Rodbard and Stone, 1955, Zldan, 1978), 

concerning the Pressor Response. It IS true that the rate of 

inflating the intracranlal balloon lS important, and the faster 

it is done the shorter will be the latency to the response, 

however the crucial factor in acute Increased lCP, lS the volume 

of the expandlng mass rather than Its rate of growlng. We could 

define a constant crltlcal volume to cause cerebral disfunctlon 

and conseguently the CushIng Response in the rat, to be 

approxlmately 0.2 ml. At that point the Intenslty of the 

Pressor Response was dependent on the degree of the compression, 

wh~ch means the volume of the blown up Intracranlal balloon. In 

other words, the raislng of the blood pressure (BP) was 

dependent on the grade of cerebral compressIon; the hlgher the 

lCP the higher the BP. Once the critical volume was achleved, 

the elevatlon of BP was immediate (withln a second) and related 

to ~e lCP. A decrease in the lep (by partlally deflatlng the 

balloon) brought to immediate drop of the BP. 

An interestipg finding in this study was that ln 

association with increase in lCP to the point of ellcitlng the 
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Cushing Pressure Response - white matter blood flow remained 

unchanged (Figure 13) when compared to the control. By 

contrast, gray matter blood flow consistently increased although 

BP elevations associated wlth the lep Increase were maintalned 

wlthln the range of autoregulation (Flgure 12). Furthermore, ln 

few animaIs ln whom durlng repeated induced Cushing Response, BP 

was below autoregulatlon and therefore one would expect SCBF to 

be lmpalred (according to the above desc~ibed autoregulation 

phenomen and to our results of decreased SCBF in the present of 

BP below 50 mmHg). This was not the case and relatlve hyperemia 

was observed in the gray matter still withln the limits of the 

control values. This hyperemia cannot be related to C02 

accumulation (caused by' apnea or resplratory dlfficulties -

known as features of the Cushing Response) Slnce the animaIs 

were paralized, artiflcally ventilated and under controlled 

C02 levels. Other putatlve mechanisms as weIl can't explain 

these results. 

One of the disadvantages of the present study is that we 

falled to get direct measurements of Intracranlal and 

intraspinal pressures. However, during the expansion of the 

supratentorial balloon it was clear that both intracranlal and 

splnal pressures were elevated. The response to the inflation 

of the balloon caused as described above the clinical signs of 

increased lCP; tentorial herniation with unilateral pupil 

dilation that was reversed immediately while decreasing the 
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{) ICP (by deflating the balloon). Moreover with the first animals 

ln thlS group we tried to measure SCBF ln the cervical region, 

and cervical lamlnectomies (C3-5) were performed. SurprisIngly, 

when the ICP was elevated,durlng the Induced Cushlng Response 

the cervical splnal cord was severely herniated out of the 

spinal canal. It dldn't occur however ln the thoracic spine, 

thus we believe the ICP was transmltted to the spinal canal, 

though not in the same intensity to the lower thoraclc canal. 

The cerebral cIrculation is able to compensate, within 

limits, for rlslng ICP~ However, there are numerous studles to 

pOlnt out that acute Increased ICP durlng expansion of an 

extracerebral balloon, ln vent i la ted anl mal s, ca uses cerebra l 

blood flow to fall as soon as the lCP ~ai6ed (Langfit, 1969, 

MallK et al., 1977). If the splnal clrculation ln pathological 

-. conditlon reacts as the brain does, we would expect the SCBF to 

decrease durlng the Increased Intrasplnal pressure. 

Furthermore after the Cushlng Respanse was eliclted, the 

acute rlse ln blood pressure mlght cause a dlsruption of the 

blood-cord-barrler and conseguently the elevated nor-eplnephrlne 

wlll cause a further decrease in the SCBF (Crawford et al., 

1977). 
il , 

Since the above descrlbed suggestions do not fIt to the 

findings obtained ln this stuày, we might argue the followlng. 

o 



75 

The Cushing Pressor Response can be evoked by raised lCP 

(Cushing, 1902) as weIl as by spinal cord compression (Alexander 

and Kerr, 1964). This pressor reflex elicited with both 

mechanisms can be prevented by adrenerglc blockade and IS 

believed therefore to be mediated by the sympathetic nervous 

system. 

That the peripheral sympathetic system regulate SCBF on a 

spinal cord reflex basis and not through central control was 

showed by various authors. Cervical cord transection does not 

interfere with SCBF autoregulation (Kobrine et al, 1976), and 

thoracic sympathectomy did abolish SCBF autoregulation (Young et , 

al., 1982), thus, the spinal sympathetic system has its own 

control on the splnal circulation in the case of changes in 

perfusion pressure or to C02 reactivity. However, there is 

evidence from this study to postulate that SCBF is st~ll 

dependent at 1east partlally upon suprasegmental 

neurogenlc Inp~t and further experiments llke cervical cord 

transection in association with the Cushing Response should be 

carrie~ out. 

We hypothetlze that mechanlcal stimulus (e.g. Increase lCP) , 
sensitize central vasomotor nuclei that via descending pathways 

stimulated a chaIn of pressor or depressor reactions into 

motion, abolishing autoregulation. As a result SCBF is reacting 

independently from the sympathet,ic ganglia, medlate vasodilation 

with concomitant increase of flow ,in spinal gray matter. The 
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exact locus and pathways that rnediates this vascular response 

remains to be identified. However, nor-adrenergic pathways 

originating in the pons that reach the spInal gray larninae are 

candIdates for the putative pathways. 

SCBF- RAPPORTS BETWEEN 1 4C IAP and , 

H 2 CLEARANCE METHODS 

Further convalldation of the hydrogen clearance technique 

was based on a comparison with blood flow values in the same 

structures measured at short interval of time by means of using 

the Kety principle and l4C iodoantipyrine (IAP) as a tracer. 

We choose the latter agent because it had been emphaslzed 

recently that the IAP appears to be satisfactory non-gaseous 

agent for exact measurement of local cerebral blood flow (CBF), 

mainly for its higher solobility in OlJ and hence its better 

dlffusional penetration of the blood-brain-barrler (Sakurada et 

al., 1978, Ohno et al., 1979). 

Our resu:ts with both methods ln the rat's cervIcal cord 

gray and whIte matter gave a ratIO of approxlmately 2:1; the IAP 

values belng almost tWlce these of the hydrogen clerance 

technIque. These findings confumed, although Indlrectly, the 

results and conclusions obtained by others. Sakurada et al 

(1978) and Ohno et al (1979) demonstrated that IAP provides 

higher (almost twofold) values of CBF than 'does 

14c-antipyrine in the conscious rat. The latter author also 

concluded that IAP provldes higher CBF values than does the 

' ....... 1 
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hydrogen clearance technique. Furthermore, in a comparative 

study of hydrogen clearance method and 14c-antipyrine as a 

tracer, done by Fieschi et al (1969), no significant difference 

has been found in CBF values recorded by the two techniques. We 

mlght çonclude from these data that a) the IAP fu~nishes BF 

values that are nearly twice those obtained with hydro~en 

clearance technique, and thlS consurnation is in consistent with 

our results. b) our gray matter values ln the spina~~ord 

obtained with IAP method, were quite similar to those elicited 

by Sakurada èt al (1978) with the sarne tracer and 

autoradiography. 

Although quantification of perfusion is an importa~t----1ssue 

in physiology· and-patholo9Y of spinal cord circulation, the flow 

values obtained by various techniques are often different and 

sometimes even discrepant. However, the method to he ernployed 

should be chosen according to the individual experimental 

problem. When SCBF is to be measured before and after an 

induced stimulus, the hydrogen clearance technlque which permit 

repeated measurement should be elected, rather than methods r 
bàsed on the determlnation of the concentratioA of tracer 

material during tissue saturation (e.g. 'IAP), which yield a 

slngle flow measurement only. 
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TABLE 1 

SCBF MEASUREMENTS IN REPORTED SERIES 

AUTHORS 

LANDAU 
ET AL 
(1955) 

SANDLER 
& TATOR 
(1976) 

BINGHAM 
ET AL 
(1975) 

~, 
\ < 

ôfLOHR 
ET AL 
C1968 ) 

MARCUS 
ET AL 
(1977) 

SMITH 
ET AL 
(1969) 

DUCKER 
& PEROT 
(1972) , 

METHOD 
AREA 

SPECIES MEASüRED 

I(CF 1)+ CAT 
AUTO~Io-
GRAPHY 

14 
.('-ANTI- MONKEY 
PYRINE+ 

AUTORADIO-
GRAPHY 

14 
C-ANTI- MONKEY 

PYRINE 

131I_ALBUMIN CAT 
PARTICLES 

j 
MI CROSPHE~'SHEEP 
LABELLED 
ISOTOPS 

( INTRA­
SPINÀL) 
p3XENON 
CLEARANCE 

GOATS 

.. 

" " DOGS 

THORACIC 

C6 CERVICAL 
T12THORACIC 
L3 LUMBAR 

GERVI CAL 
THORACIC 
LUMBAR 

LUMB0-
SACRAL 
CERVIC~L 

THORACIC 
LUMB0-
SACRM:. 

THJRACO 
LUMSAR 

THORACO 
LUMBAR 

* SCBF 
GRAY-WHITE 

63 14 

57.6 10.3 

48.4 19.7 
37.1 16.2 
43.7 21.7 

+ 
+l9.9 
+16.8 

22.1 -----110 25 

+ 
16.2 

.. 
15.6 

GRIFFITHS 
(1973Y 

" DOGS THORAcrc 48.4 15.7 

• 
*m1/100C!Jm/min " +TOTAL SCBF (Gre~~nd White) 

1 

- , 
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( 
TABLE 2 

SCBF - H2 CLEARANCE TECHNIQUE 

* AREA SCBF 
AUTHORS METHOD SPECIES MEASURED GRAY WHITE 

KOBRINE H MONKEY THORACIC 17.5 
ET AL CCEARANCE 
(1974) 

GRIFFITHS Il " OOGS THORACIC 10.8 11.5 
ET AL 
(1975) 

GRIFFITHS " MONKEYS 16.5 13.7 
ET AL /-'1 
( 1975 ) 

'- ./ 

SENTER H2 CAT THORACIC 10.9 
ET AL CLEARANCE 
(1978) 

YOUNG " CAT THORACIC 13.6 
(1982) 

HAYASHI " RAT CERVICAL 63 20 
ET AL THORACIC 62 19 
(1983) LUMBAR 64 20 

SCREMIN CAT LUMBAR 43.2 16.2 
& DECIMA 
(1983 ) 

PRESENT RAT CERVICAL 52 27 
STUDY THORACIC 41 22 
(1986 ) LUMBAR 52 

* m1/l OOgm/mln. 
\ 
1 

iioo..:-_-'--______ ~ ___ _ 
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TABLE 3 

SALINE: ,FLOW IN VITRO, MEASURED SI MULTANEOUSLY 

WITH H2 METHOD AND A DI RECT TECHNIQUE 

NO FLOW /MIN- DI RECT METHOD FLOW/MIN-CLEARANCE CURVES 

1 . 50 58 

2. 29 39 

3 . 21 30 

4. 38 . 43 

5 . 9 16 

6. 33 41 

7 . 48 59 

8. 118 122 

<.3 • 2'. 26 

10. 54 54 

Il . 57 f, 55 

12. 96 110 

13. 116 129 

14. '98 90 

o 

.... 
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TABLE 4 

CERVICAL GRAY MATTER SCFB CALCULATED WITH 

H2 CLEARANCE TECHNIQUE 

- -RAT NO. n X SEM n X SEM 
ELECTRODE A ELECTRODE B 

1- (4) 49.5 6.5 (4 ) 42.5 5.8 

2. (4 ) 33.0 3.0 

( 4) 50.0 7.0 

4. (4 ) 45.2 5.2 

5. (5 ) 63.2 12.2 (5 ) 55.6 8.5 ~ 

6. (4) 74.5 5.9 

7. (4) 52.2 3.7 (3 ) 58.0 11.3 

8. (4 ) 58.2 7.1 

TOTAL (45) 53.6 2.5 

n = CONSECUTIVE FLOWS X = MEAN BLOOD FLOW ml/100gm/min: 

SEM = STANDARD ERROR OF MEAN 

~ .. 
q • 

~ .. _._--_ .. 
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TABLE 5 

RAT NO. 

2 

3 

4 

6 

8 

TOTAL 

fAUDATE NUCLEUS BLOOD FLOW CALCULATED WITH 

.!i2 CLEARANCE TECHNIQUE 

n 

(4 ) 

( 3 ) 

( 6) 

(4 ) 

(4) 

( 21 ), 

x 

ELECTRODE B 

29.2 

25.6 

49.1 

38.7 

54.3 

41. 0 

SEM 

1.2 

2.9 

2.3 

2.1 

5.0 

2.6 

82 

n = CONSECUTIVE FLOWS. X = MEAN BLOOD FLOW m1/100gm/min 

SEM = STANDARD ERROR OF MEAN 

.. 
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TABLE 6 

SCBF AT DIFFERENT SYSTOLIC ARTERIAL PRESSURE 

SYSTOLIC B. P. 

10-19 
20-29 
30-39 
40-49 
50-59 
60-69 
80-89 
90-99 
100-109 
110-119 
120-129 
130-139 
140-149 
150-159 
160-169 
170-179 
180-189 
190-199 
200-225 

* MEAN + SEM m1/100gm/min 

SCBF* 

6+0 
21.1+1.2 
27.4+1.6 
38.1+3.5 
51.6+12 
45.0+1. 7 
51.6+4.0 
40.3+2.3 
55.6+5.7 
46.7+3.9 
52.3+4.4 
52.8+6.6 
55.4+1.5 
41.8+2.9 
78.1+7.3 
83.0+6.0 
87.7+9.7 
90.3+8.0 
118. 9+3.4 

n= NUMBER OF OBSERVATIONS 

n 

2 
6 
14 
2 
2 
6 
4 
2 
12 
10 
8 
2 
8 
2 
4 
6 
4 
6 
2 

83 



TABLE 7 

SCBF AT DI FFERENT SYSTOLI C ARTERIAL PRESSURE 

EXPERIMENTAL 
GROUP 

B.P. RANGE 
mmHg 

SCBF 
m1/100gm/mln 

BLEEDING 

50 

+ 
24.9+1.8 
n=24 

CONTROL 

50-160 

+ + 

ARAMINE 

>160 

\ 
\ 

52.3+1.9 88.2+4.0 
n=34 n=22 

+MEAN + SEM, n = NUMBER OF OBSERVATIONS 

o 

84 
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TABLE 8 

GRAY MATTER THORACIC SCBF BEFORE AND AFTER INDUCED 

EXPERIMENTAL 

GROUP 

+ 
SCBF 

m1/100gm/min 

SA.P 
mmHg 

EXPERIMENTAL 
GROUP 

+ 
SCBF 

ml/100gr/min 

SAP 
mmHg 

l-NCREASED INTRACRANIAL PRESSURE 

INCREASED 

WITHIN 
AUTOREGULATION .. 

53.2+19.3 
n=56 

132.5+20 
n=30 

(75-150)* 

CONTROL 

NO BAL LOON BALLOON IN 

41.2+12.6 45.1+11.4 
n=63 n=16-

ICP 

127.6+22.7 
n=35 

( 60-150 ) * 

BELOW 
AUTOREGULATION 

38.2+10.7 
n=7 

29.3+5.3 
n=7 

(25-40)* 

* RANGE OF SYSTOLI C BLOOD PRESSURE 

n=NUMBER OF OBSERVATIONS 

+MEAN + SEM 

85 
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TABLE 9 

WHITE MATTER THORACIC SCBF BEFORE AND AFTER 

EXPERIMENTAL 
GROUP 

+ 
SCBF 

mljlOOgmjmin 

SAP 
mmHg 

lNDUCED INCREASED lep 

CONTROL 

22.2+2.4 
n=lO 

118+12 
n=Io 

n=NUMBER OF OBSERVATIONS 

+MEAN + SEM 

INCREASED lCP 

21.0+1.8 
n=9 

128+5 
n=9 

86 
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(, TABLE 10 

NORMAL CERVICAL SCBF CALCULATED WITH 

H 2 CLEARANCE TECHNIQUE 

RAT NO. n X SEM n X SEM 

ELECTRODE A ELECTRODE B 

1 (4) *34.7 6.0 ( 3 ) *26.0 1.0 
2 (7 ) 60.4 6.7 (8 ) 51. 4 3.1 
3 (6 ) 38.0 1.1 (9 ) 47.3 3.7 
4 (4 ) 58.2 5.8 (4 ) 53.0 4.8 
5 (6 ) 50.5 5.2 (4 ) 58.2 5.8 
6 (4 ) 46.3 4.6 (5 ) *34.5 3.5 
7 ( 5) 55.6 4.1 
8 (5 ) *24.8 1.1 ( 5 ) 60.0 5.4 
9 (6 ) 47.8 4.7 ( 5) 55.2 7.8 

TOTAL 
(A&B) (90) 47.8 1.5 

CERVICAL 
WHITE (17) 26.8'- 1.0 

CERVICAL 
GRAY (73) 51. 9 1.2 

*WHITE MATTER, n=CONSECUTIVE FLOWS. X=MEAN BLOOD FLOW 

ml/100gm/min. 

SEM=STANDARD ERROR OF MEAN 

8-7 

~ 

1 
i 
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TABLE 11 

r •. 

NORMAL CEREBRAL AND SPINAL CORD BLOOD FLOW CALCULATED 

WITH 1 4C IODOANTIPYRINE METHOD 

RAT NO. l 2 3 4 5 6 

L FRONTAL CORTEX 81. 0 .. 56.9 63.1 63.3 51.8 57.7 
R Il Il 54.3 57.1 61.1 60.9 53.7 56.8 
L PARIETAL CORTEX 61. 2 51. 6 91. 3 73.7 56.2 70.2 
R 62.9 61.1 80.0 63.8 64.0 71. 8 
L CEREBELLUM 60.5 59.2 71.1 63.9 55.4 68.1 
R Il 62.8 60.6 74.8 65.2 65.6 . 70.7 
L CAU DATE NUCLEUS 74.9 48.9 93.7 59.6 48.2 64.1 
R .. Il 73.4 68.4 87.5 63.5 46.7 64.6 
L PONS 61. 9 79.4 127.3 . 60.5 50.8 66.9 
R Il 67.0 73.7 86.9 63.6 50.3 
W CERVICAL 49.3 61. 2 22.8 45.3 35.8 42.6 
G Il 108.2 68.0 72.3 93.0 79.1 63.2 
w THORACIC 56.6 53.7 42.5 131 . 4 
G fi 87.1 86.2 84.8 61.6 54.8 

RAT NO. 7 8 9 10 Il 12 

L FRONTAL CORTEX 69.5 109.7 78.5 44.2 97.5 83.4 -R fi Il 63.2 113.0 76.6 65.6 74.6 86.4 
L PARI ETAL CORTEX 75.1 115.0 77 .8 108.2 108.7 
R fi Il 82.4 116.1 80.4 73.0 87.2 102.2 
L CEREBELLUM 84.0 103.2 87.8 57.7 87.8 95.5 
R Il 59.3 104.3 90.5 90.5 88.2 95.5 
L CAU DATE NUCLEUS 91.3 115.6 80.4 68.0 131.4 108.7 
R .. .. 79.0 124.3 79.0 81. 8 122.5 111.1 
L PONS 73.5 105.4 110,.5 68.4 79.9 99.9 
R 65.8 91. 3 90.7 59.6 100.8 103.6 
W CERVICAL 25.5 69.6 60.3 • 40.1 75.5 76.6 
G Il 155.8 124.3 76.2 79.8 105.9 

" W THORACIC 56.6 65.1 56.9 33.4 55.1 81.0 
G Il 138.2 95.8 78.6 58.3 79.5 111.9 

L = LEFT, R ,. RIGHT, W = WHITE, G = GRAY .. 
BLOOD FLOW VALUES IN m1/100gm/min 

, 
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C 01:' 
NORMAL CEREBRAL AND SPINAL CORD BLOOD FLOW CALCULATED 

WITH 14C IODOANTIPYRINE METHOD 

(TOTAL OF 12 EXPERIMENTS) 

n - LEFT n - RIGHT n - ENTIRE 

FRONTAL CORTEX ( 12) 72.6+5.5 ( 12) 68.6+5.0 (24) 70. 0+3.6 

PARIETAL 
CORTEX ( Il) 80.8+6.6 (12) 78.7+4.9 (23) 79.7+4.0 

CEREBELLUM ( 12) 74.5+4.7 (12) 74.8+4.5 (24) 74.7+3.3 - -
CAUDATE 
NUCLEUS (12 ) 84.6+7.1 (12 ) 83.5+7.0 (24 ) 84. 0+4.9 -
PONS ( 12) 83.5+6.9 (11 ) 77.6+5.4 (23) 78.1~+5.5 - -

n n n -
GRAY MATTER WHITE MATTER TOTAL 

CERVICAL 
SPINE (12 ) 50.4+5.3 (11 ) 93.2+8.5 (23 ) 70.9+6.6 -
THORACIC 
SPINE (10) 53.2+4.6 (11 ) 85.2+7.3 ( 21 ) 69.9 -

n = NUMBER OF EXPERIMENTS 

VALuts OF BLOQ'D FLOW = MEAN + SEM ln ml/l OOgm/mi n. 

1 

o 
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FIgure l 

SALINE 
DRIP 

INJECTION 
POINT 

CHART 
RECORDER 

/ElECTRODES 

GRADUATED 
CYlINDER 

90 

An ln vitro model used to verify the blood flow results 
obtained by the clearance. method. The flo ..... of sallne 
measured slmultaneously by the washout clearance curves 
(record) was cOI:lpared to the flow of salIne ln the 
<:'lr aduated cy 11 nder . 
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Fl gure 2 

The exper i mental set-up demonstra tes the rhodent respi rater 
(right), the amplifier and the pelygrapr. (left) for 
recording the clear~nce curves, the blood pressure and 
heart rate . 
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Flgure 3 

The expenmental set-up showlng the ::-hoàent respl rator, the 
hydrogen container (left) 1 the animal Wl thln the 
stereotoxlC frame and mlcroscope (rl ght) . 
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Figure 4 

The chart recorder shows recorded curves of the hydrogen 
clearance technique, and blood pressure. After the 
baseline is stabilized the curves climb until the tissue 
is saturated with hydrogen, and a plateau (saturation) i8 
reached. Then the H 2 hydrogen in f low-- i8 di scont i nued 
and the decreasing current (washout) i5 recorded. Note the 
curve returns to baseline. 
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CHART RECORDER 

Figure 5 
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- FEMORAL ARTERY 
CATHERTER 

--PRESSURETRANSDUCER 

94 

TELE 
THEIMOMETU 

.. 

An artist drawing of the experimental set-up. The plafinum 
electrodes are inserted in the cord and are conneçted with 
the reference electrodes to the relay box, through the 
amplifier to the chart. recorder. The rectal probe and the 
femoral catheter (for temperature and blood pressure 
recording respectively) are connected to the chart 
recorder. Insert shows a section of the cord with the 
electrodes placed in the grey and white matter. 
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Figu-re 7 

A washout curves from two electrodes inserted in the - cord,' 
while raising blood pressure by administration of 
metaraminol. Blood pressure in this example was ra~sed 
from 75 to 125 mmHg and the mea" measured SCBF was-49+2.4 
ml/lOOgr/min. B1o~d pressure was raised ~hile the tissue 
was saturated with hydrbgen and a plat~au was reached. 
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Figure 8 

The experimental set-up of group number 3, dembnstrating 
the polyethylen tube connected to the epidural balloon from 
one sidA and to a syringe (on ita other end) filled with 
saline (attached to a Harvard perfusion pump) for graduaI 
inflation of the balloon. 
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Figure 9 ~ 

k washout curves (rom two electrodes inserted in the cord 
to demonstrate the Cushing Response. 'After the saturation 
of hydrogen was completéd and the gas turneâ off, the" 
intracranial balloon was inflated to induce an acute ' 
increase in intracranial pressure. Once blood pressure was 
elevated about 25 to sa mmH9;above' its baseline value, the 
inflation of the balloon was stQPped, and SCBF was . 
measured . 
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Figure 10 

With the linear regression method it can be seen that there 
i8 good correlation {correlation coefficient (r) ia 0.98) 
between the two techniques of calculating the floWi the 
flow of saline that was accumulatep in the cylinder during 
l minute and wes méasured simultaneously from the washout 
clearance curve. Thejegression equation of these two 
measurements is Y=O.98Y+6.4 
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Figure 11 
, 

Autoregulation in SCBF in re,latj,on ta changes in blood 
pressure. Over a wide range of systo1ic arterial blood 
pressure (eg. SO-165.mmEg), SCBF remained relatively 
constant. Below 50 mmHg and above 165 mmHg, SCBF+was a 

~ function of systo1ic arteriai pressure . 
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JN)UŒD INDUCED 
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Figure 12 

This diagram demonstrates c1ear1y e1evation of the thoracic 
grey matter SCBF after induced increase in i~tracranial 
pressure (lep). Under tnis stimulus and'while the' blood 
pressure was maintained within autoregulation (132+20 mmHg) 
SCBF rose to 53.-2+2.6 ml/lOOgr /min ... The control SCBF wa8 
41.2+1.6 m1/100gr7min with systo1ic pressure of 127~6+22.7 
mmHg7 Note that when bldod pressure was far below 
autoregulation (29.3+5.3 mmHg) under the' sa me induced 
increase in lep, rel~tive hyperemia was observed close to 
the control values. ' " , 
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Figure 13---

SCBF in t~ white matter of the thoracic cord did.not 
change after the induced increase in intracrania1 pressure. 
The b100d pr~88ure values shown on the right are within 
a~tore9ulatrop limita. 0 
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Figure 14 
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A comparison of b100d flow meaèu~ed wit~ H2 cleàrance and 
14C-iodoantipyrine methods. The IAP values 'are &lmost 
twice as large as these of the H2 clearance.. - .---
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