4 STUDY OF GLUCOSE UPTAKE BY FROG SPINAL CORDS
DURING REST AND EXCITATION

by

ARTHUR EUGENE LEWIS, B. 8.

A THESIS
Presented to the Department of Physiology
and the Graduate Division of the University of Oregom Medlcal School
in partial fulfillment of
the requirements for the degree of
Master of Science

June 1963



¥ iessor in \ 0I Thesis




ACENOWLEDGEMENTS

The author is indebtaed to Dy, John M, Brookhart for his asels-
tance and advice throughout the & 8, to Dy, Johm T, Van
Bruggen for his aid with the Glucoss~1-C** experiments, to Dr. Evelyn
Le Ogingky for her aid in the identification and elimination of the
micro-organism conteminants, to Mr. Dunean Neilson and Mr. Barney Klicks
for their aid in the glucvse detemminstions and analysis of data, and
te My Jo C. Hambleton and Ny, Ken Braden for thelr assistance with the

mechaniesl and eleectrical detalls of the apparvatus,



TABLE OF CONTENTS

mmm}cﬁeﬂlﬁQtiﬁblilbﬁ!(h’&ﬁ.ﬁ&*‘%t’"‘!‘btbﬂﬁﬁd#ﬁl‘iG."iﬁ!i‘t.#&‘ .ﬁ&‘l

Rﬁlf&ﬁOﬁlhip of Ghﬂﬁ.‘f-ﬂ to ﬁm@-timhcbﬁd&tﬂdﬁ‘it!&lti&ii&!ﬁiﬁs
Emma substrates of the NOUIrON@ssssssevassvsvsnssvvsrsnsnsol
Endogenous ﬁ!lbltﬂt"-~p¢.»tuqcdnnquow-uwnmba«n&pcantﬁ&.u-oau
w of Intmd“ﬂtiﬁncit¢ttaﬁmttﬁb#u!éin*\'tbi.tﬁbtnt‘tq!*bltbl?

EXPERINENTAL PURPOSE AND MMﬂﬁitoﬁicQtitiﬁthﬂtltﬂoﬁuiiiinit*lii@izl

MATERIAL AND wnsbaaeﬂignvanmagcoogdnQumotw’nattﬁc»qunouuuvp%

Experimental ﬂhmb“vu&nomiﬁiiitwn-#'bﬂil&itiuasti#&:tnﬂatbtod{ltzy
Preliminary chamber mtiﬂn:ccauqntnutﬁmap*guau;twrasqa;au%
Blologie Preparation.scssesnsssecocsrnssnnenssvesnnsrenssssennedd
Preparation transfer and mtin".m‘rﬂQuﬂv.b’ctottQﬁ#&tbtii.*ttcgl
Perfusing wlutiﬂniooofyﬁco-snvtnrqaagagoutaqgwnrﬁooayntaévctmts.s
stim.lﬁtimlq‘uc*s-ﬂc&bi!'!&%ib&inoiG»OO.bb‘ﬂdlu«l'ﬂlt-houtitl}tv‘%lﬁ
Reeordinguunuuuunn..uuuuuuguuuun"nuu.u.35
Determination of the electrical output of the spinal

cord prnparation.....u‘.uuuuqnu-.nn-nau"u..udﬁ
Calibration of mtﬁmt@rttﬂiﬂitiQGQObivctiﬁcmattimitcﬂbﬁt!iotiag
Glucose dctﬁmﬂmtions and sampling tooknicuOesosaconvanvrensesdd
Hlucose~1-C wm‘t’stuo»o!?‘&00.010‘06‘*&'&#&#&‘0.‘#‘10%#&‘!&2
Correlation of electrical and glucose MEASUremENLS.ecseeseseseoh3

mmmnwnuwagc»ﬁo.--unaa-o¢cauaﬂ¢-uauanauwiogéitvtqaancémto\wnuwl&é

Control of miecro-organism contaminants and the effects

of th'ix Mtab@uﬂaiyotmo,oaﬁpvttdaoco‘10-o&¢unauo't.qoqo-h?
Glueose~-1-C Cﬂy‘ﬂm&.pw&qaodcecqa.»aonq‘nnnnuqan;iuui«»t.ntﬁa
Comparison of glucose uptake and induced setivity levels.eusves5s
Experiments with glucose-free RINgers.casscaserecorervessonssasbl

Aﬂt’.ﬁt}’ Burﬂtﬂcguisn&utn.-ncccq:- ‘so‘0¢¢¢¥iitﬁtiimiQ‘#tth.i"#'llss
DISCHSSIW«-uuga»muauﬁsaudnusa;nwutawu#w;uw&uuutu;co«ntu«nmiwnta?@

SmeQlﬁiVfi#hiyfﬂ0*i§ﬂ*i‘&0b'¥l!.i’i‘i",l.".(llﬁl!'iﬂ‘*ﬂﬂ’t!ﬁ"ﬂii?&



mm@ﬁﬁ'@mlﬁﬁiid‘c&ﬂﬁ#i&i«!btm.Qili&ao.%!%i»‘“#ﬂ.b‘ih‘i#‘ﬁ«l‘.%#‘&bi‘?g

APFENDIX A -~ Preparation and storage of perfusing

solutiana.a...‘o‘.gcﬁ‘.au....a;.aa..,‘...g...a..a.agﬁ

AFPENDIX B — Sampling procedurss and details of the character-
istics of the glucoge~oxidase methodesessssvsssces B9

Sﬂﬂpliﬂs ProCeduIOBscercscsonsonscrcnsscncsssenrneosscnessssanssy0
Teehﬂiqu.&;oqo-tots'toaotcﬂtl&tttéot-'tﬁéU.ib.tqootttonoiwdutocinOgﬂ
Influence of 1nﬁub&tiﬂﬁutnuq‘anoe«w;;.ﬁaos»ni.caontconcuco.uﬁot?ﬁ
Speﬁifiﬁityabpidc»ontoa»oamc»eut;cyo-ow---ta.cuo;co.bnécnpo.v«t?g
sensitivitX‘iQQO.GQ'Q»Q.O'.QOQQQDQO‘.“!"QGOQOQO‘O&O‘O.‘.O’O‘igg

Tables presenting results of the determination of the
ﬁﬁnﬁiti?ity‘aﬁd variability of the mathed.n....gé—lﬁﬁ



TARLE OF ILIUSTRATIONS

nmlﬁiifliﬁﬂt"ﬁ*‘@ﬁﬁﬁ"*‘-ﬁ*lQQ‘OQ%

The ewperimenisl chasber with the external portion of the
recireulation pathway, oxygen seretion needle, and the
comnsctor from the volumetric burette reservolr stteched.

PIOUER 2¢ » « o 0 2 ¢ 5 ¢ 6 2 s s o Do e s s a v nsswes o B

The extternal portion of the recirculation pethway usatieched
from the experimental chamber.

m’ﬂﬁitoﬂﬁﬂﬁittiﬁﬂﬁiﬁ&#C"ﬁﬁﬁlﬁ’”

A block diagrem of the experimental tus. Also shown
sre ewmnples of the response as vi o) the dusl-beam
cecilloscope and as recorded by the polygreph write out.

FICURE Lo o o« s 6 ¢ s 0 0 s s s a s s s s asnsecansvnree b

A greph of glucese uptakes which indicstes tint the spinal
cord preperations were contributing relatively little to the
measured glucoss uptakes and that these uptakes were the
result of other foctors.

?Imfuﬁtmaa-nmtttv»ctnqw:##n:tﬁtq*.&

A grephic represeutstion of the conparison of the total
alsctrical cutput to the total glucome uptake and the glucose
uptake rates in a growp of experiments in which the spinsl
cord preparatione wore stimilated st different frequencies.

nm&*#&t*w&&i‘ﬁ&ﬂ*‘%**!‘lﬂﬁﬂ*l"i“

Exeples of ventrel root responses recorded et time intervals
during tive dorsal root stimulation depicting & typicel
Uaetivily tmret®,



INTRODUCTION



INTRODUCTION

Early attempts to wnravel the complexities of neural metaboliem
and function were hindered by s multitude of factors. Work to be
done with the basic orgenic chemisiry of mixtures and substances, much
of which is only partielly understood even with modern methods. Only
recently have engyme studies revealed information about the nature of
the glycolytic and oxidative aspects of metabolisn. The development of
micromethods of ensyme analysis by Lowry in St. Louls, where the studies
in micromethods of the Copenhsgen school led by Linderstrgm-Lang are
being applied to the nervous system, hasled to & major break in the
binding chains of the field. A second blocking factor is found in the
fundemental difficulty releted to the nonhomogencus nature of the nervous
gystem, both in organization and function. The sucesss of histology in
delineating the complex microstructure of nervous tissue has emphasised
this. The main functional unit of the nervous system is the neuron.
This structure lies embedded in & symcytium of neuroglisl elements, the
biochemical and functional role of which remains obecure. Therefore, any
attempt to relate the mechanism of excitation and conduction to metabolism
depends on the separation of the chemistry of the functional elements
from the structural components of the tissue. Yet, to disregard the meta-
bolism of the nouroglisl cells is not Justified. It is lmprobable that
their role is a "passive”one. Nageotte sugpested that the function of

the neurogiis wes 2 mutritive one as they appesred to contein secretory
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granules (44). Electrommicroscopy has revealed the existence of grami-
les within neuroglia which are occasionally found in large clusters ae
if they were in the process of being discharged inte the imtreeelluiar
mpace (52).

One question that has arisen from the results of work done with the
knowledge and reflunements of modern metheds is that of the relations
between metsboliem and function. To what extent does metabolism only
malntain structure, and to what extent does it contribute to the work-

ing function of the tissue?

According to Bermsiein's ionle or membrane theory of bicelectric
activity, the internal negativity of muscle and nerve cells is accounted
for by semi-permasable characteristics of cell membranes which result in
the unequal distribution of ions between the interior of the cell and
its external enviromment. The interior is soms 10 to 100 times richer
in K* then the extracellular fluid, while the concentration of Na* in-
temally is only about one-tenth of that externally. Such inequalities
probably arise and are mainteined from metabolicelly driven ion pumps
vhich extrude Na® and take in K*. The anstomle site of these pumps is
most likely the cell membrane, but the nature of their mechaniem of
action remains undetermined. In order to transport ions against such
concentration gradients, the cell must expend conelderable emergy. As
2 result of the maintemance of such concemtration gradiemts, the cell
menbrane is sleectrically pelarised, The resting membrane potential can
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be sccounted for by relations between internal and external ion concen~
trations (30). Membrane permeability changes elicited in response to
stimuli allow the ions to redistribute themselves along their concentra-
tion gradients. The membrene potential correspondingly varies with the
influx andfor efflux of the ionic charges. Time, the concept has arisen
that the depolarisation of conductive tiseue is metabolically passive,
while maintenance of resting membrane potentials and repolarigation are
processes requiring energy. There is emsidernhlé evidence that respi-
ratory activity increases during excitation (19, 20), and the inereased
pmduci:im of heat during nerve conduction was disecovered only a guarter
of & century ago (28). The increase in respiratory activity observed
with stimulation is not accompanied by increased phosphorylation, eo
that an uncoupling of oxidation and phosphorylation may be taking place
(51), Evidence from many sources indicates that excitation is sccom-
panied by a dﬁereau metabolic energy output. This has been observed in
brain slices (40, 41), brein mitochondria (4), and sartorius muscle (7, 35).
The orthophosphate - P uptake by frog nerves is inhibited during exei-
tation (5). Electrical stimulation as well as dinitrophenol results in a
decrease of the k%2 turnover of ret brain and nmuscle mitochondria, and
in e considerable decrease in the K/Na ratio (2). The concept that K-Na
transport and phosphorylation are closely related is further supperted
by the cbservation that depletions of intramitochondrisl potessium result
in decreased phosphorylation (5, 31).

Exogenous substrates of the neurone,

Glucose is the only substance whick is teken up by the brein in
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large enough quantities from the blood to satisfy its emergy requirements (29).
Himwich elso postulates that the brain does net contein a large enough
pool of substrates to maintain fumction in the face of a2 leoss of a constant
uninterrupted renewal of such substances by the circulation., The depen-
dence of the brain on 2 minute-to.minmute supply of glucese from bleod for
maintenance of function and electrical activity has beecome an axion of
neurophysiology (62), There is little doubt that clucose is the chief
substrate of the central mervous system during rest and activity (&),
Strong evidence is available indicating that the brain derives its energy
for normal function almost exclusively from the oxidation of glucese (55).

Statements of the above nature are readily found in both the past
and current literature dealing with neural metabolism, The experimentsl
work upon which such statements are based is impressive in smount and
quality.

Sokoloff has briefly summarized what he terms "evidence for the
ebligatory serobie utilization ef glucese by the central nervous system®
mainly from three groups of in vivo observations (55),

1) Impairment of CNS activity produced by glucose deprivation.

Such observations are related to well lmown changes in the
mental state of man resulting from hypoglyvemic states, and the
correlation of the degree of behavorisal and functiomal impairment
with the degree of hypoglycemia,

2) Recovery from the effects of hypeglycemia produced by glucose

administration, In man, the symptems of insulin coma can usually

be reversed in minutes by glucese administration,



)
3) The relative insbility of other substrates to produce recovery

frem effects of hypoglyecemia, |

Three major methods are avallable for determining whether s sub-
stance is utilizad as a metabolic substrate (56), The first being the
abllity of the substance to eupport metabolism. This has been showm to
be true in CES tissue of various experimental animals and man for the
hexose sugars; glucose, mannose, fructose, and to some extent galactose
(56), Certain non-CHO substances capable of sustaining cerebrsl axygen
uptake include derivative of the glycolytic and triecarboagylic acid
eycles and glutamate. It rmst be kept in mind that although a substanee
exhibits the abllity to sustain tissue respirstion when present in an
incubation medium, this is no indication of the role it plays inm the
intact organism. The majority of types of procedures used in these
studies have consisted of work with bries, homogenates, tissue slisces,
and other preparations which destroy tissue integrity and cell structure.
Results obtained from these preparations reveal only information about
 tlesue potential and dre not true reflections of rate and funetion in
the intaet organism. Such is exemplified by evidence for the usage of
glutamie acid as a cershral metabolite when the inability of glutamie
acid to pass the blood brain barrier has been cbserved in rats and mice
(54). Tis type of contradictory evidence has also been seen for a
number of members of the tricarboxmylie amd glycolytie eyeles (15).
Therefore, experiments conducted with preparations in whiek organ and
cell strueture are interrupted do indicate tissue metabolis potentisal
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but do not differentiate between the exogenous or endogencus supply of

the metabolite in the intact organiem,

A second method is that of measurement of RQ values. The measured
RQ of excised brain in the presence of glucose approaches unity (16, 17).
The respiretory rate of the monkey brein in yive is unity (53). By the
nitrous oxide methed, Kety and Schmidt have demonstrated eimiler results
in man (37).

The third method consists of the quantitative comparison of oxygen
upteke and the absorption of the foodstuff. In emeised brain, the oxygen
upteke seems to correspond to the oxidation of glucose, and A-V differ-
ences in oxygen uptake and glucose utilizmetion indicate the same conclu~
slon in vive. One must accept studies based on A~V differences with care.
Arterial samples can be obtained from any artery. A problem arises with
venocus samples from cerebral tissue as one obtains a mixed venous drain-
age with the sample being conteminated by blocd from extra-cerebral
tissue. In man, a falrly representative sample can be obtained from the
superior bulb of the internal jugular vein (43). Such determinations are
not meaningful unless correlated with blood flow rates to yield quentita-
tive information on uptake rates. These studies allow the comparison of
the utiligation of various eompounds such as glucose and oxgyen with the
production of carbon diomide and lactate or pyruvate. However, to measure
rates of flow concomitantly with A-V goncentration differences neceesi-
tates such extensive operative manipulatione that the procedurs becomes

one of an in vitro study in gity rather tham one of an in yivo nature.
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Failure to demonstrate significant A-V differences does not preclude a
tubstrate from a role in cerebral metebolism. The fact thet stores of
glucose and glycogen in CNS tissue are low is indicetive of repid wtili-
zation. MAleo, the factor of the rapid blood flow through the braein pro-
duces A~V differences of small magnitudes which may be difficult to
detect (55).

lerve appears to contain the enzyme systems involved in glycolysis
and oxidation via the Krebs'! cycle. Therefore, with the combination of
g cerebral respiratery quotlent approximsting one, an almost etoichio-
metric relationship between the glucose and oxygen uptske necessary for
the complete cxddation of the glucose, the presence of enzyme systeme
necessary for the metabolism of glucose, and the absence of & significant
arterio~venous difference for any other energy rich compound, streong
supporiing evidence for the concept that energy for cerebral mestabolism
is derived almost exclusively from the oxidation of glucose is available.

The resulis of Geigerts perfusion experiments with an intaet cat
brain indieate that glucose transfer inte hrain may be dependent upon
the presence of certain substances in blood. In a serlies of mta
in which a cat's brain in gitu wes perfused with simplified bloodt by
means of the isolated cerebral circulation, it was found that the trane-
fer of glucose from blood to brain wes interrupted and the brein prepar~
ation could not be kept alive for periods longer than 60-90 min. During

1the simplified blood perfusate econsisted of washed red blood cells
suspended in a saline sclution containing 10f bovine serum albumin. The
final wolume of the suspension was adjusted with Ringers to contain 35-40%
REC and 7% bovine serum elbumin. To this was added glucose. Therefore,

excopt for glucose, the simplified blood perfusste was devold of organic
substances normally present in blood (24).
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this perled, laectic acid concemtrations in the brain steadily increased
while glucose concentrations decreased despite high concentrations in
the perfusste. This coincided with a decrease in the electrical signs
of brain activity. Fresh liver introduced into the perfusion cycle
. kept the brain alive for periocds of up to four hours without noted dis~
turbances in CHO metabolism. Simllar results were cbserved with the
addition of liver extract or 30-40 ml of fresh blood drewn from the
femorul artery of the cat belng perfused to the perfusing solution., No
restorative effect was obtained with the vit B's, ATP, adenylic aecid,
DFN, TP, creatine FO,, ineulin, coengyme A or ascorbic acid (24). It
was therefore concluded that disturbances in brain function result, at
least in part, from a lack of substances which are normally contribated
by blood. Further investigation of the components of the liver extract
led to the finding that the active constituente were the pyrimidine
nucleosides, cytidine, and uridine. In the absence of these, the brain
developed impermeability to glucose and s depletion of galactoside
(restored by uridine) and phospholipid (restored by cytidine). Both
mucleosides were required to restore normal CHD metsboliem (25). During
glucose f{ree perfusion, the CHO reserves of the brein are used up rapidly:;
the glucose metabolizing ensyme systems and possibly the transfer
mechanisms are damaged. Such gysteme require reactivetion in order to
regume normal functions, These inferences have been derived from the
observation that, following glucose free perfusion, glucose added to the
perfusate was not utilized by the brain unless the simplified blood wae
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gortifisd by the addition of liver substances ().

Furthor evidence for the chemical alteration of blood glueoss before
its uptake and utdlizstion by the brain is glven by the observation of
Ceiger (23) that glucosamine is taken up and phosphorylated in the living
brain st o time when the brain is unable te utilige glusose from the blood.

Another series of obgervations which stress the pessible importance
of intact mewbranes and chemical processes occurring in the membranes %o
the transport of substrates from the cireulotion to the neurone has been
presented by Dafaelsen (45-49). It has been generally ascepted that the
major, if not the cnly, eoffect of insulin on eentral nervous system
tissqe is one of an indirest nature (i.¢. nervous system manifestations
of the hypoglycesde state resuliing from the peripheral actien of ingulin).
Himdeh and co-workers demonstrated that brain slices from depancreatized
cabs were sble to aidize glucose (10). From this work, it was coneluded
that insulin was not pequired for the motabolic wechenisms of glucose
oxidation in brain tissue under the experimental conditioms. Rafaelsen,
however, feels thet this has veen consisbtently risdnterpreted vs "is not
influenced by insalin® (45). It bas also been secepted that insulin
does not cross the blood-brain barrier. With sugh resulis reecorded in
the literature, the work dealing with insulin and the CNS has been sparee.
Rafacloen basshown what he has termed a direct effect of ingulin on CHD
metebolism in the rat spinsl cord (47, 48, 49}, rat brain slices and
1solated rat cerebellum (45, 46). He has shown eignificant differences
in the glucose uptake rates, in the presence of insulin, between first

end second brain slices of rat cercbral tissue. From this observation,
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it was suggested that the effect of insulin is intimately conmected wilih
the structure of tigeues. First brain slices from the convex side of
the hemisphere have cne side intact and are covered with pla-araehnoid,
whereas the remainder of the slieces have two eut surfaces. In his
experiments, no effect of insulin on gluecse wptoke wes seen in second
and third sliess or in cerebral homogenaztes, but a 10% increase was neoted
with first brain slices inecubated in the presemce of insulin ir concen-
trations of 107% wnite/ml, It was froe these Jhservations that he
postulated the necessity of intaet membranes and tissue integrity for
the action of insulin to be slieited,

ntil recently, attmpm to demonshbrate fatty acid oxidation in
neursl tissues have been largely wisuccessful, Of mmerous short-chain
fatty aelds tested, only beta-hydroxybutyrate appears to be cxidized by
broin or nerve homogenstes and mitochondria (4). During glucose free
perfusion of cat brain, conslderable emounts of phospholipids were found
to disappesr from the cerebral cortex, and it was not possible to ascount

for them on ths basis of lipids lsaving the brain (3).

Endogenous Substrates.

Moot of the important substrates and metabolites of the brain are
present in trace amounts only (61). The amcunts indicated below are per
gram of whole brain.

1) Oxygen:

Cerebral tissue 90 pmole/gm
Cerebral vasculature 225 pmole/mn

Thiz amount ot 2 mormal rate of utilization by huwan brain would



last only sbout 10 seconds.

2) Glycogent 5 pmole/gn

3) Glucose: 4 pmole/gm
Therefore, the brain suppesedly containg no significant store of "pgeen-
tial nutrients™, but depends upon & continual supply from the cerebrel
cireuletion.

Evidence for the cerebral metabolism of endogemous substrates became
prominent with the results of Geliger's perfusion amxperiments. Without
liver incluelon in the perfusing circult, he could account for the entire
disappearance of glucose from the bleod by lactic acid production. Yet
there remained a persistent high O, consumption. This was taken to indi-
cate oxidation of nen-CHO compounds in brain (22, 24),

The fact that glucese is the only substrate taken up from bleod in-
to the brain in large encugh quantities to sustain ite energy require~
mente suggests that glucose is the carbon source for all main metabolic
precesses in the brain including production, by exchange or synthesis,
of most amino acids, proteins, lipids, ete. In a group of experiments,
Geiger and co~workers added unifornly labeled C14 glucose to their per-
fusing blood and noted the appearance of C14 in the respired €O, within
a minute (27). The concentration rose steadily untdl it attained 2 somstant
level in approximately 30 min. and then remsined steady for the duration
of the experiment (30-60 min.). The phage of rising €0, concentration wes
taken to indicate the exchange of pre-existing glucose and its intermediates
with labeled glucose supplied from blood. It wes asmumed that at the end
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attuommmhmaumwammmuymw
sble compounds had been cospleted. The second phase reflected the egui-
Librium of cold carbon and 014 frem the perfused glucoss, The retic wes
mwmﬁuaum;;mﬁﬂmnmmewn
participeting in respiretory (Up production. In o)l experimsuts with Metys-
Mcm,magmmmc%mmmﬂm.
uemﬂummcumwa:mmcazmm. Decreaoes
were observed in eome cases. The retio between ¢ and 014 indicated that
m.zmeaammaﬂMfmﬂmmmmnMagmtn. The
eattre Oy congumed during convilsions wme sceounted for by exidation of
non=glucose or non-CHO substesces (8, 24). Under resting conditioms, clb
concentrations in respired £0; inereased to concentretions of 29-327 and
then remined constant.

w&imdmartbamefmmawainmSMm
requires simultanscus consideration of the differences betwoen reeting
neural metabolism and metsbolism during activetion. In later work, Gelger
concluded that endogenvus substrate metabolism predomineted during actis-
vity (21), This prepondersnce of non-CH0 cxidation was observed even when
glucose was present in the perfusing blood in normal consentrations {22),
In 2 sories of perfusion experiments invelving Metrazol induced convale
elone, it wee found thet during the firet minutes of the cemvalaive
pericd, glucose breskdosn was sccelerated whille oxygen consrsption in-
creased tww to three times, At the seme time, lasctiec seid was forued st
& rate roughly equal to the glucoss wpteke. As lsetic acid accounted
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for almost all the glucose which dissppeared from the brain and bloed
during the convelgion, other non-CH) scurees had to account for the
incressed O, uptake. No significant glycogen breakdown was detected.
Carbon dicxide production remained at preconwulsive or lower rates. There-
fore, glucose oxidation did not increase. After 0, consumption returned
to resting retes following the econwvulsions, glucose uptake from the blood
graduslly inereased for sbout 20 min. while 140, output remained stable.
Two to three times as much glucose was taken from blood in this period
as ecould be accounted for by Op eonsumpition and leetate formation. At
the seme time C14 labeled brain proteins and lipids inereased (21), Such
findings indieated the breakdown of non-CHO substances during activity
and thelr resynthesis from glucose during s recovery period. Gelger alsc
concluded that quantitatively, next to carbolydrate, endogencus proteins
seemed to be the most important substrates of brain metaboliem,

Gelger carried this work further. Knowing that glucoss added to
the perfusion blood was rapidly incorporated into free amine asids of
brain and at slower wates into its structural compoments, his group deter-
mined the effects of convuleive activity induced by Metraszol or electrical
stimnlation on imeorporation rates of o 1nto proteins as compared to
rates at rest (26)., Resting experiments indicated incorporation rates
which were slowly but progressively slowing down after 30 mimites of per-
fusion, and by comparison with rates in nommal, awske, non-perfused eats
rather higher. During conwalsione incorporation retes increased. Rates
were almost doubled by 10 min, stimulation periods following 30 min, of
perfusion with C¥, Por about 15 min. after the convulsive perdod, the
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rate came to a standstill and even lossee of radicactive protein were
noted in spite of the continued presence of Cl4 glucose in the blood.
Following this lag peried, the incerporation rates agein gréatly incres-
sed. Forty mlmutes after the convulsions, two to four times es much Clh
wa® incorporated into the post conwvulsive brain as into z resting brain
during a comparable perdod ‘af time. This work confirmed the fact that C
atoms derived from glnccedwre incorporated into cerebral proteins. It
alec mdié:ated three stages of effects following conwulelve actiwvity.

1) Period of stimulstion: Here incorporatdon retes inereased.
This period aleo coincides with the breakdown and exidation
of non-CHD materdisl in brain cells witnessed previously
during convulsive sctivity. Resynthesis during reftactory
periods and sgynchrony of neurcnal sctivity during conwvul-
sions wers possible explanations glven to account for the
increased incorporation.

2) Lag phase of incorporation: The asuthors found it difficult
to understand why Clh incorporation should cease during this
phase of reduced physiologic astivity. It was considered
possible that 2 soluble pool of metabolites present at the
beglnning of convulsions was rapidly used up by high rate
axidative processes and glycolysis. During this perdod, the
rate of glucose uptake was considersbly reduced. Thus, at
the end of the period of convulsions lasting 10-15 min,, the
soluble pool of metabolites was exhausted and the C14 diluted
by the influx of eold carbon from the breskdown of lipids and
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other tissue components. The temporary lack of gpecific
metabolites could have sccounted for the absence of protein
gynthesis. This explanation 1s not entirely substantliated
by the findings of considersble stability in the aminc acid
pool under varying conditions of activity observed by these
same workers (11). It was therefore necessary to assume
that the amino acide did not represent the only carbon pool
which had the ability to replenish glycalytic and tricarbo-
*xyllc acid cycle intermediates. The data gppeared to be
best undemtaqd by sesuning that a source of cold carbon
was feeding into and forming these intermediates at & rate
which was at least equivelent to the rate at widch they were
formed from exogencug glucese taken up by the braim. The
mejor portion of the rediozetivity taken up az glucose which

~ did not appear in the respiratory CO, wus present in the acid
goluble fraetion which probably includes the glycolytic and
¢yele intermediates. This explanation ageln emphasizes the
possible importance of the metabolism of both amino aecids
and other endogenous subsirates.

3) Post convulsive state: In this phase, incorporation rates
were greatly increased, The duration of the phase axtended
past the limit of experiments which was set at 90 min.

Compared with resting rates, the high incorporation rates assoclated

with convulesions end the post convulsive state suggest a high turnover
rate of protein with activity metabolism in brain. This conclusion is
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supported by the finding of an increase breakdowm of nitrogen ¢ontaining
subgtances and the prevalent oxidation of non-CHO substrates by brain
during eonvulsions.

Brain does contain relatively high amounts of amino aeids, both
free and combined. These aecount for about 4O of the dry weight of the
tissue (L2). Seventy percent of the amino mitrogen fractiomis eomposed
of glutamic and aipartia aeid and their derivatives (9, 58-61). This
group, especially glutamie acld and glutamine, is pregent in brain in
higher eoncentrations thun in any other orgen snd is sssoelated with
metabolic systems specifiec to neursl tissue (98, 60). Clutemie aeid is
utilized readily by the mitochondria of the brain (1, 13) and eontributes
to more efficient phosphorylation (i.e, higher P/0 ratics) than does
pyruvate (L)s This amine aecid comprises an intimete link between protein
and cm?-bahydraw metebollion and its possible metabolie role deserves
conglderation and exploration.

Further evidence indicating the lmportance of amino seide in CUS
tissue metabolism is becoming prominent and imprnssiv@.u

It has been observed that 41% of labeled glueose injeeted imto the
tail veine of rats was incorporated into the amino seid fraction of the
brain in two mimutes and a 752 incorporation was reached in 30 mim (63).
A genersl pattern for the appearanece of radiocsetivity iuto the acid
soluble amino seid component of brain has been cbserved by Gelger and
his growp (1), It did not seem to vary in any chorscteristic manner
with either Nembutal narcosis or Vetrazol conwvulsions, The results of
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this group's work indicated that the ﬁrs‘h samples showed apprecishble
radio-activity in the combined amine acid fraction {5-107 of the speeifiec
setivity of the perfused glucose). The second samples showed furthey
inereases, bul not pronounced. In third samples, the activity found in
the amino acid fraction wes inereased up to four times and generally not
less than two times that of the first samples. The interval betwoen
samples two and three was 10-18 min and ocourred between 34-60 min of
perfusion following clh glucose addition. This inerease was noted with
or without lembutal or Metrascl, and the magnitude did not appear to be
altered by the drugs. The striling finding of this work wes the constancy
of the amounl and composition of the AA pool under varying eonditions.
The interpretation of this work and its pelaticn to previous findings
has been dissussed earlier.

The soncept of endogencus subsirate metabolism is supported by
Sutherland who found that Qez values observed ian slices of human brain
cortex in vitro could not be aceounted for on the basis of CHD metabolism
alone (57)s At no time, in the presemee or absence of glucose, did ﬂl"%
production appreximete the Qz consumed, The endogencus (‘Ug of human brain
eould not be aceounied for by CHO metabolism alone. Even if lactic aeid
was ineluded in the intracellular fraction, thls would aceount for less
then one hours O, uptake. With 0,01 M glucose, the initid glucose upteke
was in exeess of requirements, Part appesred as laetic aeid, but the
remainder must be assumed to bes stored or undergo anabelie resctions. A

portion of ihe fstored? amount appsared iv be subsequently oaxidized, since
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during the first two hours of respirvation glucese oxidation and laetie
acid fermation increased without a eoncemitant incrsase in upteke. By
the end of three hours, glucose uptake exceeded that necessary to secount
for the tolal O, consumpiion suggesting that anabolic reaetions invelving
glucose were increasing or gluecse was substituting for endogenous
substrates which had been depleted,

Contradictory evidence to the sbove ideas of nsural metabolism is
presented by Horowicz and Larrabee (32)., Ixperiments desling with the
oxidetion of glucose in mammalisn sympathetic ganglia at rest and during
sctivity confirmed the scncept thet enough glucese was oxidiged to COg
by resting neurons to secount for mest all ¢f the resting 0z uptake,
They could not conflirm the necessity for the cxidation of some other
substrate in addition to glucose in the presence of neurcnsl activity.
In their preparations repetitive stimulstion of preganglicnic nerves
congdstently produeed increased rates of labeled C'Gz production.

SUMMARY OF INTRODUCTION

1)} The field of metsbollss in the (NS is relatively new, being
dependent upon reeent adwances in methodology for development.

2) The importance of the relaticnship of chemistry to funmetion is
discussed.

3) Evidence supporting the uniqueness of the dependence of CNS
metabolisn on an uninterrupted supply of gluccse is presented. On the

other hand, this does not imply that the pathways of glueose metabolism



in the brain lead directly only to oxidation. Various chemlecal and
energy transformations between the initlal energy sources, oxygen and
glucose, and the final producis, carbon dioxide and water, may occcur so
that various intermediate compounds derived from glucose or produced by
energy made evallable frem glucose catabolism may be the actual sub-
stances finelly oxidized.

4) The concept of endogenous substrate metabolism and its contri-
bution to metabolism during setivity is presented and supported by the
work and interpretations of Ceiger and co-workers. Thie idea, however,
is not substantiated by findings of Horowicz and Larrabee of a congis-
tent increase in ¢140, levels following induced sctivity.

5) Evidence indicating the possible importance of tissue integrity
to transfer mechanisms and metabolic processes is presented.

In view of the above concepts concerning possible differences in
CHE metebolic pathways during activity and the importance of tiassue
integrity to substrate availsbility, the following experiments were
conducted,
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EXPERIMENTAL PURPOSE AND DESIGH

The experiments were designed to determine resting glucose uptake
levele of a relatively intact preparation of central nervous gystem tissue,
and to see if o coryelation existed between induced lewels of activity and
glucose uptake in this pmatiem It was anticipated that the prepara-
tion used in the series of experiments to bo deseribed would yleld infor-
nation about CNS metabolism from tissue samples in which not only ecell
integrity, but organ structure with intact membranes would be maintained
toc a degres not permissible with the ususl incubation type of proeedure.

The originsl experimental procedure consisted of perfusing an isclated
frog's spinal cord with sn cxygenated nutrient frog Ringers solution which
was recirculated from s reservoir contained in a constant temperature
water bath, through the experimentzl chamber, and back to the resevoir.
This apparatus allowed the cord to be electrically stimulated by means
of ite dorsal roots, end the magnitude of its induced electrical activity
recorded from the ventral roots. It was hoped that by utilising varlous
stimulating freguencies, the activity level of the preparation could be
controlled. Samples of the perfusate would be perdcdiecally withdrawn
and the concentration of glucose in these determined. ¥Thus cne would be
able to simultanecusly control and messure the activiiy level of the
tissue and ecompare this with its glucose uptake.

With & total reeireulating wolume of 25.0 ml of mutrient solutienm,
experiments ecould be designed in which the same preparation would be used
for comparison of the effects of various frequencies of stlmmlation on

the rate of glucose uptake. This would be possible beeause the large
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volume allows for rumerous samples to be taken during the experiment.
However, ss will be explained in detail later, the sbsolute amount of
glucose contained in such & volume masked the mmall uptakes of glucose
produced by the epinal cord preparation, It was therefore necessary
to re-structure the experiment aroumd the use of a small volume per—

mitting only single samples.



MATERIAL AND METHODS
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MATERTAL AND METHODS

erimental e r

The experimental chamber in which the lsclated spinal cord was
eontained was designed to meet several requirements, The first demand
was that of providing a means for houging an isclated spimal eord in
mechanical and thermal stability for long periods of time while bedng
continucusly perfused. BSecondly, it must allow means for stimulating
and recording. It must aleo provide 2 pathwey through whieh an
oxygenated nutrient fluid could be reeirculated end a means by which
semples of this fluld e¢ould be withdrawn.

The experimental chamber (Fig, 1) consisted of a lucite bloek
which eontained a centrsl chamber with a silicone rubber floor. This
floor allowed the cord preparation to be mounted and secured by two
fine pins, thus providing the mechanical stabiligation needed during
the experiments. Two side channels {electrode chanmels) branched off
each slde of the cemtral chamber, In the floor of each of these,two
electrodes were placed, The electrodes ware made from 0,020 in.
diameter platinum wire and the tips of these were shaped in the form
of a "I to provide the maximal surface ares for sontact, One side was
used for dorsal root stimmlation and the other for ventral root record-
ing.

In the original spparatus, the matrient fluid was recirculsated by
means of a Barron peristaltic pump. The portion of the recireulation



FIGURE 1

The experimentsl chamber sdth the external portion of the
recireulation pathway, oxygen seration needle, and the conmector
from the volumetric burette reservoir attached. The parafilm
plates and chamber cover are in place, The chamber is held in
the vertical position used during the timed perfusion portion of
the exporiments by weans of a ring stand. The figure is approxi-
mately two~thirds the actual size.

0,-C0,, seyation gas cutlet.
3 r inlet.

Thermistor comnection - There is & second connsction for
the second thermistor just opposite the commection showm,
but on the reverse side of the chamber,

D) Rubber O ring placed in its groove.

Eg Central tissue chamber with rubber floor.

F) Electrode side chamnels for dorsal and ventral roots,

G) Chamber cutlet.

H) 0 «C0- aeration needls,

I ating and recording electrode pin jack commection.

J) meiln cover plates (these wers made by heating two
thicknesses of parafilm wntil they adhered, and then eut-
ting the plates to the desired shape).

K) Preparation ground.
fucite chamber cover.
Threaded corner posts for securing cover
Three-way valve for perfusate mt.roﬂmt:l.ca with the con-
nector from the volumetrie burettie yeservoir attached,

0) Enbbar diaphragm for sample removal.



26




27
pathway external to the experimental chamber consisted of a volumetric
reservoir flask immersed in & constant temperature water bath. This
allowed a contimual cheek on the volume of the perfusate during the
experiment, From cbservations of such, it was found that the weolume
decrease exceeded the amount withdrawn in samples. This volume leoss was
corrected by hamidifying the cxygenating gae before it passed through
the perfusate. The perfusate was axygenated in this flask, pumped from
it through the experimental chamber, snd them back to the reserveir
thus completing the recirculation cyele. The total volume of the reeir-
eulating fluid was 25.0 ml.

When it became obvious that the total wvolume of this system was
too large, the external portion of the recirewlation pathway and the
method of maintaining perfusion was altered to reduce the total volume
of recirenlating perfusate (Fig. 2). This was accomplished by the
elimination of the reserveir and the Barron perfusion pump. In the
revised apparatus, perfusion flow was maintained by an serstion pump.
The flow of the exygemating gas mixture to the perfusion medium was
utilised to carry the solution up & tygon tube situated on the lateral
gide of the experimental chamber and comnected to the inflow and cutfliow
of the chamber (Figs. 1 and 2). The solution then passed through the
vertically oriented chember under the influence of gravitational forces
to be picked up by the gas siream and began on a new recirculation eyele.

In all experiments, the dry cxygenating gos was passed through s
bunddifier containing glucose-free Ringers. Thus, when the gas was
introduced to the perfusing fluld, it was saturated with water vapor.



FIGURE 2

The external portion of the recireulation patihway unattached
from the experimental chamber. The oxygen supply needle is in-
serted into its rubber disphragm adapter and the connector from
the volumetrie burette reservoir is in place., Emamples of the
parafilm plates are shown to indicate thelr shape.

A) Egeape outlet for 0,00, aeration gas.

B) Tygen tubing.

f}g Parafilm plates.

D) Three-way valve for the introduction of perfusate from
volumetric burette reservoir.

E} Rubber diaphragm for seration needle,

F) Comnector from volumetric burette.

G) 0p-C0y aeration needle.
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This eliminated the possibility of the gas pleking up water from the
periusate and thereby concentrating it with respeat to glucose,

Samples wers withdrawn through s rubber diaphragm located im the
three~way valve at the cutflow tract of the ehamber (0 in Fig. 1) by
means of 1.0 ce tubereulin syringes.

In the original apparastus, an attempt was made to maintain the
temperaturc at 18 ~ 20° € by placing the perfusate reservoir in a
constant temperature water bath. Maintenance of constant temperature
would permit quantitative eomparisons between experiments, The ehoice
of temperature was conditioned hy the desire iv avoid the development
of an anoxic core., Larrsbec has reported (38) thet the anoxle eore was
removed even when oxygen concentrations as low as 60f were used in
temperature raxigas of 24 -~ 25° C, Awphiblan tissues also operate at
lower metabolie rates, and this, combined with their smell size, enabled
metabolic observation to be made on even the intaet brain of the frog (12).
Although the temperature in the water bath could be maintained at the
deelred levels, the temperature of the solution msasured in the experi-
merital c?&mbér, by means of thermistors, could not be kept more than
2 =~ 3° below room temperature. This was due to the slow rate of perfusion
and the extended period of time the perfusate was in the portion of the
reciroulation pathwsy outside the cooling bath. In view of this, no
atterpt was made to eontrol temperature during the experiments after
revigion of the apparatus.

The lucite Block slso contained a eireular groove for she placement
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of & rubber O ring (U in Pig. 1). When the lucite cover was plased over
the four threaded corner posts and secured, the 0 ring, with its
petrolatum seal, separated the perfusion portion of chamber and completed
the seal in the dlosed recireunlation pathway.

The groove for the O ring was filled with Dow Corning stopeock
grease (milicone base lubricant) and the ring pressed into place., That
portion of the block which was eovered with the 1id was ecated with a
thin layer of the same lubricant, both inside and cutside the 0 ring
groove, The openings of the electrode channels were separated frem the
tissue chamber by means of dams construeted with petrolatum injected at
thdr openings frem a syringe fitted with an 18 gauge needle. Thie pre-
vented the entry of the Ringers elestrolyte solution intc the electrode
chennels durdng the cord mounting and subsequent experimental procedure.
As both the stimulating snd recording electrodes were permanently fixed
in the floor of the channels, the only way to clean them was with & test
tube brash and carbon tetrachloride. This was done three to four times
before each experiment, and then the electrodes were scraped with a metal

probe.

e LLETLL 'H.... wd o

The experiments have been carried cut using grass frogs (Rans pipienms)
as a souree of central nerwous system tissue., These were obtained during
the fall and winter months. They were ordered in lote of a sige to
supply approximately s week'!s experiments and stored in a refrigerated
enviromment {8°C) without food.
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The spinal cord wae removed by the method described by Brockhart,
Machne and Fadiga (14). This consisted of rapid decepitation of the
animals and remeval of a rectanguler block of tissue containing the
spinal colum and urostyle. The skin was removed from this block; and
then with four pins it was secured, ventral side up, on the rubber floor
of the disspection chamber. The chamber was ¢ontinuously supplied and
drained of a glucose~free frog Ringers sclution by a gravity flow input
and vacuum suction removal. This solution was equilibreted with a 957
05 - 5% (:02 gas mixture. Them, with the aid of a dissecting micreseope,
gtarting at the urostyle, the ventral portion of the spinel column was
removed with the dura thus exposing the spinal) cerd and roots, Spinal
roots 9 and 10 were dissected fyree to be removed with the cord. They
were used for dorsal root stimmlation and ventral root recording be-
cause of their convenient length. The remainder of the roots were cut
at their emergence from the cord. The cord was freed from the block and
the anterior portionm of the cord severed just cephalad to the brachial
plexus in an attespt to standardize the preparations.

The cord, having been removed from the tissue block, was then
transferred and fixed to the silicone block in the floor of the experi-
mental chamber by means of a pin which had been placed transversely
through its upper portion. It was mounted lateral side wp, and the
dorsal and ventral roots of segments 9 and 10 severed just proximal to
the dorsal root ganglion allowing the longest possible length of the
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roots. The rocte were then placed over the regpective stimdating and
recording electrodes by grasping their severed distal emds with fine
tipped foreeps and laying them owver the electrode tips. Prexdmal to
the root contact with the proximal electrode the reots were gently
pressed into the petrolatum dams st the openings of the chammels., Omece
a satisfactory and maximum response was obtained and visualized on the
oscilloscope, the roots were emraiad with petrolatum and the side
channels filled with the same substance. This isclated them in 2 non-
conducting medium during the experiment and prevented them from drying.
The caudal end of the ecord was then secured with the second pin.

Parafilm plates {J in Figs 1 and ¢ in Pig. 2) were placed over the
lateral portions of the recording chamber inside of the 0 ring and ecare~
fully pressed into position thus sealing this portion of the chember
and the electrode side channels and thelr contained nerwe roots from
the elestrolyte Ringers solution. The medial edges of these plates were
compresged against the chamber and sealed with petrolatum.

Duidng the mounting procedure, the cord was bathed with the glueose-
free dissecting Ringers. Just prior to the transfer of the cord, the
gravity flow feed of Ringers solution wes changed from the dissection
chamber to the experimental chamber. Flow from the chamber wes maintained
by vacuum suction. This method of perfusion was contimued untll the para-
£ilm plates were placed, scaled, and the chamber preparation was ready
for the cover to be placed and secured., At thie point, the perfusien
inflow was shut off and deteched from the experimental chamber. The
oxygen supply was diverted from the dissection Ringers to the experimental
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chamber by means of a three-way valve. The chamber was rotated from
& horigontal to a vertical position and completely evasusted of glucose~
free dissection Ringers by the vecuum suetion, which was then detached.
The external portion of the recireulation pathnmy of the chamber was
connected, and the 8 in, 18 guage needle through whieh the oXygen was
supplied te the chamber inserted into its rubber diaphrage adapter.
Next, the eover was placed and secured. Three milliliters of the glucose~
Ringers wae introduced into the chamber from a 10.0 ml volumetric
reservoir burette through a three-way valve located at the outflow of
the charber. The oxygen aeration needle was lowsred into the perfusion
mediums aund by it's height and control of tls gas flow, the perfusion rate
of the preparation was regulated. This point merked tle beglmning of the
timed perfusion period of the experiment.

Perfusing solutions,

The perfusion seluticn used in the experiments was that deseribed
by Brockhart (14). The solution in iomie concentration is similer to
frog plasma. Tho lonic concentretions in millimoles per liter were:
NeCl 72.6, KC1 3.08, IzoHCOy 34,85, C&Cl, le5k, and a phosphate buffer
to pil 7.4 when equilibrated with the gas mixture of 95% oxygen end 5%
carbon dicxide, For details of the method of preparation and storage
of the swlutimis see seppendix 4. From the basic frog Ringers solution
two different perfusing solutions were made for the experimente:

1) & dissecting glucose-free Ringers solution,
2) a glueose-free Ringers solution for perfusion from which

the various comcentrations of mutrient glueose-Ringers
were prepared.



The disseeting Ringers was used during the dissection and the
transfer and rmounting of the tissue preparation. This fluld was not
raclireulated.

The glueose concentrations used for the nutrient perfusates varied
from 0 - 300 mg%. The majority of the experiments were earried out with
concentrations of 100 mgh. This level is aspproximately 2.5 times that
of frog bleod sugar concentraticns (18), A series of experiments ware
conducted in whiech the cord preparations were perfused with solutions
which contalned no exogenoue seurce of a metsbolic substrate.

With the original apparatus, the totsl recirculating volume during
the experimental procedure was 25.0 ml. The change of the methed of
perfusing allowed this volume to be reduced to 3.0 ml,

As will be explained in detail later, the experimental chamber
became contaminated with micro-organisms. To eliminate this factor,
penicillin and chloromyeetin were added t¢ the perfusing fluid, Details
concerning their eoncentrations are preseunted in appendix A.

Dorsal roots 9 and 10 were simultanecusly stimulated in all
experipents to activate ae large a portion of the spinal cord moter
nourens pool as possible. Stimuli consisted of rectangular pulses with
a duration of 0.2 msee and an amplitude of 15 ~ 20 volte. They were
delivered from a Tektronix Type 161 Waveform Generator and Type 162 Pulse
Generator and passed through an Argonaut LIT 069 Isclaticn Transformer.

The output of the isclatieon transformer was messured at 2 - 3 volis.
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Such stimuli were alweys supramaximal,

Eecording,

Recordings of the wentral root discharge were amplified by means
of a Tektronix Type 122 RM Low-Level Preamplifier. This preamplifier
allowed selective rejection of unwanted electrical interference. The
tissue preparation was grounded through a metal tube which served as
the cutflow tract of the chamber, and all experiments were conducted
in a grounded wire cage to further eliminate 80 eyecle interference,

The response was then pimultaneously monitored on ehannel 4 of a
Telctronix Type 502 Dual-Beam Oscilloseope, on the upper chamnel of a
two channel Grass Polygraph write out system, and introduced to the
Grass Instrument Company 5U-1 Integrator Pre-Amplifier (see bloek diagram
in Figs 3). Thus, both a permanent write out record and a visual menitor
of each individual response wes provided,

The output of the SU~l Fre-Amplifier, which represents the signal
to be integrated, was monitored visually on channel B of the dual-beam
oseilloscope. Therefore, by somparison of the two responsos on the
osclllogeope, it was possible to adjust the cuiput of the integrator
pre-amplifier o a level where the mignal to be integrated matehed the

amplified response recorded from the cord preparation (see Fig. 3 for
example).

The Grass Instrument Company UI-1 Unit Integrator and SU-1 Integrator



VIGUE 3
A block diagrem of the axperimental spparstus, Alse showm ere
examples of the response a6 visualiged on the dusl-bsan oseilloscepe
and a0 pecopded by the pulygreph write vut.
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Pro-Amplifier wore utilised in an attempt to measure the total scoumu~
lative eleetrical output of the vemtral root discharge of the eord
preparations The total cutput evoked by each stimulus is & function of
both the amplitude and the duration of the response. Therefore, messure~
ment of thle churaeteristic involves measurement of the area of the
voltage~iime eurve,

The method eonsisted of recording the definite integral (total
accumilated area) of eaeh response on a Grass Nodel 5 Polygraph write
out gystem. The definiie Integral of each individual response was rep-
resented by a verticsl defleetion of the stylus, the height of which was
proportional te the total area of the respense. The stylus was maintained
at this level until the next response was received by the integrator at
which time its area was recorded by a second vertiecal deflestion. Thus,
a ranp was esteblished; the slope of which was & function of the area
and frequency of a succession of responses. The height of the ramp was
determined and set by the sutomatie or manusl reset eontrols of the
integrator. BEvery time the Unit Integrator is reset, its memory of past
accumulated area is destroyed and set to zero, and & new time oyele is
begun in which the time is set to gero at the begimming of the eyele.
One sueh eycle is termed an epoch, and epoch time or epoch length refors
to the time between sucesssive cyeles.

By comparing the mean epoch time of an experimental procedure with
that of an epoch derived from a known woltage source, it was possible
to caleulate the quantity of eleetrieity™ required to produce the
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experimental epoch. Then, by mdtiplying this value by the mumber of
corrected total epochet produced during the timed experimental period
of stimulation, the total aceuwmlated electrical sctivity produced by
the cord was caleulated.

Calibration of Integrator,

The Grase Driver Amplifier, 5U-1 Pre-Amplifier and Unit Integrater
were calibrated as specified by the manufacturer. With the amplifier
gain, integrator sensitivity and clipping level of the 5U-1 eet at levels
sultsble for recording the response discharge from the biologlesl pre-
paration of each individual experiment, a one veolt peak-to-peak eignal
was taken from the calibration cutput of the 502 Dual Beam CRO, passed
through a variable resistor, and fed to the input of the 5U-1 Pre-impli-
fler. This mignal had a frequency of 1000 cps and a duration of 0.5 msec,
It therefore is eguivalent to an arbitrary value of 500 mV-sec. when
M to run for one second (1000 mV x 1 sec x 0.5 duty eycle). The
variable resistor in this cireuit allowed the alteration of the ome volt
dgnal to various levels before introduction to the 5U-l. By adjusting
the amplitude of this signal, which was monitored on the oscilloscope for
accurate calibration and sdmmltaneously on the polygraph write out aystem
after integration by the UI-l Integrator, a calibration source, with a

Igorrected total epochs refers to the mumber of epochs actually result-
ing from cord activity and is derived by subtracting the amount of "nolse
epochs™ from the actual mumber of epochs recorded in the timed interval.
The origin of this noise remained undetermined, but wae presumed to be
from poor comntact of nerve roots on the recording electrodes. The magni-
tude of the nolse element was determined by recording the ocutput from the
system during timed perdioeds with the stirmlus off. From these records, a

mean glope and noise epoch length was cobtained and the mmber of noise
epoche introduced into the record calculated.
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range of 0 - 500 nV-gsec, was made available from which a quantitative
evalughion of the elesctrical response of the tissue preparetion ecould
be made. At lesst three calibration woltage levels were used for each
experiment, From thelr epoch times a paphz was made and used te quan-
titete the mV-sec contained in the mean corrected experimental epoch.

The method of glucose determination chosen for this series of experi-
mente conmisted of the engymatic oxidation of glucose to glucomie aeid.
This procedure provided specificity and sensitivity not avallable with
determinations based on reducing methods and in addition was time saving.

The methed ie based on the almost specific engymatic oxidation of
glucose by glucose cxidase, which has been found to be & typical aerobic
dehydrogenase. The end products of this oxidaticn are gluconic acid and
hydrogen peroxide. Since both of these end products are nﬁlorl-n, the
hydrogen peroxide then resets with a chromogenic hyddregen donor in the
p‘femee of peroxidase and the yellow color formed at a glvem time ds
proportional to the concentration of glucose originally present (34, 51).

glucose

oxidase
Glucose — D~luconic ecid + Hydrogen percxide

aerobic
Hydrogen perexide + O-Disnisidine (Chromogenie acceptor)
pervxidase

Color propertionsl to glucose concentration

Glucose oxidase has been shown to be relatively speeific for beta-glucose

‘“It was found that by plotting the epoch time {in sec) against the eal-
1bxm voltage level (ir mV) on logarithmic paper, straight lines were
obt. .
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oxidaetion (36). The sensitivity and variability of the method was
determined and checked by several means, The methods used, results of
the procedures, technique of the determinations, and other charaster-
istics of the method are given in detail in appendix B, |

- It was decided from the results of the sensitivity determinations
that the method could detect differences in concentration of 2.5 pg/mi.
Thus, in all experimental determimations, the solutions tested ware con-
sldered to be of the same concentration unless this difference existed,
| The reduction in the volume of the perfusing fluid from a 25.0 nl
regervolr to 3,00 ml total was an attempt to reduce the absolute amount
of glucose available to the tlssue for metabolism to a level whers small
uptakes by the tissue would be reflected in concentration changes of a
magnitude detectable by the enzymatic method, For exarple, using as a
referance the uptake rates found by Rafaelsen (46) with isolated pieces
of rat spinal cord (2.0 & 0.34 mg glucose/gram of wet epinal cord/hour
with a 75 mgf glucess concentration in the medium), the total glucose
uptake for a 120 mimute period would be 200 pg for a spinal cord of
50 mg weight. This uptake reduces the amount of glucose in 25,0 ml of
100 mg? glucose from 25,000 to 24,800 pg which is equivalent to a con-
centration change frem 100 to 99,2 mgi or a difference of 8 pg/ul in
the undlluted samples. However, as will be explained, samples had to
be diluted to a concentration of approximately 10,00 mgh to allow a
readable range on the spectrophotometer. This dilution factor of 11.0
reduces the comcentration change to ém of from 9.09 to 9.02 wgh or



0.7 pg/ml in the samples on which the determinations were run.

;‘Egimg?’ww %E-—"‘ 96925#

This value lles well within the range of variability of the method of
determination used.

An vpteke of 200 pg from a volume of 3.0 wl of 100 mg¥ solution
rec ces the total amount of glueose from 3000 to 2800 pg, or a2 concen-
tration change of 100 - 93,3 ma®¥. When 1.0 ml zliquets of this ave
diluted with 10.00 ml distilled water, this leaves z difference in
concentration of 9.09 to 8,48 mpfl or 6.1 pg/ml whick is detectable by
the glueostat method,

m;laé - 9.09 Bed il SHEL = gus

Another alternative would have beem to use undiluted samples for
the glucose determinations. Attempts et this met with foillure for
unkncwn reasons. If the cptiecal density reading of a sarple £211s on
the right half of the 0D scale, one is supposed to be able to advance
the sensitivity of the spectrophotometer, and for ezeh scale ndvancement
add 0.5 OD units to the reading obtained to eonvert the reading to the
original sensitivity base at which the machine was standardized with the
blank sample of the determination (12). Thie allows the OD readings on
samples of congentrations mueh grezter than the stendard to be made

in the more precise portion of the scale, Several attempts at this
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procedure met with failure for unlmown reasons. Samples of solutlions
containing glucose in the range of 90 - 100 mg/100 ml were tested

| undiluted and diluted by the factor of 11 =25 were aperimental samples.
The 0D readingsof the undiluted samples when converted by the above
method gave caleulated eoneentrations in the range of 30 ~ 50% of the
mixed concentrations.

Also inciuded in appendix B is a descripition of the msthods by
which samples were taken from both the large and small volume recireula-
tion systems and the details of thelr treatment before the gluecse
determinations were run.

oge-1-cl4 »

During the course of the experiments, it was found that microbial
contaminants were probably influencing the results of measurements of
glucose uptakes. Steps were takem to oliﬂmta thls source of error.

In the absence of such contaminants, it was found to be impessible to
detect any glucose disappearance from the 25.0 ml eirculating volume.
Accordingly, in an attempt to determine if the preparation was metabolis-
ing giucose, a sample of glueas»l«ﬂu was introduced into the reservoir
of the recireulation pathway. The gas cutlet of the otherwise air tight
recirculation system was connected by polyetiylens tubing to « reception
flask containing NeOH. Thus, all gas introduced into the eystem from
the oxygenating source, and any gaseous products resuliting from spinal
cord metaboliam would pass through the Hz0H which would absorb the
contained CO0g3. Following completion of the timed experimental period
of stimulation, the collection flask was replaced and the remaining
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perfusate acidifled with stnk to release all dissolved cﬁz. This

would then be absorbed in the seeond collection flask. Radio-aetlvity
found in the twe eollection flasks as labeled C% would indieate that

the cord had msuboiigecl & portion of the introduced glucoae-lw(:u. By
use of the ratio of labeled gluecoee to the total amount of gluecose present

in the perfusate, the amount of glucoss aercbieally metabolized to CO,

by the cord eould be ealeulated,

The total eleetrical cutput of the eord preparation, expressed in
volt seeconds (V-see) was correlated to the totsl gluecse disappearance
from the perfusste during the timed perdod of stimmlation, This was done
by two methods:

1) Graphically by plotting the total glucose dissppearsnece
against the total electrical output; and,

2) By caloulating the micrograme of glueose required to produse
one V-see of electrical astivity.

Such correlations are not without limitations. It wae easily demon-
strated that the nature, amplitude, and therefore szrea of the discharge
response could be altered by several factors. These are ligted belew
in thelr apparent order of significance.

1) Adequacy of contact between the ventral root and recording

electrode.

2) Position of the reeording electrode on the ventral root with
respect to the distance from the cord.

3) Viability level of the eord preparation.
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Attempts at controlling these modifying factors met varying degrees
of suecess.

The best contact of the nerve root was cbtained by repositioning
the root over the electrodes until the largest response was obtained.
Then the root and side chammels were eovered and sealed with pstrolatum.

The amount of the eleetrotonieally propagated ventral root slow wave
recorded in the ventrel root disecharge is dependent upon the distance of
recording eleetrode from the cord. Froximity to the cord allows thls
component to be regorded sz it forms & mejor portion of the discharge,
whereas distel displagement minimizes the conitribution of the slow wave
to the resorded ventral root response (1.). For eaech experiment, all
poggible combinations of recording points were examined; the response
with the largest area and the least amount of background noise was chosen
to be recorded during the wiperiment.

The viability of preparation was preserved by rapid, but scareful,
removal from the animal and trensfer te the experimental ehamber. Ho
preparations were used unless the initizl response had an amplitude of
at least 0.5 mV as witnessed on the CHD.

Therefore, for each preparation, the response shosen to represeat
the tolal éleetrieal output of the e¢ord wms the largest one avallable
with the least emount of background nolse. What propertion of the true
total output this represented was never known.

Attempts i eorrelate the glusose uptake of the preparation on a
tissue weight basis, using the frequeney of stimulation as the sole
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grouping determinant, is also severely limited in regards to validity.
It is spperent from the data that with thc wide range of response
arplitudes obtained, the frequency of stimmletion was not direetly pro-
portional to the totsl recorded electrical output. A prepavation with
a recorded response amplitude of 4.0 mV at z stimulus intervel of AD0O
msec would have an electrical output comparable to a preparation with
a 1.0 mV response at a stimwlue interwal of 1000 msec. 4 second factor
limiting this eomparison was the inabllity to determine what percentage
of the total cord weight was being activated by stimulating enly dorsal
roots 9 and 10 on one side of the cord.

llevertholess, in spite of these inherent difficulties, the results
obtained did indicate possible trends. However, thelr interpretation
must be mede with the noted limltations.






47

A series of experiments waes designed to run for extended periecds of

time to allow the accwmmlative gluccse uptake of the epinal cord to yeach
lovels of magnitude detecteble by the glucose cxidase method. These pre-
parations, while being continmously perfused with 25.0 ml of glucose-
Ringers, were stimmlated at constant fregmency untll a response wae no
longer obtainable. The duration of these axperiments, determined by the
failure of the preparation to respond to the contimuous stimmlation, ranged
from 15-18 hours.

Results from three sxperiments (Exp. 36, 37, and 38) with the stimu-
lus interval set at 10,000 msee indicated relatively similar slopes when
the total disappearance of glucose from the perfusate was plotted against
the time of the experiment (Fig. 4).

In an attempttv determine the effect of various frequemcies of stim-~
lation on the gluecose wptake, an experiment (Exp. 39) in which the pre-
paration was not stimmlated, and an experiment (Bxp. AD) in which the
stimulus interval was reduced to A000 msec were carried cut. The resultant
uptake siopes c¢losely ressmbled those of the three previocus experiments
at a stimulus interval of 10,000 msee (Fig. 4). This indicated that the
glucose uptake of spinal cord tissue was independent of indueced activity
levels, or that the zlucose disappearance from the perfusste wae dependent

upon some other factor than the spinsl cord preparation.



FIGURE 4

Results of a series of experiments designed te allow pessible
giucose uptakes by the spinal cord preparation to accumulate to
levels detectable by the method of glucose determination used. The
total glucese dissppearance from the perfusate is plotted against
the time of the experiment. The points on each line indicate the
times at which samples were taken for glucose determinations.

It was noted that the results represented in this mamner in-
dieated that frequency of stimmlation, representing the level of
activity of the preparation, had litile effect on the glucose dis-
appearance detected during the experiment.

The results of experiment 41, in which no cord preparation was
placed in the chamber, confirmed the pouiﬁility that glucose dis-
appearance was independent not enly of the induced level of activity,
but alse of the biologic preparations.
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Aecordingly, an experiment (Exp. 41) was run in which no spinal
cord was placed in the chamber and 25,0 ml of 100 mg® gluecose~-Ringers
was recirculated for a period of 23 hours with samples taken for
glucose determinations at verious time intervals. The results of these
determinations are compared with those obtained in experiments 36-40
in Fig. L. From this, it was concluded that the frog gpinal cord conw
tributed relatively little to the disappesrance of glucose from the
perfusate.

Since the upteke or disappesrance slope seemed to remain eonstant
throughout the duration of the experiment, bacterial and/or myecotic con-
tamination of the apparatus was considered ae the most probable souree
of the glucose uptake,

Experiment 43 was essentially a repeat of the ™o copd" experiment
except for the following changss which were made in 2n attempt to elim-
inate possible miero-organism eontaminants,

1) A1l polyethylene and tygon tubing was replsced.

2) A1l tubing adepters were placed in 708 isopropyl
alechel for 12 hours,

3) 0.25 ml of 100 mgé chloromycetin was added to the
parfusate,
The experiment consisted of recireulating 25 ml of glucose~Ringers,
with the added antibiotie, through the empty chamber for 19 hours with
samples taken at the timed iontervals. The results of these determinations

are shown in Table 1 and indieate essentlally no gluecose disappesrance.



TARIE 1

Glucoge determinztions from experiments in which no cord pre-
paration was plased in the eaperimental chamber. The perfusste con-
aleted of 25.0 ml of 110.0 mgf glucose-Ringers with 0.25 ml of 100 mg#
chloromycetin added. Standard was 110.0 mg# glucese, without chloro-
mycetin, diluted by the factor of 11 (10.00 mgf).

Time interval betweoen samples:

Seample X 31 begimning of experiment
Sample I-IT 1 3 howrs

Semple 1I-III : & hours, 15 minutes
Sseple III-IV 1 4 hours, 30 minutes
Sample IV-Y ¢ 7 hours, 10 minutes

The calculated eoncentrations imdicate that the attempt to
gterilize the perfusate and the experimental apparatus greatly re-
duced, if not eliminated, the glucose disappearance noted in the
previcus experimente.
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TABLE 1: Dxp. 43; Sept 26.
Caleulated

Sample OD Reading 0D Ave. Concenmtration
Std 193 191

Std 19, 192 192 10,00

A I 200 196 196 10.21

B & 200 196

¢ I 97 194 195 10.16

| + S 198 195

£ IiI 193 192 194 10,10

F 1V 192 194 194 10.10

G 1%0 189

H i 189 189 189 .84

*Paired ssmples were taken at each of these times and the

OD Readinge indicated as the average of the two.
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Therefore, the possibility that microblal metsbolism had sceounted for
the major source of the glucose disappearance was highly suggested.

Farther evidence bearing on the problem of bacterial metaboliem was
sought as it was dogided that bacterial metabolism could bave accounted
for the gluccse wptake rates found im the previcus experimeuts. An ex~
periment was sot up to allow ewlture samples te be taken fram the per-
fusate (not containing any antibiotic), after it had made one passags
through the chamber, snd additional samples after 15 minmutes, 5 bhours,
and 10 hours of parfusion time. Samples of 0.1 and 0.2 m]l were plated on
both Sabourand?s and infusien agar plates and these allowsd to incubate
48 hours.

The culture of the perfusate, after iis initial psssage through the
chamber, showed heavy growth on both the infusion and Sabouraud?s agar.
These were identified by ecolony characteristicsas being both baeteria and
algae. Thelr number was sueh that it wae impossible to count or to attempt
to identify them. The contamination did not seem to inerease significently
in amount with time, It therefore seemed that the comtaminating organiems
were prosent in the system and were net inereasing in number during the
experiment.,

An attenmpt was made to eliminate this problem of conteminationm.

The procedure was repeated using a glucose-Ringers perfusate which wus
first psssed through a microfilier, and te which 20 units of pemicillin
per ml was added (500 units per 25.0 ml). Samples of 0.l ml were takem
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at time intervals of 0, 5 min, and 9 hours and again plated on infusion
and Sabouraud's agar. Only one colony appeared on the O time plates
{this perfusste had not passed through t.hé chamber). However, contem-
ination on the § min and 9 hour plates remained nmoderste. There was
no sign of slgae., COram stains of five different colenies revesled the
organisms to be various gram negative rods and one a possible gram
negative coeeci.

An infusion broth culture was made with samples of all types of
solonles present being included. This was then plated on infusion agar
for antibiotie senmitivity tests. Intiblotics used werse:

Peniedllin Vancomyein

Streptomycin Tetracyeline

Erthromyein Baeitracin

Howoblacin Ristocetin

Neomyein Stapheillin
Chloromycetin

The organisms were shown to be sensitive to chloromyeetin (5§ miero-
gram dise) and partially to tetraeycline (5 microgram dise). On the
hasis of these findings, it was deeclded in all further experiments tog

1) Inelude 5 pg of ehlorenyeetin in the perfusate,

2) Reduce the penicillin to 10 units/ml,

3) Filter the perfusate prior to each experiment.

L) Pump 70% isopropyl alechol sclution through the tubing
end chember for 20 mimites following the completion of
sach experiment,

5) Place 211 adapters and fittings in a gimilar solution
between experiments.,



6) Periodically run expériments in which the chamber
would be perfused with glucose-Ringers in the absence
of a spinal eord; to check for bacterial contamination
by glucose determinations on sterting end ending samples.

It was later discovered that it was not necessary to filter the
perfusate mince this was not a source of contamination. In addition,
after several weeks of cleaning the apparstus with the 20 mimute sloohiol
flush, the gradual and progreseive appearance of cracke in the lucite
chamber was detected. In view of these obsepvations, both procedures

wars discontinued.

Glucose-1-c'* EBxperiments.

Two experiments were conducted with redicactively labeled glucose
to determine ;.r the cord preparation was metabolizing the glucose present
in the perfusate.

1. Experiment 56: Hov 8,

The preparation was stimulated for 90 minutes at 2 stimulus
interval of 10,000 msec. The perfusate consisted of 100 mgf
glucose solution with the added aentiblotics, and contained 4.3 pe
glucose-1-C14 (oquivalent to 0.055 mg glucose). During the experi-
mental perded, 0,033 pe of 61%2 were produced. This was repre-
sentative of 0.76% of the injected dose (0.033/4.3). The acidified
perfusate at the termination of the experiment contained 4.13 pe
of the original dose. Therefore, from these two sources, 96.8% of
the injected dose was recovered. The cord preparatien contained
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radicactivity (134 cpm); but since a counting efficiency for the
whole cord preparation wes not known, this data could not be
interpreted quantitatively.

By assuming a utilisation rate of 0.76% for the total ameunt
of glucose available to the tissue in the perfusate (25.0 mg), the
cord preparation would have metabolized 190 pg glucose in the 90
mimite perdod. This is equivalent to an uptake rate of 1.7l mg
glucose/gn wet wt/hr. This rete represents only the amount of
glucose metabolised with the ultimate production of €0, and does
not include that amount incerporated into tissue compoments or
only metabolized to lactate. It has been reported that about 60%
of the carbon of uniformly labeled glucese is released as co, {1).

Experiment 58: HNov 14.

This preparation wes stimulated for 120 mimtu at a stimlune
interwal of 500 msec, The perfusate was a 300 mgf glucoss solutiom,
with the added antibictics, snd conteined 5.0 pe glucose~1-CH5,
0.029 pe 0“02 were recovered during the perdod of stimulation and
the acidified substrate ylelded 3.35 pe. This represented a re~
covery of 67.08 of the injected dose. The spinal cord contained
88.8 cpm.

In this experiment, 0,587 of the test doee was recovered 2s
labeled 0140, produced during the period of stimulation. As 75.0 mg
of glucose was contained in 25.0 ml of the 300 mgf perfusate, this
indicated that the cord preparation would have metabolized asrobi~
cally 435 pg glucose dwring the 120 mimute peried of stimulation. This
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is representive of an uptake rate of 3,09 mg glucose/gm wet wi/hr.
The failure of the recovery of 1.62 uc or 327 of the injeated
dose remained unexplained, Posslble sources of the loss would

inelude the loss of CO, from the apparatus, or errors in the

2
procedures of eolleetlion, preparation, and eocunting of the samples.
As mentioned above, the eord prsparation contained detectable
radiosctivity bat the awount was not felt to bé of & magnitude

| adequate to account for the loss noted,

3« Interpretation:

Ho quantitative statements about glucose uptske rates ean be
made from these two experiments. However, they do indicate two
important findings:

1) The spinal cord preparation was metaboligzing exogen~
ously supplied gluccse with the production of CO X The vate
of this metabolism was not far from rates observed in similar
mammalian preparations (48), or from rates found later in the
experiments to be deseribed,

2) A portion of the glucose was incorporated into tissue
eomponents by metabolic processes, or was physelally absorbed

by the tissue preparation during the perfusion period.

Comparison of glucose uptake and induced activity levels,
The following data represent the results of experiments condusted

| following the ehange of the external portion of the recireulation
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pethway of the apparatus. The perfusing medium in all experiments con-
sisted of & 3.0 ml total volume of a 100.0 mgh glueose-Ringers solution
containing the added antibiotics. Every third to fourth experiment was
run without a cord preparation to check for microblal contamination.
Clucose uptakes were not observed in any of these controls. The duration
of the peried of stimmlation was meintained at 120 minutes at the various
frequencies indicated.

In table 2, the glucose uptake in mg/gn wet wb. of tissue/hour is
compared for various aetivity levels induced by stimulating at different
frequencies, The mean upteke rate for resting cord preparations wes
found to be 1.53 mg/gn wet wt/hour. This was not significantly different
grom the mean uptake rate (1.93 mg/gn wet wi/hour) found with the pre-
parations stimlated at a 1000 msec interval {F>O.50)l. However, when
the mean uptske rates of the preparations stimlated at a 4000 msec in~
tervel were compared to those stimulated every 1000 meee (0.63 and 1,93
ng/gn wet wt/hour respectively), a difference was ehtainad which was
gignificant at the 15% level of confidence (0.10<P<0.25), The limita~
tions of the comparison have been previcusly deseribed, In these com-
parisens, the sole criterion for the level of tissue activity was the
froquency of stimmlation., No considerstion of the measured slestrical
ocutput was inecluded.

lyne Student T test was used for the statistical analysis.



TABLE 2

Results of experiments in which the glucose uptake rates,

determined on a mg/gm wet wh/hour basis, are compared to the fre-
guency of stimulation,
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TABLE 2
No Stimulation Stimmlues interval Stimulue interval
4000 msee 1000 meee

Exp. Flucose uptake BExp. (Glucose uptake BExp. (lucose uptake
o, mg/g wet wi/hr No. wmg/g wet wt/hr  No. mg/g wet wt/hr

G 2,00 63 0.62 67 2.37
4 1.80 64 0.00 68 2.08
81 1.63 76 1.22 69 0,00
83 0.79 7 0,00 72 1,00
87 1.41 84 1.29 B ka2

mean uptaks rate
1.53 & 0.42 | 0.63 * 0.56 1.93 ¢ 1.42
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Table 3 and the graphs in Fig. 5 represent data from the same group
of experimente. In Fig. 5§ the total electrical output during the period
of stimlation for each experiment is compared to the total glucose up-
take for the seme period (graph A) and to the glucose uptake rate in mg
glucose/gm wet wt/hr (graph B). Calewlation of the correlation ceeffic~
ient of the relation between the totsl glucose uptake and the total
electrical output for the combined stimulated groups (those stimlsted
at a 1000 meeec interval plus those stimwlated every 4000 msee) yielded
an r of 0.87, This is egquivalent to a coefficient of alienation of 0.5
which is interpreted as leaving 50% of the variation of the data umaccounted
for by any probable correlation. Taldng the twe groups separately, the
correlation coefficient was 0.91 for the group stimulated every 1000 msec
and 0,60 for the group stimulated 4000 msec. Therefore, no significant
correlation between the total glucose wptake and the total eleetrical ocut-
put, as determined in these experiments, could be found. ¥Yet, in the group
stimilated at 1/sec there is evidence of 2 relationship. Calculation of
correlation coefficients for the cemparison of the total electrieal ocutput
to the glucowe uptake rates ylelded » values in the seme range as those
found with the camparison to the total glucose uptake.

This lsck of correlation was alsoe indicated when the amount of glusose
uptake equivalent to the production of cne V-see of activity was determined.
These values range from O - 1050 pg (Table 3). The only relatively consis~
tent finding observed in the results of thess experiments was that with
increased frequencies of stimulation both the total glucose uptake and



TABLE 3

Resulte of the same group of experiments listed in Table 2
with the total glucose uptake for the pericd of sﬁimulation com-
pared to the total electrical output. Aleo listed for each experi-
ment ig the amount of glucose equivalent to the produciion of one

V~-sec of electrical activity, the glucose uptake rate, and the be-

ginning and ending response amplitudes.
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FIGURE §

Grephie representation of the data presented in Table 3.
The numbers indieats the specific experiments,

In A, the total glucose uptake in pg for the cxperimental
period of stimulation is compared to the total slestrical output
in Vesec.

In B, the glucose wptake rete in mg/ga wet wi/hr is compared
to the total electrieal output.
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total electric cutput were usually siightly imcreased. The wide range
of variability cbserved in the individual preparations within sach group
could be explaimed by the limitations of the wethods of noasuriag these
paremeters discuseed previously, by the faet thet ve corpeletion does
exist,or by & combination of both of these faetors.

A possible explanation for the lack of glucese uptake iwm axperiment
69 might be found when the beginning viebility of the preparation is econ~
gidered. The recorded responses had an ordginal amplitude of ondy 0,7 =¥,
Simdlar mmell initial responses associsted with no or swll nptakes ape
found in experiments 64 and 77, This explanation does not sccount for the
production of 4,06 V-see of sedivity in experimeut 69 (unless one postu-
lates two quite different processes comtrolling the mechanisms of meta~
bolimm and funstional activity of the tissue) or the 247.8 pg uwptake in
experiment 68 where the initial response was only 0.6 mV (Table 3).

It was also econsidered possible that the pre-existing mutritiomsl
status of the frogs uwsed might be influencing the uptake date as it was
observed that preparations cbtained after the animels had been kept refri-
gerated without food for about & week had larger wptakes, However, it was
discovered that all the froge used in the experiments had been in prefri-
gerated storage without food for at least six weeks prior to their sacri-
fice. Therefore, it seems that the data of thess experiments were chtained
from a group of hibermating frogs. The excet nature or role this factoy
Plays in the metabolimm being studied is not kmown.

Althoughne statistically significant correlation exlsted between
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the glucese wptake and the induced lewel of activity, grephs A and B
(Fig. 5) seem to indicate some degree of relationship when & threshold
level of indused electrical activity was exceeded. (Notice plotied peints
for experimente 69, 72, 67, and 73.) Purther evidemce for this corre-
lation is provided by the r value for the experimental group stimilated
at a 1000 mooc interval. This correlation coefficient (r = 0.91) is
equivelent to a coeffiecient of aliemstion of 0.43.

In the development of the experimental proecedure, hefore the methed
of glucose determinations was adequately developed and standardised, several
sxamples of glucose production by the spinal cord preparetion were en-
countered. To determine whether this wes an error in the methods of deter-
mination and sampling or an actual release of glucose fyom the cord to the
perfusste, experiments were comducted in which the preparation wes perfused
with 2 Ringers solution te which no glucose was added. The resmulis of these
experiments indicated two things:

1) The production of glucose was not real, as no glucose
could be detected in the perfusate following periods
of stimmlation.

2) The stability or durability of the preparation to the
centimous stimlation did not seem te be dependent
upon the presence of glucese supplied exogenously
by the perfusing mediwm,
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In view of this latter suprising cbservation, several experiments were
run in which the perfusing modium consisted of the basic glucose-frec-
Ringers solution develd of eny exogencus metabolie mibstrate. Thess
preparations were stimulated at various frequencies smd their Rgurabllity®
compared to preparations which were perfused with a matrient Ringers.
The oriterion of durability used for comparison comsisted only of the
duration of time the preparation would respond te the various stimulation
frequencies used, The results of these experiments are listed below.
1, Experiment 13: dJuly 25.
This preparation was stimmlated at a 320 msec interval for
113 min, with the response amplitude decreasing from 1.8-0.4 mV.
At this point, 5.0 ml of 100 mgf glucose-Ringers was added to
the 20.0 ml volume of recireculating perfusate. This produced a
glucose concentration (measured by the glucose-oxidase method)
of 15.20 mgh. The respense changed character by acquiring more
epikes, but continued to decrease in amplitude untdl 18 min.
following the administration of the glucose at whieh time the
preparation failed to respond to further siimulation. The cord
wee allowed to rest for 20 min, and then was stimlated at a
2000 msee interval with a response amplitude of 1.4 mV. However
this response deteriorated rapidly.
2, Experiment 1lh: July 26.
The experiment consisted of 40 min. of stimulation at a
2000 meee interval (resp. amp decreased from 1.75-1.55 mV) and



210 min, of stimulation at am interval of 320 msec (resp, amp
decreased from 1.55-0.4 mV).
3, Bxperiment 21: Aug &.

This preparation wae stimulated for 120 min, at a stimulus
interval of 320 msec with the response amplitude decreasing
about 40%.

L. Experiment 22: fug 9.

This preparation was stimmlated for 110 min. at an interval
of 320 msec at which time a respones was no lomger obtainable.
The cord was allowad to rest for a 15 min. period, then stimmlated
at a 320 msec interwal. The response returned to approximately
60-70% of its original amplitude without the addition of glucose.
However, its durability was greatly reduced. After progressing
through an ®activity burst? (to be discussed later), following
15 min. of stimulation, the cord became unresponsive to further
stimlation. Rest perdeds did allow the cord to recover its
capacity to respond. However, the duration of responsiveness
wag alweys reduced and the yesponse was usually characterised by
an activity burst.

5. Bxperiment 57: Nov 13-14.

This preparation was stimulated at an interwal of 4000 msec.
The initial amplitude coneisted of a 6 mV splke discharge with 2
contained slow wave of about 2 mV. The cord responded to thise
gtimilation for a periocd of 19 houes and 30 minutes.
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6. Experiment 59: lMNov 16,
This preparation was stimmlsted at a 500 msee interval.
The response was mot nolably chamged following €0 min. of stimm-~
lation. The responee deepeased to asbout one~third of its ordginal
emplitude after 120 min, of stimuletion and was still obtainable
after 165 min.

The cbserved durability of these preparatione did not seem different
from that witnessed when the perfusate consisted of a mitrient Ringers
solution. The amount of variability between the two groups was not in-
consistent with that seen within the group which had exogenous glucose
available for metaboliem, and therefore can be accounted for largely by
the blologic variability of the preparatiens.

Activity Bursta,

During the course of the experiments, an umusual and unesplained
phenomenon was observed inthe patteyn of the ventral root discharge
following extended periode of repetitive stimmlation. This event, termed
an "activity burst®, consisted of a spectacular change im the charscter-
istics of the response. An example of a typical burst is presented in
the response series of Fig. 6. Also imeluded in this figure are three
examples of Polygraph write out records of such aativ&ty‘ bursts.

The first change in the response was a gradual iunerease in amplitude
over & three to five minute periocd; the charasteristics of the individual
responses then changed. Becsuse these bursts usually sppesred following



FIGURE 6

Exemples of ventral reot discharge recorded st time intervals
during repetitive dorsal root stimulation (A-L). The 3.0 ml per-
fusate in this experiment contained no glucose.

A) Hature of the responge st the begimning of stimulation.

B) Response following 30 min. of stimulation at a stimmlus
interval of 1300 meec. ,

C) Response following further stimulation of 60 min. at an
interval of 800 msec and 60 min., at an intervel of 500

meec.
D) Response following another 40 min, of stimulation at a
500 msee interval,
E) Response after the preperation wae allowed to rest 60
min. and then stimmlation re-initiated at a 500 msee
interval.,
P) Response following 15 min. of stimulation at an interval
of 500 meec.

G-E) Although these respenses were not taken during the same
activity burst in this preparation, they are representi-
tive examples of the changes that oceur in the response
during a typical burst, The time interval between responses
would be spproximately 90 sec., Absent in these records is
the spontanecus dischargs and waxing and waning usuelly ob-
served,

M-0) Three polygraph records of bursts from different prepara-
tions. The top tracing in esch record represents the amp-
litude of the responee and the lower tracing the record of
the integrated accumulative electrical output of the pre-
paration. These records plcture the irreguler waxing and
waning of the response amplitude during a burst.
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pericds of stimlation of considerable durstion, the respomse at the
beglnning of the burst consisted mainly of a ventral root slow wave with
minimel spike discharge. This changed sbruptly to a response whieh was
predominantly epike discharge with spentenecus discharge frequantly
appearing between stimmll, Thus, it sppeared as if the slow wave com-
penent of the discharge increased in smplitinde and them burst inte spike
discharge; hense, the term activity burst. As showm in the polygraeph
records (M, N, 0 in Fig. 6), the sctivity burst would wax and wane two
or three times over & four to five mimute time interval with the mmpli-
tude of the spike discharge at times incressing as mich as 3008. The
response aheracteristics would then return to those of the pre-burst
nature with the smplitude always less than that st the start of the burst
(L in Fig. 6). 'The amount of waxing and waning wae not constant.

These bursts were cbeerved during the course of repetitive stimlation.
The time of appesarance of the activity was dependent upon the frequency of
stimulation, ocourring earlier with higher than with lower rates of stimu-
lation. They were seen with freguency stimmlation intervals ranglng frem
10,000-200 meec, They were seem both in the presence and absence of
glucose in the perfusate.

It was found that these bursts could be elicited by repetitively
stimilating the cord for two hours at frequencies of 2-3/sec and then
allowing the preparation to rest for 20-40 minutes. Following the rest
period, the cord would usually respond with an activity burst within
10 minmutes after the re-initiation of stimmlation.

Since the characteristics of the stimulus were not altered, it wus
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folt that the nature of the responss change was representive of the
stimmlus beeoming more vffective in the production of o propagated dis-~
charge. This could be explained by partisl depolarization of neurone
membranes with a consequent inerease in the tissue exeitability. Such
& depolarization would at times have to resch firing levels to sccount
for the spontaneous discharge.

As noted previously (2, 5, 31) excitation results in inereased extra-
cellular K* and decreased intremitochondrial K*, This eculd aceount for
the depolarised state postulated, but seemingly would not secount for the
wexing and wening observed during the burst and the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>