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The nolobolion of glucose and of anino weids derived
fron 4% ( glutonats, ospartoteo, glubonine, oianine ond GABA)
wvos otuldied jn wilre and in wivo in two 4dffcrent parto of
the brodn of gladone , ond conpared with the rat cortoxds
i VISRO
ﬁ. o tho rab broin, occtopus braln olices incorporated
v’ kg glucose into COsy loctobe, gﬁu&gaa&e, agpartato,
gilutomine ond aleniney unlike the pab bo &&n; octopus broin
aid not Lorm GABA, bu¥ forme@ ruch nore alaning, but the
propeztion of counto going into GOy 9 loctato and giutonato
wos sinilor in both aninclos
2¢ Octopus and pal brain wos incubated in vitre with
Sq‘c clucoso, and ﬁqﬁﬁ giutanato or 6q "G alonine in the
precsenct and cbsonce of nonw-lobollod glucogoy cnd the
ppecific activitios of the anino cecids were doleroineds
Goneraily the lobeliing pobtorn was oindlepy in both aninalo,
oxcopt that glucosc did pot dilubo the incomporavion of
v alonine into octopus brain anino ccido, conbrary to

he 2ot Draine
S« Tho cebivition of some oneynes ascocisted with anine
aedd dntowconvorsions wore lowor in tho ocltopus brain than
the rof broaine Ocliopus brein GAD wop presont in Uroces onlyy
bul alonine fronopinase hod en aetivity cooporeble to the
DOUw
4  Cobopus bradn olices did not scecunulato acino acido
areinot o conconbtrabion grodiont, contyany to the rab braine
5«  Incubation of rot brain sliicos wvith Gﬂ‘ﬁ aloning in
tho preponce of fubkibitors of (tho citric eocid cyclo scrved
to confivm known interroliolions.




N _TIVO
Injeoction of ’tfur ¢ plutamate into the octopus brain
repulted in the lobelling of glutanine, alanine and aspartate
but not GABA. AfTer one hour the speclfic activity of
glutnoine reached o wvalue four times as high as glutanato.
Berl, Iojtha and Uzelsch (1961) found this alse to bo the
case in rab broin bub only three pinutes afier injoction.

The generol ¢orclusion io that apart from guantitative
differcnees in Yhe nmotabolism of GARA and alanine, there
are no major differcnces between the metebolisn of the amino
ocids in bthe tuwo onimalss The differonces found botween the
opbic and the vertical lobe, and bebween the octopus and the
rat brain ave speculated upons The difficuities in conparing
data from two different animals is discusced, bopobher with
the special role of freo aninoc ccids in marine molluses
in pointaining donic balancey bhe posoibility of a different
pathway for the ozidation of elanine in tho cefopus brain
by conversion Lo suceinate is aloo discusseds
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CHAPTER 4

LUTRODUCTION

General :
The cenbr al nervous systen af Oclopus vuleanis
hos been exztiensively ctudied from the mnationical and
behavioural point of view ( Young, 1965 ). Tho presont
work is an atbempt to begin to investigote in the octopun
brain some of the charactorisbic espocts of the blochemistry
of norvous tissue previously sbsoerved in mammalian brain,
Glucose ond amino aceids have been shown to be important
notabolites in mervous bissue in particuler. In the rat i
corebral cortexs, redioactivity from U iC~-zglucose io |
rapidly incorporated into glubamate, ssportieto, plutoamine, |
slonine ond GABA, eg well as corbon dioxide and lactate,
both in vitre, ( Beloff~Chain, Cabansoro, Choin, Mosi ond
Pocchisri 19550 ) and in yive (Vrba, Gedtonde and Richter,
1962 e

This work attenpto %a inveaﬁigaﬁe some of the metobolic
pathwoys by vhich these five omino acids cre synthesised
and interrelated in the octopus brain, They are thought %o
ploy an importent part in the unigue funcitions of nervous
tissue, o woll as being derived from glucosc, tho prime ;
onergy scubstrato of mommalion brein tiscue., The mebabolisnm ‘
of glucooe end of those amind ascids wos studied in the rat
cercbral cortex,; ond in two parts of the octopus broins

ETRUCTURE AND 3‘!3‘ SCTIONS OF SHE BAT AND QCTOPUS BRATI

The brains of those two animals are sbructurclly
dicsinilars The rat brain, though enctomically compact,
is complex: howvevor, the octopus brain, though alsp complex,
consists of several wollw~defined lobes or ganglia, ond
this fact makes &t conveniont o slice diffcrent ports of

/



the broin apd compare their metabolisnm invviﬁyn»

the adfferent physiological functions governed by the
various lobes are summarised by Boycott (1965)s Tigure 1
shous the posibions of the lobes in relation o one anothor,
and to the ocsophosus end the cyess The ret cortex comprises
tho top and front port of the rab brodn and 4s ivscle
structurzlly complex: within differcnt groups of cells in
the cortex, differont conseious funetions are controlled
( Croggy 1968 )s Zushley (195C) pointed oub the difficultien
of locating the siton whero memordes are stored, that is,
vhere rocords are lept of information ncgouired an a resulb of
doarning, oand he was unable to pin point any sites of this
kind by tho use of ablation experiments. Young (19642 has
deseribod the cdvencos node in the atudy of the octopus brain
tovards locating the sites of information storage end the
mochenism by vhich this occurs, and he has suggested ( Young
. 1967 ) that nonnnldon norvous systoms contoin the some
basic elenents of ovgonisation that vere revealed in the study
of the octopus braine Though the octopus brain is structurally
complozxy it ds divided inbo lobes and Young was able 0 use
ﬁhis property to otudy dt.

Exominotion of figure 41 shows that the cenbral brain
surrounds the ossophapguss Tho two optic lobes lic Just beohind
tho eyes, ond are atbached to edther side of the ceniral part
by the optic stolkoe The contral port is itsolf composod of
several lobes, and is concosod in corbilege: the oesophagus
slides throuph it, and above it is o cavibty contoining
mucileges. The optic lobes lic outside this casing, but ore
tucked into the congove sides of tho cenbrel portion and
thengelves encased within o tough mepbrane joining the coye
to the coentral parts

Boycott (1965) deoscribes the functions of these lobes:
bricfly the suboesophageal lobes are mostly concerned with




VERTICAL LOBE

OPTIC STALK

FRONTAL LOBES
(CUT)

SUPERIOR BUCCAL LOBE \/{

BRACHIAL NERVES ESOPHAGUS

MEDIAN

PEDAL LOBE
CHROMATOPHORE LOBES

//' BRACHIAL LOBE

INFERIOR BUCCAL GANGLION

OPTIC NERVES—
_ OPTIC LOBE —4
| g
| OPTIC ST:CE\
BRACHIAL
‘ LOBE
bH) it

TIC

Dic of the octouus to the oesophogus
arms. &) ~from the side, sic lobe resoved

YO 1 J- " . !

b) drow the top, shouing lobes. ( Boycobt, 1%

N

Ul

O




10

-motor actions and reflexes, such as caving, noving, change
of coloury the supraoesophageal lobes are involved in lcarning
and memory mechaniocms, os is also the optic lobo, The
swellinge shoun on the optic stalks hovo beon shoun by Welle
& Weolls (19693 fo bo cnalogous o the pituitary plond in
soerebing hormoner. ‘nimels with thelr opbtie and supros

cesophegeal lobes removed ore unoble to exhibit learning and
menory, or to sack food for themselvesy thoush they will
peopp objoets and bo conoddive Yo touch stimuld { Wells, 1962 )i

Iost of the advonces in the clueiddation of the vorking of
the octopus brain bhove been nmade in erhaustive anctonical
studics, combined with leurning oxporinmentss The nost recont
conprehensive books are by HWells (1962) and Younp (1964a)
In the moot recent peview, liells (1966) deocribes mony btypes
of learning oxperinents, but the one most used for the ;
study of learning was to tooch the onimsl to rojoct or acceplt
thoir potural proy, croba, by moans of punishment or rovords
Boyeott and Younp (1995) showed the octopus o live crob ot o ‘
favy foot distonee, with or without o vhite square. If£ the
erpb wes choun clone, the octopus wos allowved to keep and cab
the crnb 4f 4% atiockefl (reword) end if shoun with o vhite
squareys the 'octopus woes givon o nild oloctric shock 4if it
atvacheds Thoy foumd $hat efber a very fou bricls the oninals,
now £ully trained, only abtacked crobs shoun alono, ond never
with o whilbe sccusre even if bungoye

Boycott & Toung (1955) then set out to inventiaam the
offoct 0f spocific losions on the obility of the cnimel O
Jedrm bo discrinincte in this woys Andimals with the optic
iobes removed could ot be Hroined to nalte visuol diccrinine
avions, cince thoy verc effectively blind, the opbic nerves
peing severcd from the rest of the norvous oysbonm. Howover
they found that snimels with the vortical lobe romoved,
though they could sep, could not learn o discrininate
visuallys bub Af the triels vere spuced less than 30 minutos
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aparty cach Griand being the showing 6f a crob folloued by the
appropriate reword or punishnont, the enimal was oble (o learn
to discrdiminate, but made more eprors or wrong choicos then
on intact andmeles Young (4958) showed thab the number of
orrors was proporbional to the percentoge of the vertical
lobe exmciscds

Young then exemined the role of the verticol lobe in nore
detiadls he compored the number of times on octopus abbtoeked
a cerab oult of a tolal nunbor of ¢wiale, in intoct and opercted
animols, and found that animols with excised vorbtical lobes
attacked more readily then intact animals, ond those deprived
~ of the superior frontol lobe less readily ( Young, 1964h)s
This was interpretod as showing that tho vortical lobe had &
supressor function, and tho suporior frontal lobe, situabed
Just below and to the front of the vertical lobey had an
onplification functione Fipure 2 is a gogibttol scotion of
the contrel brain showing the orrongemont of the loboae

fumdz (196%) rovealed cnothey funcbion of the vorticol
lobes Normal onimals could be troined using one oye only,
ond if cubjectod to trials with the other eye, rcacted as
troineds oanimals without verbticol lobos vere uncble Lo
transfor lomrning in thic woy, cven if the optic commisoure,
a tract of nervons tissue linking tho two opbic lobes, was
intacts. :
On the basic of thoso ond other experiments, Young
(19630) formulated a theory £or the organisation of a visuad
nemoyy oystom, in which poired contwes in the suprooesophagool
lobos repgulated and addressed the sirmels of the pesulis of
$he oetion teken in responce 4o corboln stiouli i.os toste
or podn as a ropult of seeing and abtacking crebss Borlier
Uells (1959) hod discovered thot blinded octopus could learn
to discrinminate by touch, using similar methods o those used
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by Boycobt and Young (1955) in visuel troinings The onimals
vere oble to discriminabo by bouch betueon diffevent shoped
objects in the prosonce of lesions thot proventod wvisund
lourningy ond tells concluded that the visual and touch
loarning systoms opercted indopendently ond wove loscated in
Giffercnt purts of the brains Destruction of the oubfrontol
and inforior frontal lobos, (located in front of nnd beneath
the suponior frontaul lobe) wcbolished Gactile learning, ond
theso tuwo lobes function in parallol and in on analogous way
o the superior frontal and vortical lobes in the viouel
systonm ( tlells, 1961 )s Toung (1965) now. formulabed & theory
 for the orgenisubion of a nemopy cystem bascd on both tho.
vioual and toctile systems of the octopusy studicd by meons
of learning oxperinentn of the Uype doscribed above, combined
with oblative oporntions, und deteiled microscopic oxaninatjons
to ascertain the exbonbs of all lesions at the ond of the
experinents. The Uheory will bo doseribed here dn sinplified |
torns onlys in ordor to show the rolation betuccn the "
norphology of the opbic and vorbical lobes, whose biochenistry
is b bo investipgated in lalior chapbors, and thoir supposed
funciion as postulatced by Young (1965)

Pirure % is o diagron of the buopic nmenony wndllb or mnenon
no soon by Young (1963z2). Boch one records o gingle unit of
dnformation, nemoly the record of o parbicular siimulus and
its ropult, co that learning in offect consiote of ceounuloting
sufiicient sullched mnenmons, o produce behaviour for the
pood of vhe animals The opiic lobe contains clasoifying colls
thot ore sensitive 40 ond vespond Lo sipgnols according to the
occurvencs of illuniunabing contours in oxbent and divections
tfubel ond Yicsel (1959) hove shown thel single neurons in the
visual contre of the cat brein have recopbive fiolds in the
vobtinas OSubhordand (1961) has also showm that thore are cellsn
in the octopus rotina, connecled to the opldc lobe, with
recepbive dendritic fields oricnbed in the horizontnlevertical
directions
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FPIGURE 3

Diagram of the visual learning system of the octopus.

On stimulation, the classifying cell in the optic lobe signals

to the atbtack.or retreat pathway, according to whether the
action was previously beneficial to the animadl : this

closure of one of the pathways has occurred through the action

of the visual centres VU and VL 1 and 2 ( visual upper and
visual lower centres 1 and 2 ), when stimulated by taste
or pain. VU and VL 1 and 2 shown here are Tthe superior
fronval and vertical lobes respectively.

After Young, (196%a)




15

Tho clasaifying cell dtmolf, aacur&ing 0 Yaung (1965)
; i@ locoted in the optic loba end is biowonal, having two
alternative notor outputs, resulting in either attock or
rebroats If the animal toking dn-an wifomiliar object for
the £irst tine experionces. yain, the pathuoy leading to
”mttack is chubt off co that in tho fuburo the other operates
'dn recponse to the same stimilus. Young (1965) suguests
this occurs by memns of vhe amscrino cells prosent oleo in
~ the optic lobes UThose are omall neurons, under 5a in
aaameﬁer, containing oloctron denso vn¢iclaa, and chort,
stunpy axonss (Young 1962)3 these cells are eamahaw stimulated
‘46 secrote an inhibitory gubstaonce vhich acﬁs on one of tho
oxons of the clessifying cells and inhibite conduction of
impulsess En a detailed sbtudy of the aptin ‘lobe, Young
(1962) nhqua& %hat ell the elcemente were present for cuch o
systems Pipure & shows cells dravn from a stained preperation
of the optic lobe: large biaxonal colls are soon $0 oooury
a5 vell oo spall ameerdiness It is notoworthy that novhere
olse in the octopus nervous systenm worc biaxonal celln fourd,
excopt in & port of tho subfrontal lobe, which hos been shoun
by Wells (1961) ao being the ﬁegion conteining fho classifiers
for the toetile systone

Young (1955) deseribos the role of the visual upper lobes,
 that is, the superdor frontol ond vertical lobey s
conbindng the visunl stimulus vith the outcome of the action
takon in response 4o it (say toste or pain), and conveytag
this rosult back o the optic lobe so that only one possible
- outpubt operatos in the future,' The oxperiments of Young
(1964)) desceribed varlier chowed that the cuperior frontal
~ lobe sorves o umpiiﬁy the zignol coming from the optic lobe,
ond the vertical lobe serves to inhibit its Tigure 5 has
becn drown from stained preparations, and illustrates
achomatically the commections between ﬁha opbic lobes and
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FIGURE 4

Diagram of the connections of the outer portion of the
OPTIC IOBE , and the retina, based on stained Treparations
of the octopus.

amac. = anacrine cells; bas. mem.= bassl vembrane of retinaj
bip., = bipolar cell ; c.arff. = aiferent cell from central
region; centrif. f. = centrifugal fibre entering retina,

c.f. = centrifugal cell of optic lobe ; coll.r.c. = collateral
of retinal sense cell; in. amac. = inntr amacrine cell ;

lim. mem.= limitin~ membrane of retinaj; m.d. = cells with many
dendrites; multip.= small multipolar. cell; ret. = retinal

nerve fibres ; sens.c. = primary scnse cell ; Sup. C. =
supporting cell;

tan. = tangential cell ; unip.= unipolar
cell connecting with flexiform zone.

After Young, (1962)
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FIGURE 5

Schematic drawing of the connections in the visual nemory
system of the octopus. Neurons have been identified as
shown, but some of the connections are not proved.

VU 1 superior frontal lobe , VU 2 = vertical lobe

VL 2 subvertical lobe.
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|
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( Young, 1965)
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the visual uppor lobes: Tho suporior frontal lobe containg
conventional cynapses ond receives afferents from visual

and baste f£ibres, multiplies these ond mingles them with the
signal from the optic lobe in a plexus of nerve connectionoe
These pass to the verticel lobei in this lobe Libros come
from belowy and Young (1965) presumes them to be 'pain?
tibres, =sctivated by painful stimuli. Piguwe 5 shows how

~ these connect with colls that intercept the fibres coming
froum the superion fronbtal lobes Gray ond Young (1964)
conparcd thoe oloctron microscopie shructure of these two
loboss tho superier frontal contoined conventional synapses

- with vesfcles (presumcbly £illed with syneptic transmitbop)
on the presynapiic side onlys In controst the verticael lobe
contoined many anacrine cells £illed with vesiclos, ond
synapses had vosieles on both sidess. Thio has beon found
olsevhere in the nervous syotem and has beon discussed ag
charactoristic of inhibitory synopses { Gray 1962 )s Thus
signals amplified in the superior frontal and possing through
the vertical lobe moy be modified by the action of the
anacrine cells, vhich are stimulated to secrote inhibitory
substonee if the pain fidbres are stimuwlabods

Young (1965) mokos cloer vhich connections hove been
norphologically demonstrated in connection with his model
of the mnemon and those which hove nots In the latter
category is the connection beoring one of tuo types of
messago fron the vorbicel lobe back to the anacrines of the
optic lobo, which will induce ono of two amacrines in
Fipure 3 to shut off onc of two motor pathways. However,
Young (1962) sugpests that the dendritic tuigs on the large
cells in the optic lobo (see Figure 4) supposed $o hold the
momory sbore ("memory cells') may recoive such signalcs
Young (19632)also stresses thot the visual upper lobes

are roquired to onsuve delivery of the signols of the
reoultic of tho action Yo the corrzect classifiers, by neans
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of their complex circudtry, which maintoins the clossifiers

at a lowercd threshold until these sicnels arrivey there 4o
alse the necessity for visuel signalc Yo be understood wherover
they occury and the role of the visual upper circuitb os
digeovered by Munbz (1961) in the process of peneraolisation

‘i Yo spread the information to 2ll the relevent cellse

From the simplified descripbion cbove, Loken mostly from
the work of Young, it can bo scon {hat the opbic and
supravesophegesl lobes form the two componente of the visual
loorning syotems In the optic lobe the classifying cells
and memory ¢olls keep o record of stimuli snd their outcomes
end the visuol uppor lobes conbtoin the mechenism in torms of
cirvcuitry and conncevions for modificabion, snplification
and genoralisamion of cignsls, ond for the permenent recording
of a memory in the optic lobe.

The lobes of Tho tactile sysotom with its parallel
organisotion were not studied biochemicollys Though sinmiloy
in orrongement o the visuesl systen (Vells 1961) the nomoxy
is not located in o seporate lobe, bub is abt {the base of the
subfrontol lébes The amounts of tissue involved are nuch
snallex, and from the peint of view of discection and slicing,
the usc of the lobes of the visual system was more profitcbles

In compering the types of nerve cell in the octopus and
the pab brain, it vould sppesr thot vhe optic and vertical
lobe contain a hetorogencous population of cell typess The
cellular structure of the rab brein is also heterogonoous,
ond the cortex itoelf comprises several layors, cach conteining
a differont orrengenent of difforent types of cellsy The -
otructure of the nomalien brain io the subjech of many
detoiled toxt books, but o synopsis of neurconatony bos
recently been uidtton by Natzhe and Polts (1967) which gives
a good general account of the brain for non-anotonistss
Figure 6 is a diogram showing the errvangenment of the ceclls
in vhe cortex in simplified forms The pyramidal colls
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oxtend from the surface Lo the deoper loyers of the corbtex

or to the white mabber beneath the corlexs The stellate cells |
hove short exons, and do not comncot with pawts of the brain
outnide the cortexs. At tho cortical surfoce arc the ‘
horizontal cells of Cejal, whose awons lie parallel to the .
psurfoces The polyuorph cells have their bodjes in the deeper
loyers, bub thely dondryites extend to the uppor loyorse The
colls of lertinotiti hove short dendrites but & long axon

that rung t0 the surfoce. 48 well oo theso loyers, bands of
fibres run ceross the cortox, consisting of the torminal ends
of cfferont Libreps Toops consisting of bundles of fibres,

and pascing through the wvhite nmatter beneath the corton,

perve to connect different purbts of the cortex with coch other
and with other parts of the broin, and are known as gasociotion
bundless In addition to these different neuvonal types in

the corbex alone, there are the plial cells. COragg (1968)
describes the nourons as the "compubing centres” of the

norvous systen and 6f the vhole orponism, which connect with

a very large number of other neurons, by meons of thoir

short dendrites, which receive slgnude, and thelr long azon,
through vhich the signal is transmitbed Yo other colliss |
The glis have no snonss  thoy ave intimaetely connected with

the neurons, ond are thought o have a supporting funciion,
including the control of enbry of substonces into the nourons
from the blood and the exbtracelliular fiuvids Sonme of the
aspects of thoir interacctions with the neurons are as yeb
uneleoxr ( Rose, 1958a)e In the mommalian bLroin, the glia

cre estimoted to outnumber the neurons by as puch as ten Gimes
in come parts of the brain ( Numberger, 1958 ) ond ronge in
pize from 3 %o 50 m in ddometor ( Hosolkawa, 1963 ). In
contrast, there sppesr to be very few glie in the octopus
braint this was mentioned by Roborbts (1964) and Young does

not seem, 4o discuss glia in his writings.
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dJust as the optic lobe receives visual stimnli and 4is 1
the seat of visucl memoyy in tho octopus, the mammalion
cortex receives otimuli from all the sonses, snd in it
conscious experience is generalised, Tunctions are localised
in corticol areas, but the study of the cortex secms to Show
less ond less evidence of the complete dependence on omall
arens for specific functions ( Ranson & Clark, 1953 ). The
cortex is also the centre of motor control, as well zs @
sensory receptive centre, and is the seat of conscious
sensation ond of memorys since this subject is so complex
and controversial, it will not be discusced further heres ‘
As regords the functional orgenisation of the memmolien ‘
brain, it has only begun to be studied reletively recently,
notably by Hubel and Wiesel ( 1959, 1963, 1965, 1969 ), who
hove studied tho visuel centre of the cat ond the monkey,
and relatod the different typee of nerve cells and their
connectione to functions The clescification of inputs
appeare Lo be complex ond occurs at soveral levels, in the
retine, and also at three levels in the cortex, vhere cach
functional area 4s grouped in columnar forms TYoung (1967)
pointe out that in men, 3 nillion afferents reoach the central
nervous system, but there are very meny more at the poriphery,
100 miilion in the cye alones In contrast, the octopus CKS
receives afferents from 8 million recepbors condenced into
half a milldion channels; thus an importent difference
betwecn the rat and octopus brains is the for grester
condensotion of input ond complexity of classification found
in the memnalian broine For example, in the octopus brain,
clascifying cells are found in the optic lobe, but in the
nammalion brain, in the revincs

Thus the study of the octopus brain has led to the

boginning of the elucidation of the extremely complex

‘ | vorking of the mammelien breiny hitherto unfothomebleos
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Since reletively 1ittle study has been mede of the
bilochenistry of the octopus brain however, in conbtvaust to
the rav braoin, which has been studdied more than thet of any
other species, it gsecmed worthwhile Uo study in the octopus
- $the nmetabolicn of substﬁnces shown to be of prime imporitance
in the rats

THE ITEEABOLIGH OF GLUCOST '{a,g,_}} AVEING ACIDS TN THE
FAMMALIAN BRATIN.

It has been known for 2 long time that under normal
conditions glucese is the prime oxidisable substrote in the
brain ( NeIlwain, 1963, 1966 )s Himwich (1951) first chowed
that glucose was tho only substonce to be taken up from the
blood in sufificiont gquantity to setisfy the energy requiree
mento of the broin tissues Geiger (1963) showed that glucose
is oloo o cubstrate for protein and 1lipid synthesis as well
es being a subatrate for oxidation, yilelding lactabe, CO,
and ATP.

Perfuojon of mammnlieon brain with glucose in situ

Geiger, Rowakita ond Barkulis (1960) 9erfuaea cat hrann
with a glucose.containing saline, end found thot the
ubilisotion of glucose wos socounted for ao €O, and lectatos
However it secmed {hei glucose was not the only substraote
oxidiseds ¥ glucose yiclded a Q#GGE of o gpecific
activity neover grecter thenm 300 that of the glucose,
inplying that other substrotes were contributing to the
formation of CO,e During convuloions brought about by
drug troatmont or olectrashnck. more c@a wes formed,
though the zmount of “caa sctually decrcoseds the uptcoke
of glucose inte the brain wes g&lso decreased, suggesting
the increased oxidabion of other substrates. Hore
glucose wee converbted into lacbate during convulsionse

|




After convulsions, the uptzke of glucose incrcased to
the normal ( non-convulsive ), resting velue, bub the
recovery period was assoecicted with an increased protein
and glycolipid synthesis,y ( Barkulis, Howakibto & Ceiger,
1960 Do HeZlwain (1963) aleo discusses in detail the
depletion of glycoiipid during oxcessive oleoctrical
ectivity in yitro, end ils resynthesis aftervards,
requiring glucoses
Bariulis ot ol. (1960) aleo measured the 1ncnnyarmtien

of If1 C glucose into frec amino acids isolated fron
sanples of cab corteoxr aftor different porfusion tinmess:
after one hour, the cpecific activity of the btotel anino
acid fraction reached 18% that of glucose, ond romained
constent thorcaibers This value was not altered by
convulosionsy and it wes concluded thab, Like GOy anind
ecids verc 2alco formed f£rom noneglucose pPrecursorss
The metobolism of glucose in Vivos

Similar reculte Go the above vere obtained by Veba,
Goltonde & Richber (1962) in vive in the rate Intravenous
injection of U 43 plucose reosulbed in the incorporation
of radionctivity into broin anino acidsy the anino acid
fraction contoined 72% of the tobtal redicsctivity in the
coluble brain extract aftor 20 minutes, vhorcas it
conteined only 15% of the total rodiocuvciivity of the
liver exbtracts The amino ooid fracticn slso haed o
higher specific activibty in the broin thon any other
orgens 4After 12 hourse radiooctivity was found o be
incorporated into brain proteins, 65% of it being in.
bound aspartate ond glutonatos

Geivonde, Marchi ond Richter (1965) compareﬂ the
incoxporation of glucese carbon in the brain and othey
organs of the cat, 20 minubtes after subcuteneous

28



25

injection of UX*G glucose the distribution of the
lobel in the brain wass % omino acids, 3% unchanged
glucoses By contrast, in the liver, puscle and blood,
70 to 90% of the radionctivity was in unchanged glucoso,
end very little in freoe omino celdse The specific
activity of the totel omine acids in the brain was 10
times that in the other orgens, BOF of the amino geid
activity being in the zcidie froction ( glutamate ond
epportate ), vhercas in the othor Uissues; a higher
proportion of countg went into the neutral amine ccidss
Goitonde, Dohl ond Elliott (1965) showed thot only three
minutes afber injection of Uﬂ ¢ glucose the distribubion
of radioactivity in the brain was cs follous: glutanate
574y oopartote 9%, glubamine Of, GABA 4% and alanine 2
The values for the liver weret alanine 30%, plubamabte
56y plutenmine 5% and aspertate 3%
Zhe metabolisom of piucose in vitiros

Beloff«Chein, Cobtansoro, Chain, HMasi and Pocchiori
(195%a) incubated rat cortex slices with v plucose,
end after one hour, found that the glucose was incorporated
into the follouwinp products: loctabe GOY, aaa 2050y the
remaining 20¢ boing mostly in freec amino acids: plubanmete
9%, GABA 3%, aspartate 2455, nlanine 1.5F. In contrasy
Beloff~Chain ot ale (1995))found the incorporation of
radioactivity fron Uqaﬁ glucose by rat diaphrogn muscle
in vitro to bes 14% €0,y 26 lectubie, and the rest as
freoec glucose, oligosacchorides and glycogen, in contrast
+0 the brain where legs than 1% of the glucose carbon
was incorporated into pglycogens

From this datiz it 1o possible (o moke inportont
comparisons betwecn the incorporation of glucose




Woarbon in vitre snd in yive, sud betueen the brain
and other orgons in each cases In the brain ag compared
to othor organs, more glucose carbon is incorporated
into omino acids, in vitro end in vive: rat brain
in vitro incorporates more glucose cerbon into lactute,
less into free amino ncidas, compared to the in vive
situations Vrba ob ol, (1962) pointed out a considerable
incorporation of glucosne carbon into protein and lipid
in vivo, vhercas Doloff-Chain et als (1955a) found
only traces in vitnoe

‘the pathway by vhich glucose is oxidised by the
brain is slso well documonted. Tower (1959), di Pietro
and vednhouse (1959) and Villee snd Loring (1961) stato
that in tho cortex gluccose is mobtabolised exclusively
through the glycolytice pathway by conversion into
pyruvate, vhich is completicly oxidised vie the Kreba
cycles Villee ond Ioring (1961) did point oub that 4n
othor parts of the brain, the pentose pathwoy operated
to some extonta :
The valuc of in vitro preparationss

The differences in the metobolisn of brain in vivo
ond in yitee pose the question of the value of using
slices 6o oblain information about metabolism in situe
Thic problem is discussed by, among others, HeIllwein
(1966), Elliott end volfe (1962), ond Bradford (1968)e

In assesoing any differonces, one must look closely
at the structurc of the brain in situ se compared with
the slice jn vitros The brain is supplied by a network
of blood vessels, end its oubor surface and inner
epithelia are bathed in cerebrospinal fluid ( CSF )t tho
composition of the ¢SF is not identical with that of the
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blood, and the passsage of substancesbebween the two
oppears 4o be regulatcds { Orags, 1958 Je

Ingide the tissue itselfy the closely ianterconnscted
neurons and glia are bathed in the oxbrocellular fiuid,
vhich is estimated to occupy from 9 to 15% of the vhole
tissues It is thought thet the glis, which form a loyer
around the blood copilliory surfaces, and surround the
nourons mey control the onbry of substences inbo the
nourons ( Rose, 19682), ond the inberreolationships
botween the two cell: types may welld be metabalic and
functional, as well as marﬁholaaical ( ﬁyﬂen and Figon,
1960 Je

In the rab cortex slice, which is cub tangentislly
to the surface, axons are necessarily sovered, since
they run peorpendicular to the surfaces However there is
evidence that the cul ends do close up ( Bourke and Touer
1965 e TNeome (1968) points out that cubstrate
concentrotion is controlled in the slice, vhercas io vivo
it moy be necessary to inject radiocactive substrate
repeatedly to oblain a fairly constont substrate
environmentes Perfusion with o known f£luid is advanbogeous
in this respect, bub Gelger (1962) points oui that Uhis
only measuves pross changes in tho entire braine

A furthey sdvanboge of the use of slices is thob

diffusion con occcur f£recly botween medium and extracellular
gpace, by-passing the blood capillaries and their
surrounding layer of astrocybes, which are presumed to
control entry of substonces from the bloeod to the
extracellular fluld in the brain in situ, ( Hyden, 1960 )e
There is no restriction on the entry of glucose, nor of
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enino ecide in vitro ( mee the next section )s flost
inportandy is the faet that ecells in the slice have
the mombrane dntect, which is of prime impextance in
the functioning of the braine ‘

Hellwain (1963) showed that brain slices respond
to olectrical pulses in vitro by on increased oxygen
uptalte and rate of glucose utilisotione In the
presence of glucose, brain slices gynthesise FCr and
AT? ( Voodmon and lieIlwain 1961), end the effect of
pulses is o reduce their levelss Brodford (1988)
discussed the efficiency with vhich vorious substratos,
sugars end intermediates, maintain the levels of
these labile phosphotes, as well as support other
properties, such &3 recpiration, accumulation of emino
acids against a coacontration gradient, respiratory
response to electricel pulses, snd concluded thob
glucose is the most efficient in all these respocls.
He also pointed out that loctote formetion jin vitro
iz not a good puide to the situation in wives it is
formed in oxcessive amounts dus to it ability to
diffuoe out of the slice into the medium, so that the
total omount formed in vitre depends on the medium/slice
volune ratio, the amount in the slice after incubation
being similor to the intracelluler conaontration in vive,
{ YMeTlwain 1956 s

Slices are also affocted by the ionic conposition
of the mediume DBourke ond Tower (1966) and also
Poppius end Elliott (1956) pointed out that o
concentration of poteesium ions above 200l causes
swolling due o the upbake of woter into tho sliceos
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Kini and Quastel (1959) showed that oven higher
concontrations of potosoium (105M) increzso slice
woapivation and alter the mebabolic pattern with
vtc glucose in yitwo: more lobelled glutamine
and GABA are formed fron glucose compored with
incubation in o soline conbaining Sall potassium.
suasbel (1962) has sugpested that the effect of on
increcosed Kt / Cat* ratio is to couse more breckdowvn
of ATP and PCr, forming more ADP ond inergonic
phosphate, vhich leods o the increased respirotion
observed, cnd to the faster turnover of the citric
cedd cyele, ond acceleration of the pacemcking step
of pyruvabe conversion to fcetyl Coenzyme A He also
points oub thot olectricol stimulation hes the same
apparent offect on slices, os does a high potassiun
lovol in the mediume

The offect on the electron microscopic structure
of incubabing momnelion cortex in yitro under vordous
conditions was investigated by Cohen and Hapémenn (1964
In tho oboence of odded substrate, severe domege occurred,
coll membranes were rupbured end nmitochondric distorted.
Hovever, slices incubsted with glucose possessed on
ultrastructure sinmilor o thoi of unincubated tiscuos
the best preservation of siructure occurred using a
pH 0f Tty the pl of the rlliott-Henderson geline (1948)e
Thoy also found thaby as o rule, tissue vas best preserved
by conditionn where phosphorylation pecurred, the only
excopbion to this being wibth glutomate, vhich did not
suppord phosphorylation but coused no structural domopo,
ond olso potassium ions which at 100mi concentration,supported



phosphorylation ond a high respiration, but ceused
collular distortion.
Tor these reasons the choice of media for

Ancubation of the rat cortex and the octopus brain

wvas difficult, as it vas not certain that the ions
that affected the neteobolism of the rat brain slices
would affect the octopus brain in the same way. The
meddum chosen for the rat wes o phosphate~buffercd
saline, similar to thet of Flliott and Hendersom (1948)
containing no celefium, bubt potescium at the relatively
hich concentration of 27mil. This concentration wop
reported by Borl, llickles and Clerke (1958) to yield

a glutamine in vitro of different specific activity
compared to SmM potassciun, when redicactive glubtamate
and aspartote vere used as substrotceos

Uptake of omine acids by mommalien braoin ticsue in vitro

end in Vivoe .

The pacstge of amino acids into the mammalian broin
differs in vitro and in vivo. In vivo raised levels of
anino ceids in the blood do not result in raised levels
in the brain in contrast to other organs, but lebelled
amino scide injected into the blood exchenge very
rapidly wvith those of the brain, ( Iojthe, 19623 Neamo,
1968 ).

Stern, Tgrleston, Hems end Krebs (1949) first showed
thot glubomate was sccumulated by brain slices in vitro,
against o concentration pgradient: the process required
glucose and oxycen and was inhibited by respiratory
podcons. Terner, Sggleston and Krebs (1950) further
showed that potassiun wes token up concommitantly with
glutamste and in equivalent eamountse Abadom and




Scholeficld (1962) demonstrated the phenonenon in vitre
with a wide renge of onino acids and showed that the
amount of amino acid token up was proporiional to the
ATP content of the tissue, hence the glucose ond oxygen
requirenmonte This limitation in vive to the entry of
large quontitics of amino acids is one aspect of the
so-called blood-brain barrier, and as yot, the mechanism
of its action is not fully understood, ( Dobbing, 1968 ),
nor is the mochanism by vhich eamino azcids are tronaporboed
into the brains This is very conplox and involves
soveral systems, and & btentative scheme hss boen outlined
by Neame (1968) vho bolioves that this mechonism in vive
and in vitro, thoupgh apparently contrasting, may hove a
connon basis,
The effcct of glutumate in vitro on the mommolian brain.
The effect of glubanmic aceid at 2 4o 100 concentrotion
on the brain slice has beoen thoroushly investigated by
Melluain's groups [ikIlwain, Harvey and Rodriguesz (1969)
shoved thot the effeet of glutomate on the outer surface
of the slice was similar to an clectricel pulse, in that
it rooulted in an alteration in the permeability of the
nmembrane o sodium end potassiunm ions, and the roversal
of the membrone polarity at the point of sction. =Zorlier,
tHoodmaen ond MeIlwain (1961) reported that incubation
with glutemate in the presence ¢of glucose reduced tho
levels of PCr ocnd ATP synthesised in vitre compared to
that with glucose alones Bradford (1968) suggested this
was becouse more ATP was broken down in the active
trangport of glutanate into the ¢olls ond in the recovery
of the nmembrane after the depolaxising effect of the
glutamato. Tho observation of Cohen end Hertmann (1064)




that a slice incuboted with glubamote showed as litbie
ultrastructurel doemsge oo one incubated with glucose,
may alse indicate vhat glutamate docs support
phosphorylation to the some extont as glucose in vitre,
the extra ATP being broken down for the reasons statoed
abovey o give tho resulting lover levels meosured by
Voodmen and MeIlwain (1961).

fiotebolism of plutamote in the manmelicn brein in vivoe.

4 widely docunonted phenomenon which reises
difficulties es regards interpretotion of date is that
of compartmentation, vhich uss first discoverod in
connection with the metobolism of glutemate in vivo.
Roberts (1956) found that intracerebral injection of
v GABA into mice ylolded a glutemine of higher
specific activity than glutamate, its supposod procursor
in the brain glutamine is pynthesised oxclusively fronm
glutonnte, and is the nmojor meouns of removal of smnoniao,
Takapakd, Berl, Clarke, Purpurs and Veslsch (1961)
found that intrscarotid infusion of 45& ammoniun ecetate
yielded in the brein o glutonine vhose Y-omino nitrogon
vas ten times more heavily labelled than that of plubtamato,
from vhich it wes preosumably wodes in the liver the
roverse was tho cases the Y-onmine nitrogen of the
glutanote being more heavily lebelleds However the -
anino nitrogen of aopertate was hipher than that of the
glutamebe in the 1&var, but lower in the braine. (Weselsch,
19628.)

Berly Lejtha cnd vaelsch (1961) injocted ot
plutanate introcicteornally into the rat ond three winutes
afor injection isolated o glutanine vhose specific
activity was 4 to 5 times thet of the glutamates one hour




afber injection the specific sctivity of glutomine
fell to 2% times theb of glubtamates The use of s““c,
plucose eg precursor yielded a glubemine of lower
Cspecific cobivity thon the glubamsbe, bub it must be
cophasised that it was pob injected intracarebﬁ&liyv
( Geitonde ot oley 1965)s The explonabion of these
phenonena was piven by Berl et al. (1961) end lioclsch
(1962 a)s followss there were two pools of plulcmabe |
in the brain, of differcnt sizes, and not veadily
interchangeablds “The indected glutamcbe came inbo
eouilibrivm with the smaller pool, in which glubtenine
synthesis occurred more reedily thon in the larger pools
Duping exbraction, the hizh specific activity glutamate
vas dilubed with the lerge pool Yo yleld a glubamate
of spparently lower specllic cctivity thon its product,
glutendne:s bub with btime, the effect decreased es the
two glubanate pools mincleds In the liver, the glutemine
was synthesiced from the larger pool of gluteomate,
asparbote from a smaller pools lore rocently, Borl ob als
(1968) wers eble bo demonstrate this so-called "daeloch
effeet” jo yitre, thus showing it ves an intracclliuler
phenonenon, not dependent on trensformalions occurning
outside the bDrain. | 3

There hos been puch evidence from other sources on
{he existonce of separabe comparitmentss Gardinkel (1966)
pnade o compuber simulafion study ( based on the results
of the vaeloch group ) of the metcobolism and comparimoni-
abion of glubeunate, aspertabe ond intermedieties, and
concluded thet there vere tuo wnequally-sized pools of
citric scid cycle inburmediotes, Van den Berg, Mela and
Yaelsch (1966) roported findings thob suguested glutomine



could be made Lrom glucose in the brain by a roude not
involving glutomate, but Hoslan and Krebs (1963) chowed
conclusively that intorconversions in vitro between
emino acids in mammalion brodn occurred only through

kmovn tronseminese reactions end citric acid cycle
ensynet s

The identification of these compartments is as yeb
uncertaine Simon, Cohen and Borry (1967) pasﬁul ﬁe& tvo

citric aaiﬂ‘cyﬁleﬂ located in two distinet pools

mitochondria. Rose (19685)shoved that the onswver may be
in the differcnt kindo of eell in the brain, vhon he
denmonstrated that the mebabolism of glucose ond rluﬁamate
ﬁifmerca in isolatied neurens and plie in vitro. lore
reoontly Rose (1969) neported that intracisternal

injection of " glutancte into rat brain, followed by

bullz seporotion of neurons ond glin, yielded a plisl
plutamine with twice the specific activity of tho
glutomate, but the Weolsch effoct was not shown by tho
nouronsl froction. However, though compartmentation

would appear to be within tho one cell typo, the plisl

froction ie in foot contaminated by nerve-endiog
p&w%&clea, 80 ﬁhﬁ mnnmtion renoine as yob unonoworeds
Recont studdes by‘Braafarﬁ €1969) rovenl that these

.naer~enﬁing pnrtﬁales, formed in homogonates from tho

synoptic portion of the nourons, clase up into
particnlate entitios ocnd show b&achem*aal propertios
not wnlike intect cells, rather then iscolated organelles
such os mibtochondria: thoy support respiration,
aecunuiato Pﬁ%&ﬁﬁiﬁmg oynthosise ATP ond FOr, eompﬂxably
to slices, but untike brain mitochondria, Turiber
study of their metabolism should be very revarding and
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perhaps reveal that they may be a third type of
conporbuente There mey indecd be up Lo as nony
compartments e6 there are cell types ond subceliulor
organeiles in the brain, and Bradford (1968) points oub
their possible inmportence in the control of broin
nosabolicn,
The mebabolisn of pyruvate in vitro.

Cortoin anomelies hove boen reported in the
netzboliom of accetobe ond pyruvate in the rat broin
in vitro, though these substances are derived from
plucose, and it is czclusively by conversion to then
thot glucose is ozidised ( Villee ond Toring, 1961).
Beloff«~Chain eb al, (1962) found that the metabolie
pobtorn of redicactive acetate ond pyruvebe in rab
corbex nlices differcd from thet of glucose. Cremep |
{(1967) found a similor difference and atbributed it to |
the compartumentalisation of availoble NADH, giving en |
apparently different metoboliec pattern with substrabe |
pyruvate,and substroato glucose vhich gives rise to
endogonous pyruvates Abadonm and Scholefield (1962) “
found thot the octive trensport of emino scids in vitro
supporbod by pysuvete wes nov consibive o inhibitors Y
vhich blocked glucosew~supported tronsport, posing the }
ouecstion of the location of ATP formation and |
availebility in the celly also posed by 3aléus, legyoy |
end Richter (1964) end by Weelsch (19622)vho poinis cuﬂ
that tho control of the passoge of AP from the '
" mitochondria vhore it 4s mode, Go the other perss of the ;
‘ cell, ond of ADP back, will in cffect conbrol the entire |
| metabolism of the cell, os repgerds reactions that requive |
‘ ATPs for insbance, glubamine syntheosis from glutamato,

o B
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the phosphorylation of glucose, Iowry and Passoneau
(1964) have studied the relationship bebtween subsitrates
ond enzymes of glycolysis in brain, ond bhove chowed thod
soveral cnoymes arce scnsitive Lo ATP or ADPs One con gee
hoyw the presence of levels of cither of these in o cellulay
conpartment may inhibit or oid metebolic tronsformutions
in that comportmen® alone, and differently o other
compartmonts. In foet Lovry (1965) bolieves thet the
unique properbtics of the brain may not lie po much in its
different bilochenmical properties but in the wnigue
organisation of the same properiies possessed by othor
HA88UeSe

OCCURRENGE AND FUNCTIONS OF FREL AMING ACTDES TN FERVOUS
Tevels in NMommolion brain.

Some amino acids bave a concentrobion in moumeldion
brain which is hirhor vhon any other owpuns These ave
the nonwessentiol anino scids, vhich are connected with
the citric aeid cyele, nemely asportate, glutomine, GABA,
end especiclly glutemate ( Waclsch 1962 b). Robents (1963,
1064) points out thet GARA is only found 4n nemvous
tissue, bub thet it oteurs very widely wcmong vertebrotes
end invertobratesy ecach species also has 1ts own
perticular pattern of ninhydrin reective constituentos
Pollan (1962) in & curvey of the cmino acid content of
vertebrate nervous tissue, points out that glubanmete hos
the hisheot concentration of any otheor omino aceid in
vertebroten as oppoded to invortebrate nervous systems,
tvhere tourine or asparbate is bthe most sbundanit, Toble 1
shows the levels »f amino ccids in rob brain, blood ond
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‘Vaxue“ EEpIOD s&d on a x@ﬁ wolgEht LAsis. riguzres quoted from:
o (1)= Carves, 1965 (2)-7lozkin, 49w o
1 (3)- Simpson et ale (1%59)  (4)=- Allen, 1961

(5)= Zowis, 1952 - (63~ Ironteli, 1954



1iver, as wvell ss those 4n some invertebrate bodies ond
nervous systonc. ‘
Thysiologicald action of cmine ncids on mommelion
nervous Liscusa | o

“here are o proot pumber of chomical substonces
which are known $0 nmediate synoptic transmiccion in

LN

verbebratie and invertebrote norvous oystensy some of
these are known o operatc os synepiic tronsmitters
in vive, cege acebylcholine ( Hobb ond Krnjevie, 1062)
and cotecholenines { Yon Duler, 1952)s. Others oxe

evidence for their operation in vive. She situetion is
probably much moro conplex, in thob severcl transmitbers
ney operctve sinulleneouslys though cach neuron conboins
only one tronsmitier, (Cropp, (1968). fhe acidic omine
ceids plutomabe and asporbate have such a possible 7oles
2% this otoge, 1t i necespory to give o simplificd
account of the mechonien of neoursl tronomission, vhough
the subjeet is deceribed by Kabz (1966) among othorsas
411 negve cells shou @ resting potenticl of GO Yo Y0 oV,
the inside of %he oell being negetive wilh respect to the
oubsides This iz due to 2o higher level of internol
poteseivm ond external sodiwm, kepb os such by & process
known ag the sodium pump whichk ds energy depondente
The cebion of excibtabory substences is %o reverce this
polority by cousing a femporary altersition of the
wvenbrane s pormecbility (o sodium vhich enterse This
locel reversel of the polarisction ¢f the cell nmembrane
is conducted down the nerve axon os en action potonticly
On resching the end of the oxon, it is tronsmitied to
snother morve cell or 4o & muscle end-plate, by cousing

suspected of being tvonemivbors but there is no conclusive




the relemse of a chemical across the synapse, which
initiates o fresh wave of depolerications The sction
0% so~called inhibitory tromsmitbters is to inhibit
the transmission ccrosp a synapse or nerve-nuscle
Junction, by causing the resting potentinl to become
more negative, thusm countoracting its reversel by
oxcitatory Yrensmitters.

It was noted carlier that glubocmote ond asportate
coused depolarisation in mammalian cortical slices
in yitro ( Giboon & MeIlwein, 19653 Bradford &
lieIlvain, 1966) and that this effect wes similar to
thoet of an electric pulse, ( MeIlwain, Harvey and
Rodriguez 1969 )« These cmino aeids have also been
found to cause excitatory depolerisation in situ, to
cortical surfaces; ( Kranjevic and rhillis, 1963 )
spinal neurons, ( Curtis ond vatkines, 1960 ) as well
as oxcised spinal penglia ( Negata, Yokio and Tsukada,
1966 )e Converscly GABA has been found to couse
hyperpolerisation to cortical cells ( Krnjoevie and
Phillis, 11963 ) snd o spinel cells ( Curtis ond
Watking, 1960 )+ GABA was first postulated as an
inhibitory transmittor wvhen Bezemore, Elliott and
Florey (1957) showed that it was present in an extract
of mammolian brain, which inhibited the erayfish stretch
receptor muscles However, Melennan (1958) found thab
the extracts containing this factor did not contaln
GABA, end supposed thot the active substance was split
to GARA, The svidonce for GABA being an inhibitory
transpitter is discussed more rocently by Emndevic and
Schwoys (1966)s Verman, Dovidoff and Aprison (1968)
have reportioed that glycine also behaves as an inhibitory




tvanamitter in the synapses of cabt spinal neuronse
Curtis and Watkine (ﬂg@ﬂ) aloo found that tourine
hod an inhibitory effect on cob opinal nourcnse
Lovels of amino scids in invertobrates.

‘or othor tissues of invertebrates and mal&uaca, os

The vccurrence of free amino acids and the&z
lcvels in invertebrate tissue has been reviewod by
Avapara (1962) and their lovels in the brains of many
species by Tallan (1962) and Roberts (1964)s Teble 1
shous the lovels of some free amine acids in the brain

well as the rat, for comyaxiaun-

45 regords aming acid: lovely in invérﬁabraﬁea,
froe anmino scids are ganarally higher in invertebrate ‘
than vortebrate tiscue and rapreaent a high proporiion \

of ﬁhe nnn~praﬂein ni&rngan content of the tigoue,

( Awapara, 49@a)~ That this is not entirely due to a J
merine onvironment alone uss demonstroted by Velanker |
and Govindan (4958) who showed that fishes conboined |
about five times leos omine nitrogen thon & sclection |
of mnrine invertebratess Also, Uaahateau, Sarlet,
camien and Florkin (1952) showed thot amino acid lovels
in marine invertebrates were higher than in related

freshuater apeaieap ‘ |

Simpson, Allen and Awapaxa {1959) showed that a ‘
feature of a wide range of molluscs wes that Live aming |
acids vhich are connected to the citric acid cycle, | }
plutamate, ospartate, glycine, taurine and olenine ‘
have markedly-highem levols then the other amino acids, |
compared with the rabt orgons othor thon the brain, where |
tho amino acids heve o more cven distribution ( Awaparas \
Londua and Fuerst, 1950)e They shouod olso that ‘

\
|
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tourine ( o aminocthane sulphonic acid ) was sbundont

in wolluscs, and more in morine than frechwator formoe
Its presence in the octopus has long been known ( Henge,
1905). Avopara (1962) sugpests that its funetion is to
belance the high cotionic content of the tisocues the
large omounts of omino acids in marine invertebrates
have been suggested ss conbribubting to the mointennnce
of osmotic balence by Tlorkin (1966) ond Robortson (1964),
snong: otherss ﬁuchat@au, Tlorkin and Jeuniaux {ﬁ959)
found that tranoferring salt water crebs o o medium of
soa woter dilubted 1:1 coused a drop of the levels of
some cmino acide to half the velues ILonge (1963) found
thot the concentretion of tourine in the mussel (which
can be oo high os 4) was proportional to the aaliniﬁy ‘
of the medium, Nepus (ﬁ968) notied thot in the estuarine
mollusc, pennont, the elanine content also varied with
the solinity. Uherefore the presence of high levels of
free emino aecids in morine dnvertebrotes including
molluces, 4in all the parte including nervous tissue,
represents o eharnutenistia adaptetion of the orgenien
to the marine anvmx@nmantc Teble 1 shows that in the
rat brain, the glutancte lovel do nuch hichor than that
of the ldvor and muaele, buL the omine acids of the
optic lobe and thoe nentle of the vctopus. ere conparable
in levol, Shus i% io hard Yo decide how far the function
of froe omino acids in the octopus brain is connceted
with mointaining donic bolancs in the animel as & whole,
or, 88 in the rat braing vith the wnigue m@taboiism ’
of ‘he hk‘.‘m»



Physiolopical action of smino peids on invertobrate

norvous_tissuoe :
A preat doal of investigation has been corried out |

on. the possible role of glubtomete and GABA as excilatory ‘

and inhibitory transmitters in the invertobrate brain, ‘

particularly in the crustacen, but also in the molluscss

Forkut and Walker (196G) not only sumpmarise mmuch of the \

evidence to date, but stress the necessity to bear in ,

mind the occurrence, localisation, synthesisc end
breskdown of these anino acids ag well as their
pharmacological action, vhen considering them as possible
tronsnitters in e porticular orgenisme

There is pood evidonce for the action ¢f glutemate
as an oxcitatory transmitter at the neuronmusculoy
junction of the crayfishs Tokeuchi ond Takeuchi (1964)
showed that iontophoretic applicetion of glutemate coused
contraction of the crayfish ouscle, bubt only if applied
to the repion of the neuromuscular junction, the rest of
the muscle being insensitive to this cffects Korkui,
Iccko, Shapira, Cowan and Welker (1M1965) showed conclusively
that glutanate was the tranemitter in vive, vhen they
perfused the newromuscular jJunciion of crab, (as well as
snail and cockroach) while electricelly stimulating the
nerve, and found thot a ninhydrinepositive substance was
released into the perfuscte, in quantities proportionsl
to the amount of stimulation, vhich they identified ap
glubanates

Gorochenfeld end lasansky (1964) showed that glutamate
coused excitatory depolarisation in the central neurons of
the snail: Herkut ot ale (1965) as above, demonstirabed
the role of glutamate as neouromusculayr traonsmitbols




There is a:gggi}&eal-cf evidence, suonnarised by

Hell ond Keaviths, en the role of GABA as inhibitory
tronsnibber in the lobaber pervous systoms ALl Uhe
enzynes necossary for the foxmation and oxidation of GABA
are acbive, Alsoy Lhe fnhibitory nerve fibros conbain
100 ¢imes the GABRA levels of the @xcibtabory fibrese
Tarther, Iverasen & Kravitz (1966) showed thab GADA s
specificelly boken up by the lobster stroteh rocepior
ané this would represent a poscible mochanism for the
incctivation of the bronsmitiors. Tinelly, Obtouka,
Iversen, Holl and Kravitz (1966) showed thalt GABA is
relecsed by lobster norve-muscle preparations during thoe
stimilation of Imhibitory oxons ( compore Korkub of ale
10G5) »

AB repards other orushacea, Tokeuchi and Tokeuchd
{1965) demonstrabed that GABA duplicabed the aotion of
inhibitory transmitter ot the croyfish neuromusculor
junctions Recently, Kerkub, Pifmon and Valker (1969)
demonstrated this also in tho cenitral nervous systom of
the cockroachs Thore appears o be howover no ovidence
for such o role of GABA in molluscss

Syatens for Yho synthesis and breakdown of glubomate
and GABA hoave beon denseribed in most of the cases vhere
theoe omine acide appoar to be in cvidence as tronsmibtors.
Kravitz (1962) describes cuch systoms for GABA and
glutomate in the lobster nervous systems In nolluscs,:
in pencral the eniymes of glutomate mebabolism have been
exbonsively discussed by Goddord and Marbin (1966), ond
‘heve been demonsirated in the braing of corhalopods
including the ac§0puﬂ by Drukker ond Schadé (1964) ond
Pascoe cnd Schade (1976)s Kerkut, Shapira & Valkor (1967)




denonstrated most elegantly that in the snail, glutamato,
earlier shovn to bo released st the ncuromusculap
3unetian, vas synthesised from glucose or alanine in

the brain, and moved from the brain to the neuromusculay
Junctione

) Roberts (1962) showed that in o wide range of

" animal speedes, GAPL levels are rolabed directly to the
‘activity of GAD, the enzyme forming GABA fronm glubomabos
However, Roberts ond Simonsen (1962) found that octopus
brain contained very low levels of GABA snd GAD
activitye 8o it would secm that vhile there is a good
case for glutomate being en excitatory trensmitter in
some parts of molluscan norvous systoms, thers appears
to be no evidence for GABA as an inhibitory transmitter,
vhile in the crustaces ond the ingect, there is pood
evidence for hothe

EYPERIVENTS PERTORMED.

The question ns to vhore to start conpuring the
biochemistry of the octopus and rat brain posed a
formidaeble problem, since there were not only several
biochemical ospeets of intorest, bub clso several
types of cellular preparations o use for study.

Since the previous scctions have shown that
glucose and its derivatives are interesting end
importont metabolitos in tho brain, it was decided %o
study the metebolism of glucose cnd amino aeids in
vitro, aftor Boloff-Chain et ale (1955a), ac well os
usgse homogonates to study activities of encynmes
involved in some interconversions of the amino acids,
after Baldzs, Debl ond Horwood (1966), and to bogin
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to investigate the mebtabolism in vive of gluteomate
in the octopus brain, since this yiclded such
inberesting results for the rat brain from Berl ot al,
{19610
As steted at tho beginning of this chaptery twe
parte of the octopus brain were compared with cach othep
and the ret brain, apd thoy comprised two parts of
the visual learning systems It must be emphasised that
the rat corbox slice however contoins elenents
agoociabed with all the senses, and contoins different
types of nourons depending on whethor it 4s the first
or the sccond slice cut from each particular hemizphero.
But since the optic and vertical lobe elices are cutb
sagitally to tho lobo, vach slice will have a similar
range of cell typese
The following is o summary of the exaarimenﬁa

performed on rab cortox and opbic and vertical lobe
tissue, the results of vhich are given in Chepters 3
and 44 and discussed in Chapber 58
1) 7he determination of the content of Lrec onino
acids, proteins mnd mucleic acid in the three tissues,
thoe last to ecstinmate relative cell sizes and to try to
assess the nunmbey of glis in the octopus braine
2) the incubation of slices with radiocsctive glucose,
glubomate, alanine o determine their incorporation
inte products in yvitre, ond the specific activitics and
levalﬁ of frec anino acids after incubation: also to

ascertain the offect on these values, by adding none
labellicd glucose 50 tho omine acids as substrates,
%) The teanting of octopus brain slices for active uptoke
of cortain amino acids, presumed o Be inveolved in its
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nmetabolism, for conparison with the rat brain: glutamato,
pglutonine, alanine ond GABA.
4) The use of howogenates to study the %ctivmtica of
the ehoymes dpvolved in coino ecid synthesis and
interconversions.
5) %he injection of 31@0 glutanato into the actopus
brain to dobtormine the specific nctivities of the free
anino acide in the opbie and vertical lobe ab diffepont
times after killings
G) TFurther incubations in vitro of rat cortex slices
with U AC pyruvate or aloninog to try to clarify the
apparent anomalies of pyruvebte mebteboliom dn the rab
brain described earlier, and vith labolled elonine in
the presonce of competitive inhibitors of citric ocid
cycle intermediates, to cocertain whother pyruvate or
alonine can be converted to amino acids comnected with
the citric nedd cyele, glubamate, glutamine or GABA,
without ontry into the citric ocid cycle vis icetyl
Coenzyme As Unfortunotely, lock of animals ab the time
prevented these pobentially very interecsting experiments
£rom being carried out on the octopuss

It is understood thet the scope of these egp&ﬂimenﬁa
is severely 1imited; tho observed metabolism will be
that of e wide variety of cell types in the rabt and the
octopuss, Also, a8 regexds the octopus brain, Imowledge
of the gross biochomistry, as contributed in the case of
nanpalian brain by Himvich, Gedger and HeXlwain, is 1ackﬁng,
and no such ptudices heve been porfornmed hercs fThe
implicabions ond linmdtations of those theb have been
performed will be discusced in Chapbor 5Se



SHAPITR 2
EXPERIMENTAL IETHODS

|
\
Three main classes aﬁ c*pexiw&nt Rlekuc carriGd out
as foliouss : }
4s The incubation ot octopus aptic and verticel lobos
end rat cortox slices in ¥itro, with various substrotes
universally tabolled with ' Corbonms Aftor incubotion, l
the slices and media were treated in one of three ways, !
agcording to the information reoulreds
a) ZIthanol ezbraction of the slice alone, followed by }
the separotion of metobolités in clice oand nmedium,
using paper chromatography, and identificotion of the ‘
spots by autorcdiogrerhy followed by scomning, £or the i
quantitative determination of the counts iacorporoted. ‘
into products, ‘
b) Exbraction of the slice with trichlovoacetic acid ‘
followed by radicoctive counting of the oxtract and
medium o test uvpbeke of the labelled substrabos
¢) TIsolation of free amino azcids and other intermedintes
from the perchloric acid extract of the slice, by means
of column and paper chromatography, or by the use of
the aubomatic amino acid snalyser, ond the determination
of the specific activities of these producto,
2s Determination of the activity of some of the
enzymes involved in the synthesis snd interconversicns
of the amino ocids in homogenctes of zat cortex, and
optic and vertical lobes of cctopuse
5s Injection of live ccbopus with 1'% glutenate
directly into the brain cavity, followed by killing ab
difforent times, ond cxbtraction of the free amine acids
from the opbtic and verticel lobes, end determination of
thedir specific setivities as in 1ce |




Rt’? Qﬁtﬁg
Radivactive moterialoy - u““c Dwgluccsa Uﬂ ¢ pyruvete,
U Imglutamate, U''C Imalanine ond 1 ‘G=DImglutanic
ocid were obbained from the Rodicchemical Centre,
Amercham, Bucks, Uﬂﬁﬂ Imglutomine and U 40 GABA were
from the Hew Inglond Nuclear Corporation, Boston, waes‘
The ™ ‘C glucose, glutamate end pyruvate were purified by
treaking onto paper end running in butanolwacetie
acidnwat@r'( 40411425 by vole ) for 16 hourse The
radjoactive substance was located by auterad&agraphy
ovur Kodirex X Ray £ilm for 2 to & ‘hours, the band cut
out and eluted with water, and the eluate evapovaﬁea to
dryness and redissolved in o small volume of distilled
yaters The yield was usually over 80%, and depended on
the purity of the substances pyruvate and glutamate in
panbicular tonded to be ¢antaminated wzth the&z
&ecempoaz&ian products,
ingynes, coenzymes ond chemicalss Lactate dahyﬁragena&a
and 47P tricodium sale were from Bochringer & waehnﬁ GmbH,
Nannheim, e Germonys [alate dehydrogenase, roduced
HADy ADPy BAL ( 243 dimercapto-propan-i=ol ),
glutathione in reduced form, glutamohydroxanic acid,
and tritonex-100 were from Sigma (Iondon) Chenical

Conpany ILitdey Iondon 51464 FPyridoxael Pheaphaha vas from

BDH Loboratory Chemicals Ltd, Poole, Dorsets

Besmins Zeocerb 225 Resin, (SRC 13) in the sodium form

- wds from Permutit Ltde, London, Wel4s It was converted
into the hydrogen form by altornate weshings of HC1 and
IR, OH through 3 or 4 cyoless Dowex AG x 10 (200 o 400
mesh) was from Biorad, Richumond, Califs This was teken
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through several generation oyclos with alternate washings
of HCl and HeOH, then washed with water until the

veghings were chloride freej Iinally CO, was bubbled .
through for one hour to convert the resin to the corbonate
forme The final washing was concentrabted and tesbed with
ninhydrine All resine vere washed with ab least 4 bed
volumes of distilled wator before usede ‘

Seintillebion Chemicolss Hydroxide of Lyamino,
pw(daisabuﬁylucresaxekhoxyathyl)uﬂimathya bonzyl somonium
chloride, FPO, 2,5 diphonyl oxazocle, and FOFOP, :
Lydmbigm2e( Henothyl-Sephenyloxezolyl)=benzenc, were

fron Packord Insﬁrumenﬁ Cos Iﬂﬁa; Iils

Aninalse

The rats used were adulb male Wisters (Yratbus norvegicust)
bred in this department, weighing betueen 100 and 200p
ceche They were killed by stunning on the back of the head
with & blow, their throats cut to exsanpuinate, and the
brain removeds Exsonpuinotion was found 4o be a better
method then pulling the neclk, as the latter in the hands
of an inoxperienced povson invorisbly rosulted in
aceumuletion of blood around the cerebellum and cortex
ourfocoe \

The species of octopus used wos eledone cirrhosa
which ic closely rolated to oclopus yulparis, whose
anatony wos described in Chapter 1e¢ They are alike in
appearance except that gledone has a single row of
suckers on the arms and oe vulmaris o double rov, and
both belong te tho order Qetopoda, class: Cephalopoda,
phylun Mollusca, Young (1965Db) estimabed that the optio
lobos contalned 6% nillion neurons suchs Lhe vertical
lobe contained 25 million cells, which amounted to more




than 80% of the totecl celle in the supraovsophageal
lobes. OFf these, over 90% are under Su in diamcter.
I% must be onmphasised that during excision of tho
yertical lobe for slicing, some of the subvertical end

frontal lobos were sometimes exeised as well, but f£rom

the figures above, tho rcsulﬁmng canﬁamimaﬁian would be
expocted to be under 109,

The animals supplied to us verc caught off the _
bevon ond Cornwall coaste Eledons ore in fact found in
waters oll around Britain and in the Horth Seas They
wore cought 4n trovls by fishermen bused in the port of
Brirham, Dovon, ond wore placed in bonks of sea waber on
boards “On arrival in Drixham they were transforred to a
tonk with cireulating coolod sea water, on the premises
of a locol hotelior, lire Roberd Stephons, vho placed Lhem
in spocially desipned plastic Yransporters for the Journey
to Iondone These werce desicned and built by Mre Grahom
Moffabt in this voporiment but thoir description hes not
beon published. Tho tubs were 2' high and 18" wide.

At the beginning, they were half-filled vith sean waber
and the onimal put in: the 1ids were kept on by means of
a petal rings The whole was ploted into a large plastie
conteiner 2Lt square by 294ft. high, aloo conbazining a
small oxycon eylinder clamped to the side of the larger
container. A snall rubber tube delivered oxygen ab a
slow rate to the animsl throuchoub the jourmey throuph

a snall hole in the 144 of the tub. The square 1id of
the lorger contoiner was clemped dovn by meons of serous
at cceh corners. Iaber the system was modified to avoid
tho larpger conbtoiner and the gos cylinder, and the octopus
was placed in a polytheno bag inside the tuby half-f£illed



with cooled see water, ond gassed with oxymon for the
Journeys On aryrival ot Paddington station thoy were
collected immediaotoly snd ploced in o tonk in the animal
house in this Dopurtmente The animel survived the
journecy under these conditions for up to six hours,
the average time from Brixhom 6 the leboratory, but
i{ loft in the transporters Jonger than that, thoy were
likely to diec Lron ovorheating and lack of oxygone

The tanks in the animsl house were also built by
Vire Moffatlt and consisted of a series of plastic tubs,
each 3% by 2' by 24, ond ecch with inlet ond outlet tapoe
Sen water from Drisham was cooled by ncans of &
rofrigeration unit to 8 to 10%, and cireulated through
the tomks, and also through a gravel bed and e column
of dintommceons eurth, 0 remove inpuritics. 411 parts
of the oysten through vhich the wator flowed were mode
of plastic, and pump poerts were coated with polyurcthane
paint to avoid corrosion. 7The arrangement wos such that
the tenks werc in paralliel with ecach other; 211 £illing
from end emptying into the pipe systenms vhich contained
the filter bed and colutn in sericse The water was kept
“to a standerd density by topping up vith distilled wabery
ond chenged as often as it become cloudy. fGhe onimals
covld survive up to seversl weeks in this systeom and were
fod on crabos The tanks were covered with cleosoly
£itting plestic 1ids held down with half s doszen bricks
when occupied, since cctopus are capoble of squecsing
through very smodl gapss The best time for recepbion
of tho onimals was the winter, since gledone tend to die
“in verm weether, in contrast to 0y yulroris, whose
‘hebitet is the much wormer seas. mha eledone roccived




in our laboratory varied in size, but verec usuelly
12" %o 18" in arm span, and weighed around 500z

For killing, one porson hold the animal while
the other severed between the eyes and the mantle
with & rozors Accuracy is essentinl here as the
brain lies Jjust behind the oyes, and is made all
the more difficult by the movenment of the aaimal,
Tipure 7 shows the disscetion of the octopus brains
The eyos were cul out and the fatty tissues removed,
and the optie lobes sevored from their stalks,
Tho vertical lobe was reached by slicing across the
cartilaginous coverdng of the contral brain until
the mucilepe~filied cavity above tho verticesl lobe
was oxposeds Then four vertical cuts were made and
the block of cartilege contsining the supraocesophagesnl
was cub out by slicing at the level of the oosophogus.
The verticel lobe was cleaned of muciloge and cartilege
on & vax block. Optic lobes usually weighed around
150 ng eoch, vertical lobes arvound 70 mge

For enzyme assays, gledone opbic and vertical
lobes wore sent to us frogen solid in a Thermos flogk
£ilied with so0lid carbon dioxide, by courtesy of
re Ge Cotbtrell, Gatby HMerine Laboratory, Sbte Andrew'ss

INCUBATION PROCEDURE -
Preporotion of broin slices,

Prior to slicing some workers prechill incuboation
media end place the excioed brains on ices In these
exporiments, thin procedure was avoided end the
following method used: ecoch animal was killed and the

brain sliced, erd slices were placed into the incubation
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Diagram of the octopus brdin
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mediun in vaxburg vessels, atboched to the mononetors,
and gassed vigh oxygen befove killing the noxt chimal,
so that not more thon 3 minutes elapsed bebween excision
of the brain and its shoking in vitro under oxygen.

The rat brain was divided longitudinelly, the

cerebellum removed ond the cortex cleaned of white matter
on a wox blockes The corbicel shell was placed, pial (bop)

surface upward, oo a £ilter peper moistened with saline,
and’ cliced with & clean, dry Stedie blude with the ajd
of a Velluain gulde, of clearance CeJmme Two Blices of
around 70mg each, piai and subplal, were cut from cach
henisphore and weighed accurately on o torsion bolanco
before transfor to a Harburg vossel.

Octopus brain slices were mede in the same way, bub
three or four small slices were obtained from an optic
lobe, and two from & vertical lobes An dmportont
differcnco betucen octopus and rat brein slices is thet
the latter age cul tengontially to the surface,
nocescarily severing the axons. Cclopus brain slices
ere cub sagitally to the surface, cells belng damaged at
the cut end only, so the slices contained a considercble
nunber of intact neurons ond aXonsSe
Incubation solinons

The slicop were transferred to Yorburg vesscls fop
incubations The most suitoble slze was found to be
those of copeciby cround 4ml, conteining 2 ¢6 2 ml of
peline, Sml being uped for tissue welighits greober thon
100nge he centre well contained o £iltor paper vick
moistened with hylroxide of hyamine Yo absord Clyt
this solvent is niscible with Brays scinbillent end
is strongly besics



Though there are several saline in use with rat
‘brain slices, end preasons for choosing and onitbing
cerbain dons, (Dourke end Tower, 1966) only one
medium wes used throughout in these experiments, a
high potessiuvn, csoleium-free, phosphate-buffored
saline siniler to thet of Plliott and Nenderson (1948),
of the following composition: 98mi NaCl, 27mi KCl,
2a4ml] }*1‘@‘.:‘304, 068l I{HEPOQ_Q Ze5nil Nazﬁmw PH 7als This
was the medium used by Beloff«Chain et ale (1955a),
nose (196%) and Choin, Rose, HMasi ond Pocchiori (1969),
and wae wsed herd for ease of comparison with these
cerlier dota on rut Drain metobolism in yvitre. Tor the
- petopus, the medivm chosen was that originelly used by
Hoyle (1953} bub its dlonic composition is similar to
octopun plesma (Roberbson 1964) and Yo 2 high calcium,
tris-buffered Krebs saline, ite composition beings
Trio-HCl 26mt, NoCl 425mMy KCL Smlly 11350, Te2mll,
Caclg’ﬁmﬁ. PH 7efs  This medium was also used for
incubztion of sasil brain and locust brain in vitro
by Bradford, Chuain, Cory and Rose (1989), and Bradford
found that it maintained physiological conditions in
gient snail neurens ( unpublished resulbts e

Substrates wvere 10mi in concontration. The reocson
for this choice, also used by Rose (1968D)and Chain ot ale
(1969) are discusced in the next chepter, 5-to 10
microCurics of rodicaetive substrate wes generelly used
per floshk. |
Tompersturg. Rat brain slices were incubated et normal
body temperature, B?OGQ but the choice of a cuitoble
temperature for the octopus brain incubations was
aifficult, since gledone io cold-blocded, ond has no fixed



- body temporatures Preliminary incubation of octopus

. brein was carried out at 37° with glucose os substrate,
but & lovw and erratic oxygen uptake was obtained, and
no counts were incorporated into oubstances other thon
lactate and ¢0, in contrast to the situation when the
 ower *tnammme of 25°C was cdopteds This was used

- by GhirettisMogaldd, (;S.uﬁwz:a and Ghiretti (1958) for
incubation of gotopus vulperis tisoue in vitro. Zven
this was relatively hich cmiﬂar&ng ale&a;_xg inhabite
calﬁer waﬁem ¢han m yulear

to emm: sufficiont cnuuha tio be maarwraﬁea w:o

products in the vetopus, whose metabolism was much

slowar than the rati'ss Howevery not every substrate

used paintained n lineoy oxygen uptake over the two hours.
The i‘laslw wore attiached by springe to the monometers,

using anhydrous lanolin to greosse the glass jointss Pure

oxygen was passed through the flaske in the shoker water

bath for 10 minuten, as described by Umbreit, Burris and

Stauffor (1964). This allows moximel solution of oxygen

in the medium, sufficient pot to be a limiting factor

in respirations the shaking of the bath aide diffusion

of oubstrate and salte into the slice. After gassing

the flasks were senled and allowed to shelte for two hours.

The shoking of the slice in the substrate-containing

pediun is sald by MeIlwain (19606) to be analogous to

the flow of blood Shrough the tissue in vive. Oxygen

uptoke was measured mepmometvically at 40 or 15 minute

intervals over the two hours, and caleulated as described

by tmbreit et alks (1964). In osch experiment a control

flosk was run; containing the saline and radioactive




: ssubatmﬁa but no slico. It sexved as thermobarometer

and vas treated iﬂeubﬁaany to the other flapks, In

each run 4 flasks with different substrates or éiﬁ’emn%
tissues wore run in triplicate or quadruplicste, and if
two different radienctive substrotes werc wsed in one
‘runy one control flesk was run for cachs Soveral such
.expeenimenﬁs wero run for oach substrate or tisones

‘fz.‘ha f:i.li:er paper w:t.ﬁka a&nﬁaﬁnﬁng the

transferred to scintillation counting vials, the

contre wells were washed out three times with 041 ml
of water and the vashings added o the visls. 10ml of

scintillation fluld vore addedy of composition similap

to that of Bray (1960) ¢ Naphthelene 60g, PPO bg,
FOPOP Quag, 142 obhonodiol 20mly toluene 100 mly
mothanol 100 mly nade up to 1 ldtre vith dioxans
sSedntillation counting was cerried ouy in the
Packard or Beckman 3iquid sgintillation counters. The

principles of seintillation cownting are deseribed by

Birks (1964)3 very simply, the P particlos emitted
by wz*mybm ape converted to flashes of lipght by the

1iquid solvent syaten of the scintillent in vhich the
radicactivity is suspendeds These floshes are sunve%te&
to pulees in the machine, end are counteds The samp&.ea
were usually countod for ten minutes, or until an uppoer
set 1imit of counts had boen roocheds The disinteprations

por ninute in eoch semple were estimatod by compurdison
with a known stondard %G gource, However certain

pdditives to s‘;ha solvent syston, such as alkali or
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hyanine, couse quenching, thet 48, a reduction of the
efficioney with which dieintogrotions are converted
to scintillations 4n the fluid, so thot the true radiow
activity of the samplo is underestimatods One of the
means of estimoting this ic the channels ratio: i
is knoun thet the cuenching ogent also causes the
curve, nunber 6f perticles ve onerpy of particles, to
be shiftoeds the exbont of the shift is snvorsely
proportional to the efficiency of counting, ond is
ostinated by counting particles of two different energy
ronpos simultonoouslys The ratis of the counts in each
is detormined, and the true efliciency found by
compordison with n otendard curye (prepaved with a
chondard ‘1% solution ond the same maintinanﬁ) of
efficiency Ve channols ratio (the chennels being the
energy renges of the particles)s 4An slternetive method
of aaawsing efficioncy is thot of externcl stendardisation,
zﬁmm a stendapd pgommesrsy endtbing source is brousght
up against: the sample ond the pair counted for one
minutos Ffficloncies usuolly cgreed whether measured by
this or the chonnols ratio methody but the latter nethod
was usod for calewlations Counts were cxpressed in
absolute velues of disintegrations per minutos
:!:mmed:tat:ﬁly aftor removal of the filter paper wick
£rom the ﬁewt:m welly the rim of the vessel was wiped
with o tissue moisteémed uith acetone Lo romove the
prease, ond the slice removed for extraction by the
. method of Deloff~Chain ot als (19551)s It wes corefully
renoved whole by mecns of & snald spatula, washed threoo
times in three separate Petrd dishes conteining cleen
selino, blotting in botween, and homogenised by hand in




a ground glaos homogeniser with 1.0 nl cold 60% ethanol,
The homogenabe was transforred to a conical contrifuge
tube togother ws.tg two 1 ml woshings, chilled for 15
minutes, and spun 8t 2000 »pm for 15' on the Internmational
Contrifuges The precipitate was wasbod twico with ‘Inl of
€07 othonol, then twice with ml of wators the combined
supernatontis wore pooled in anothor conical tubey and
ovaporated to dryness at 37° on a multicomple Buchler
rotary evaporators The slice extract was redissolved
in Os5 nl wator and keps deep frozen for chromatography,
and an aliquot of the incubation medium was aloo keopbas |
The ethanol-insoluble residue containing protein, 1ipid, 1
polysaccharide and nucleic acid was wached a further
three times with mter; the washings now boing dinscarded, |
and aissolved at €0°C in 042 ml byemine, then washed |
into o counting viol with Brays Seintilionts ‘
Chronatosrachy ond geenninge , |
Biaimensdonal chromatography for the detection of o
anino ogids, sugers end intermediates was carriod oub \
uoing the method of Boloff-Chain ot al. (1955b)« 4 -
totol sanple of 20 ml of each sample of medium and 50 ul 1
of each sample of extract wos spotbed onto one cormer of |
a sheet of Vhotmen noe 1 £ilter paper; the paper was 3
46 om by 52 emy ond was drawn with two mavgins all the \
way round, 10cm and 7cm from the edges The somples were \
\
|

spotved at one of the interscctions of the innor marging,
and the pepers folded for plucing onio the solvente
contuining trough along one of tho outer margine next to
the opots5 Ml was spotted at a time using an Agle
microneter syringoy ond allowed to dry in a streeanm of
eold eiy from & hair dryer bofore epplying the next spobts




Tho papers wez‘e rn £iret in the solvent e Bubtonole
formie acid~water (751138174 by vols) for 15 to 18
pours, then dried 4n o streem of cold aim, ond run
_in the perpendicular direction in phenolewater-d 0,88
annonin (8052051, by vols) for 18 Lo 20 hours.
 Zectotie vas doolated seporately by mcmﬁimanﬁima&
‘nhmmawgmghm % pomples of & total ai‘ 20 /n}. cach
wawe spotted along the inner mz:gin of the mme me«
mﬁ' poper as above, and run wem&.ght in the solvent
n Butmai«maﬁiﬁ mﬁ.awwatew (40411125, by vols) Before
drying, the pa@em were hung in en atmosphere axr prmonia
~ vapour for 5 minutes, to fix the lobile lectates ‘
All chromotoproms were dried in a stream of cold

odr (varm air coused phenol-sooked pupers to collapse)y

ond placed on Kodfirex X Ry £iim for 3 to 5 days, then
developeds to locate the radioactive spots, and to keep
@ record of the chromotoproie '

| The pepers were scanned by o syatenm fivst aemrﬂ.baﬂ
by Frank, Chedn £ Poscchisri (1959), modified and built
in this department by Mrs AsE. Iowe, and deseribed in
detail by Towe, (1969)s Briefly, the papers are held
closely and verticelly in front of 2 gas flow countor,
which sutomaticclliy moves olong the vaper horizontally
in steps of 04", theon one step down, omd again
horizontolly, untid the entire erea of paper hes been
sconned. The time for which soch oroa is counted may
e set from 10 to 900 seconds cccording to how hoavily
the paper 4s loaded with raddoactivitys Tho results
wors recorded ap punched holes in o tope, which, after
processing through the computer, vere converted into
countss A print out wes obtoined showing the numbers




o
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of counts in ¢ech spots ALL t‘«hz‘ﬁmémg:cums Were
spotited in duplicate and with this systony ogrosment
betvoen the values ©f the counts was within 5%, Tho
counts in coch product were oxprossed os o froction
of the votal counts in bhe rodicactive substrobe in
the control flask, . & nmell portion of the rodioactive:
substrate wan oleo counbed in the licuid scintillation
counter; Lo obtoin an cbsolute value of disintegrations
per minubes Alsoy the sums of the counts recovered dn
the chromatogroms vere within 10% of the counts dn
the substrate uf the conbtrol flesk chromatoprenms,

’z}eterminaﬁign of speeidfde sctivitdos. o

Jo these oxperiments, GO,y cmine ncids, rsmﬁ. mm»

- enino aei& metabolites such as glucose, pyruvabe snd |
loctato, were sepavated from coch other in bulk haﬁ‘ara ‘
isolation by paper chromatosrephys Though there ds o
method for the detormination of (0, specific cctivity,

, pmipitai:ian with Bayium Hydroxlde, plenchetiing the

precipitete, veighing ond counting it, (Seliinger,
cat;mam, Chain & Z’bmhﬁm‘i, 1962)¢ the smounts of -
€05 produced by thu octopus brein from the z*aaibaaﬁive

| auhsf:mi:es used hene ware too ﬁsma.‘:.l t0 bo nmoasured
gmvime‘!sricm;y, The i‘amwim; sttenpt wos made to
neasure gerbon ds.wm ¢ 002 wan wzlactea dn 411 NeOHo

dn the sontre uell of i..haa i}m‘i:am"g vensol, made up 10
5ml, with wemiy boiled (CO, f£res) Adiatilled wator aa&
titrated with 071 HCL uging meﬁh:yi orange 88 indicatols
-‘.'t'b van also titratved with HCR after oddition of 1 ml of
Gml BaCl, (ezcess) o procipitete the carbonate, using.
yhemlphthamm o8 inc&imimr this times The differente

potuoen these twe titres mamas@nﬁeﬁ the coavbonate




{ Vorel, 496& Yo in aliquot of the NaOH / Naacﬁ”
solubion was taken &Gﬁ counting. Though the caunxg
wore reproducible, vhe titration values wore lovw and

- erratic, so the deferminotion bf the specific aatlvmﬁy

of GQQ was ahmnéunman
1&095 an& media wero extraete& uagethax using the

-mothod of ﬁalaza, ‘Tiehl and Harwood (1960) as modified
: oy-Rase (1968)s The flesk contents were poured into

ggaund glaua homspenisors topether with two 4ml water
washinuﬁg and peﬁﬁhlarxﬁ acdd {k@ﬁ) added to a £1na1
strength OF 0o5 to s The hnmﬁgenate wae chllleﬁ foxr

15 m;nutés,'trwnafnvraﬁ ta pyrex tost subes and spun ay

2000 rpr for 45 minutes in the International rofzigexaﬁaﬂ
centrifucoe at 5~Q¢ The 6upeynﬁﬁants wore poured into

‘cooled 100ml beakers, the precipitabtes vashod with 10ml

of Q*?n PCA and tho washings edded to the baakersi “The

. extrocts were noubralised with 41 EOH %0 TH Ge5 to 70

on the pi meter, and using & magnotic st irran: yezdhlqraﬁa
ions were precipitoted auring neubralisations AL this
stogo, extracts could bo left in the deop froome until
chromotorraphys The precipitatos were weshed a further
three times with 0s2i1 FGhAy aiasnlﬁea in hyamine snd
counted, oz in 1M ﬂa@ﬁ at 79 ¢y if probeln estimation

wes L0 be done an fhe ﬁ&llﬁt¢

Column ond Paper Chromatopraphye

Chronatography wes caprried oub in threc stagots
e Lizat, to seperete the spine acids from the ol h&r
metobolitesy seeond, to separete the scidie or
dicerborylic amine scids {rlutanate ond espurbate) from
the ncutral ones {alanine, glutamine ond GABA)$ the thivd,
to isolate them individuallys The extract wag poured




through a fluted f£ilter paper onto a column of Zeocarb
rosin in the aeid form ( ror description of the resin
and its rogenerotion, see the Reppent pection st tho
beginning of this chepter)s 4 10 cm length of resin
on a column of 1 om diameter was sufficient to hold up
t0 20 mrioles of amino soid. When 0mll glutamate or
elanine wap substrate, a 20em length was useds The
non-amine aoid intermediotes were washed through with
3 bed volumes of distilled water ond collocteds The
eluate wes neutralised on the pH meter, an aliquob
counted, and & portion of it was concentrated on the
rotory ovoporatoy for estimation of lactato and gluctse
{see later)s Tho onmino ccelds were oluted with 5 bed
volumes of 1 anmonda polution into S00ml rounds-
bottomed flaske, cnd evaporated to dryness at 40°C on
& rotary evaporstors Glubamine is liable to decompone
sbove this tomperaturo. The eluate was redissolved
in 5 ml vatery o small portion taken for counting,
ond the rest pasced through a column of Dowex rosin in
the carbonobte forms Oince the resin 4s very fine, ond
flow through it 4o very slowy At vas nocessary to
force the liquid through by using air or nitrogen at
5ib prossuyes TYor this purpose a scaffolding won seb
 up conprising a ploss manifold linked to the gas
eyiindor and connoctod by quickfit tops to the columms,
4n vhich an oxtra sido arm bad been fitted to allow
introduction of 1iquid without M%armptmg the ges
£1ows 7ho noutral omino neids vere washed through with
% bed volumes of wator, snd the acidie ones with 5 bed
volumes of 411 HCls Vhen the scid was added 4% won
netessary to incroase the air prossuve slichtly as large



bubbles of €O, wers released which tended to breok up
~ the resine Collecting wossols were switched vhen the
solvont front was 1" from the bottom of the column,
. pince glutanic aedd rms vory close t6 the colvent
fronts The ocidic and neutral fractions were taken to
' dryhess in two steges, first on the rotary avaporator,
 then tronsforred quanbitotively to conical centrifuge
tubes ond token to dryness on the multisample rotary
evaporators The rmino scids wore token up in 045 ml
of wator for ahmmatagmphm Smoll portions of these
wero countieds Table 2 shows the rccoveries of the
" counts in a)l the froctions after column chromatopraphys
~in rat and octopus ’bmin, with the &iﬁfemnt raaimcmva
" substratos useds -
‘Paper chromatugraphy was awm out mammwmny,
. stireaking 250 i 0f the extract in a band on the paper
~sheot ap shown in Pigure Bs Rozor blade cuts sepai:am&
~ the samples f£ronm one another and mode au%i.ng out easy
- lators Amino acid markers werc also run for identificationy
a apot ¢ 10 to 25 ul ) of the ceidic (A) end noutral (K}
- £ractions vere rum, for one of two reasons: first, for
estinating the loas of 1700, from tho paper during the
colour developmenty { this wﬂi bo fully explained below )
and poocondly, for spotting froctions which contoined on
emino ocid dn excoss of 4 umoles This occurred vhen
- glubamate or alanine were used ap substratese
The papers vere yun for 35 to 40 hours in the .

solvent n Dutanol-~propionic scidwwator (1015:4¢ by vol),
+he bottom of the paper having been trimwed with pinking
chears to onsure oven flow, since the solvents ran off
the edge of the papers
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seale diapgras of monodinmensional chromatopram, oo

nreparcd for isolabtion of amino geids for debeormination
of specific cctivitics as described in the btexbe The
paper ic sliv with o ragor blude where Showne seddic (4)
tnd meutral Tfractions (1) streoked as shown ( 250 pl or
nore) or spobtted ( 25 xui)e The pogibions of the aoino
neid spobs afier the run ope olso ohotlle
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TADIE 2
YIFIDS OF COUNTS OBRTAINGD AT BTAGES II THE COLUIN
CHROMATCCRAPIY OF ELICE EXTRACTS ATTER IHCUBATION
. LUITH BADTOACTEIVE SUBSTRATES .
¥oreenbepes of the Lotonl counts in the control filaslk

meon Wb ‘non onino onino acid 0 A
of slice(mg)  peid oluake cluabe

SUBSTRATE
0% GIUCOSE

optic 1s 197 %“% 105% 2495 1505 Oullt)
Vertical e 125 (3 101 192 140 02
Rat byrain 4% (3) 83 214G 202 15
U gruzaATs

optic le 185 (3) 4Oy 427 04 B0
Vortical 1. 98 (3 21 57 101 23
Ret brain 128 (& 4 72 20 63
optic l. = 972 E; 107 9555 0.9 815
Vortical 1. 88 (3 5 72 0s6 63
Rat brain 112 (3] 5 59 13 44

e ATANTHE

Optic 1. 120 (&) 5605 Y G 2a5Y
 Verbical 1. 97 g% ¥ 1

rat brain 178 (&) 6 83 75 129 |
Ue ATANINE o GIUCOSE - \
Optic le 188 (4 Tl 92 67 b
Vertical 1. 65 (& 7 - 75 >
Rat brain 150 (& 15 a3 65 3 |

The toable shous the yields of radicactive counbs in the
veocarb and Dowex eluabes, afber coluumn chronatography ol |
the oxbracts of opbic iobe, vorbical lobe and rat brain slices
o5 cesepribed in tho Goxb. Results expressed as the means of
¥he numbers of siices in brockoibs. The non onine ceid and

anino acid eluaics theorotiecnlly add up to 1005, and Tthe
acidic(h) wnd neutrel(l) fractions to the value for the

anino acld cludtCs
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I*apam were &n.ma in on atmnapmre Eree of
pmmonda vapour, then sprayed cvenly te saturation
with o froshly made 0s25%5 solutdon of ninhydrin in
acetonos Hinhydrin { Indone Trione Hydvabe ) reacts
with anino gwnm to give a purple complexs The
resotion is auanﬁibaﬁiva for @ vide rangs of enine
acid concentration, but each cmino ceid hes a curve
of different slopes Standard curves were made by
spobting onto chromatosraphy poper 0.2, Oslly 0uby 048
© end 140 pmoles of each of the anine acids giuﬁwata,
nspartato, glutomine, alanine and GABA§ the pupors
wore dried and zawawé at the same timo as the sanmple
chronatograns with the same ninhydrin solution,
and the colouy &evoxbpea by hesting the papers hanging
in an oven at 70% for 30 minutes, Toukeds ond Nagata
(1961) found thot these conditions allowed moximel
colour developments FProliminary oxperiments showed
thot there was no loss of celour 4F the same gquontities
of ooch amino ecid were run through the solvent, as
‘opatted directly onto paper, so the latter procedure
saved running mony extra paperss The praph (Pigure 9)
shows that for these five emino scidsy colour
development is linear for up bo 1425 moles por sanples
The standard curye vas prepared for every experiment,
since there were always small differcncos in the
ninhydrin reagent, or the colour dovelopment. The
pusple bands were identified by comparison with the
markerss TFrom Figurce 8¢ it cen be secn that in the
A fraction glutemate runs fastor then sspurtatey in
- the N fraction GABA runs faster then alenine, then
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ACIDIC AMINO ACIDS ' \ NEUTRAL AMINO ACIDS ,
Optical density Optical density
z
570 mu 5720 mp
1.0 . 1.0
' . .. T
GLU ATA
0.8 LINE
i [ GABA
i nsp |06
O.4
0.2
| 0.5 ! 1.0 L >
’ alloles 7
» amino acidg,
PIGURT O

STANDARD CURVES FOR TID TINHYDRIN DETERMINATICN OF
ANMINOC ACIDS ’

nypical ool of ctanderd cuzves, optical denpity Ve
concentrabion, for the amino acids glutoamate, oopartobe,
plubonine, alonine and GABA. Curvos are nob identical,
bub are lincox up,ﬂa,Q,EE/umeles por sanplce



glutamine, vhose R¢ value is very close to those of
glutanatie and asparbabte: AL the fractions wore
mixed before running, these three omino acids would
be insoporobles The bands uere cub oub, aleo n
blank piece of sinilar area, rolled vith a forceps
and pushed into test tubes. ‘10l of 602 ethanod
wore ndded and elution aided by vhirling sently on
a vortex miwery shaking the tubes produced
fropmontotion of the paper which interfored with
the reodinge The comples and stonfords wore read
at 570 mu on the Unicam 8P 500 or OP GO0 spectrow
photoneter £ittod with o £flow cell,. Aftervards
Os1 nil of tho radiocctive cluntos snd the paper
blank weres pipotted into counting vials. Toble 3
shous the recoveries of the counts in tho individuel
aminge aclids, afber paper chrouabtography of the
Povex cluabes yields in this caso vere poorer than
in Table 24 eospoclally vith U “{3 slanine -as substratos
In the first cob of experiments using UG |
glucose as substrote,; 25 ml opots of the A and W
feactions wore olso yuns The ntrips shown in
Tigure 8 uaro cub out BEFORE spraying ond the
rodionctive spots located by outoradiographys Thoy
vere then cut out and placed directly into counting
vinls, end Broys Scintdllant wes odded, This
procodure wan 0 estimate the loss of “c osourring
duving the colour reaction, vhich rosults in an
undorestination of tho radioactivity, bub not of
the omount of omino seid, giving an underestimote
02 tho specific nctivity: ©ho error also varies
with each nmino acids The pragcrtiun of %, ¢ lost



PARILE 3
YIEIDS OF ANINO ACIDS ATTER FAPER CHROMATOGRATHY

70

Counts in froc omino ccids in the ninhydrin oluvates
expressed ac a percentoge of thooe in the Dovex eluaves

UG SURSTRATE QLU ASP  Total A GIi ATA GADA  Tobol N
GLUCOSE

Optic La 545 G5 GOF 565 B35 e 74
Verbical Le My 25 65 48 G - Sl
Rot brain 5 11 65 55 7 1 51
GLUDATIANE

opbic L gus 20 068 boi &4y - 055
Verticol 1. 79 1 80 A g2 16 qan
Rat broin G5 7 75 1 5 0013 &7
ATANTHR
- Qpbic 1. 265 155 55 . DB - S A
Vortical le 15 15 30 0.5 &7 -

Rat brain 1% 15 26 0.7 6% 0s1 G5

Tields of radioactive counts in the individunl

amino ocolds

aftor papor chromatogroaphy of the Dowen acidic (4) and

noutral (M) eluates: Incubation of octopus and rot broin
slices wos carried oul with three radiozctiv
and cxbrocts wore worked up and chromatogrophed os described

in the teoute

Peooulbs phown are bthe neoons of three voluos.

subotrotes,
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 will depend on the carbon choin longth of the amine
acid in quostion, cnd Af uniform labelling 45
asoumed, will be squal to the reciprocal of the
‘zium‘ber of corbon atoms in the omino neid molecule x
100%, which will be 209 for glutamate and glubomine,
3555 for ssportabe and GABA ond 3% for aleninos
‘However if lobelling io non-uniform in the corbon
skolotony the loss nsy range from sero ( 4f 0«1 is
not Lobelled ) o 1005 { 4% only Oe1 45 lobslled )e
By inspection of fipgure 410y showing the carbon
skoletons of the codno meids ond intormedintes, one
may prediet the thooretiicul lebelling of the carbon
skeletons of cach aminog acdds v clucose gives
rise Lo U Vg pyruvates Alaninée would have the same
lcbelling patbern as pyruvate, sincoe in tronsaminetion
reactionny carbon skelotons do not exchanges ¢#»3 of
pyruvate becomes Ce1 0f o( ketoglutarate in the
firat turn 6f thoe citric ccdd ¢éycles This carbon
aton is loot as €O, bofore roaching oxaloocobato,
“but this molecule noy he formed fron PEP oy pyruvabe
by the Malio eneymo, PEP dorboxykinase or pyruvate
kinnse reoctiony in vhich case it is labolled in o1l
but the Ceb positiong or fully labelled if it picks
up & radiosctive 0, molecules Therefore, in mony
turns of the cycle, mé would oxpect alaning and
the othor amino celds o be lobelled uniformly 4 or
in o]l carbon atoms except the omopga positions
Therefore the proportionote loss of radiosctivity
during the ninhydein rosction would be 3%¢ for
alanine, bub would bo botweon 20 and 259 for plutamatic,
25 to 355 for ospartate ond GABAe




glutamate vketoglutarate

CHBCH—COO

alanine , 002

?oo'-
éo/ | . CH_NH,  CH, i
) ?CH, G(OH)CO0

GABA . .glutamate . a ketbglufarate

\‘

TIGURE 10

DIAGRAN OF AIIHO ACIDS AlD CITRIC ACID CYCLE
CHESRIEDIATESy SHOUING CARBON SKELUTONS 0 T1E

. MOLTCULES. ' -
vrom thic diegromy She labelling patborn in the
Corbon skeletons of the aminc acids nay be predicted
ac deseribed in the bext, wheon pyruvabo, glutomabe
or clanine is the radioanctively lebelled precursors




In contrast; incubation with U'%C plutanate
would yield andno ccids uniformly labelled in
thoir carbon skelotonsy and the theoretical losses
,waula be an stobted in the £irst instonce. The use
of-1 c alanine or pyruvate would yield o pattorn
- of iebelling within the caxhnn skez.eamn iﬁantie&i
with glucoses.

Table 4 comparcs i':ha ymlﬁs of counts ztn the
omino acids, in the same omount of exbract, from
- the paper and from the pinbydrin eluate, as described

eorlier, and a less would be -oxpected in the eluste
countss Rose (19685)did f£ind e loge, but cstimated
4% oo boing belov tho thooretical loss, and did not
moke a corvection for ite. Toble 4 shows thot only
in the case of glutomine end olanine formed from
u :&a ‘plucose wes thore a loss, omounting to 30% in
toch cosey but in the othor ceses there was nonc,
ond in the case of glutamate cnd GABA an acbuol gaine
The reason for this may be the lvss of counts from
- the paper durdng outoradivprophys It was thorefore
docided to caleulote the spocific activitios from
the counts in the eluates alones Rose (1968))alad
made no corrcction, and pointed out that the wmdore
ostination of the true specific activity did not
affect the comparison of valuos of spocific nctivities
of the some aming acid wﬁ.‘bh daifferont f:ﬁaawaa oy
substrotioss

Specific ootivities wers estimatea as

- disintegrotions poy oinute per moleculo, &ivi&a& by
the amount of emino ocid 4n 40™° mologs They vere

not coleuloted on the basis of corbon atoms on ascount




11 , O o
@ ¢ NL,-BHR=CO0H ——> é + NCHO + CO.
(Ol “ " + 1M

U G
ninhydein hydoinantin
. A G |
ainhyirin + hyldrinontin « ITH. > LQ;I:: I%Z Y
T o - 0

purpie conplox

nguabtion shoving the ninhydrin cblour weaction , and the

losso offGGQ
( Afber iinhler and Coxdes, 1968 )

TARLE &

e ]

i3 o
108 oF Yoo, DURTHG NIWIVRRTN RIACHTON

70,

Comporison of counts in amino acids fron ninhylrin cluates

and Lron pepor sinipo.

pisint/nin. in free omino scids z 1077

SUBCTPRATE LT ASP  GIN ALA GABA
an,

¥ GrucosE

paper 154 8 2435 55 51

cluabe 215 45 172 3G 57
h,

uWe grumamaTn

Paper 5,210 434 on - 403

cluatc 6,510 476 230 4% a2

To%ol counts in the enino acid fractions were determined
fron tho othancl cluates of the ninhydrin-stained anino

acids, and from the non-sbained chromopographed amino acids

in the rab cortex siice, afteor incubnbion with the
rodicactive cubstrabios shoune os deoserilhpd in the boxbs
Tesults are the ngpns 0f 3 volues fovr U C glucose, and
of 6 values for U''C Cluliomalbce




of the dissinilerity of the labolling pattorn within
the carbon ckeloton with differont substrates as
described. nboves Pool aives were oxpressod as 10™7
.poles per mge probein since the protoin contient per
gram wot weight of optic lobe, verticsl lobe and yat
brain varded, og dooeribed in Chapter 54 Reoults were
exproseed 2 stondend ervors or S.5.ley and difforences
teoted for sienificonce by mosns of the amm*s & i:eaba
jutomated omine acid enslvein,
- In the later exp&rﬁmmts, the cmino acdds were.
deternined by means of en automated amine scid
analyser built in tho Deporiment by Drs 4.J. Thonmas,

and described in dotall Ly Thonas, (1969)s Ite use

in the detection of froe anins ncids in broin Hisoue

45 doscribed by Brafdford cnd Thomes, (1969)s Hrisfly,
the Zeocarb eluate wos dissolved 4n 10 or 20 nl of

Ot HC1ly po that ‘1 ml would not contain more thon

2 pmoles of o single anino cclds The HCL contained.
041 mole norleucine as stondards A Inl semple wes

then pumped through o column of sulphonated polystyrene
reodny ond the omino acid fractions oluted in turm by

o grodiont of ever-increasing pHe The acidic smine
acdds were oluted first, followed by the neutral and
bopdo onoss Tho effluent wes then divided into two
voughly equal partst  one vas mixed with ninhydrin
roopent and heated, the colouy measured én 2
colorineter ond recorded on a chari, rim 40 48

a photograph of such a charts The amine ecid

froastions in tho other stroon veve ¢ollected individucdly
by moons of an outonatie frackion collectors The
froctions were zmahea into seintillotion vials with
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scintillant ond counteds Tho aroas under the peoks

on the chart were proportionsl to the amounts of

anino sedd in the somplos An inteprator made
‘sorrections for chinges in the recorder baseline

during the run, ond calculuted end printed out the
_areas under each poaks Alternatively these may be
calenlated from the chort itselfy the area being

teken @s the product of { base x hoight of peaks

The apeas vers converted to mioromoles of amino ncids
by oxpressing them os frastions of the norleucine

posk, then multiplying them by a predeternined foctor
for eoch andnt acidls The use of e lobelled norloucine
enobled the oporater to coloulete the exact distribution
of amino acid between the eluate that ;«:aa aaalyﬂe& and
that which was collected and counted, so as to moke &
true ascescment ©f the spocific sctivities, The system
4o able to detect s little ss 5 x 407 =2 moles of amino
204d ( Thomas, 1969 )» Using the paper chromatography
mothody only 5 x 107° moles can be detectod and '
szmwaﬁaly measumél,

m low mamvm w i:ha emino ncido aftey paper
chromatopraphy, shown in Table 3y and the fact that
ne loss of counts seems to oscur after recstion of
the amine acids with ninhydvin ( 2eble 4 ) ralse
the question of tho limitations of the differont
moons of isolating end estimoting the anmine aedds
by (2) sconning, (h) column end papor chromatography
and (¢) cubomated oming acid snolysis,

As gbated 4n the subsection on colour development,



the underaatimatian of tmio sgeeifia activity
'aid not affoet comparisen of tho values for the
BoGS asmmo acdd undey different imub%mn conditions.

'ﬁnwava&, thin nothod is primarily for isolating
already Jmown produste inm bulk, and aewe%mﬁninu
their opecific eativitiﬁs‘ sines 2500 / 500 ml of
the tobal Linal anine aeld extroct is opotteds In
controst the naannina nethod, gives a picture oL
all labelled intex mediates ond omino acids, al beﬁﬂb
. nl;y o snall }_m:*isii;m ( 50 7 50011 ) s Sp@%ﬁﬁ; |
and tho scanners count at a lover officiency than f

 tho 1dquid peintillation combers Tho autonated -

amino acid analyﬁeﬁ would apnﬂan to be the baat
. moethodl for dotornining pool sin ﬁﬁg since the loss
6f omino aeids recoversd afser papen ehwamatwquﬁhy
‘does not occur hores On the other handy the |
 possibility remagng thet the low sun of the 31@1&&
maeen in Table' 3 aaﬁaciﬂizy afber incubation with
al&ﬂiﬂﬁ nay be dug to the fact that other
| R“bél lad amino acids escaped ﬂeﬁ@cﬁiﬁRQ in vhich
- case., ﬁhey would hove bcéa deteeted by the sconndng
mothody anﬁntunaﬁarv,rﬁh@ Jsck of supply of
octopus at this stogs mode furthor aa@erimeats"
zmpaasibleﬁ tha faclk that the miseing subsbancen
were more likely to be amino aci.& in nature vas
‘Dbecause tho G&u&ﬁeﬁu laas b&aama mpﬁuxent aft&r tho
phage uhﬁza oning ocid s&y&s&%ﬁé& pocuns, afbor
the Dowex chromatorrophy ﬁtaga, {rable 9) an&/nat
g0 much bofore, (Table 2)s
Determination of 1lucose, laotate ond Eﬂgﬁgﬁ&gp
| The Zoocarh non-onine acid eluate wos aanaen%raae&
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10 times, ond glucose, pyruvate and lectate estinated
quantitatively by the Pollowing methodse
Glucose was catimated LY the plucose oxidoge method
of Floming and Peglor (1963), lactate by the spectrow
photonetric reduction of NAD using Loctate dehydrogonose
ot plf 10 ( Nethod of Hohorsi, 1965 )y pyruvabe by the
reversel of the lactate dehyirogenase reaction (Biicher,
1965) ot pH 7«6 The counts in these metobolitos were
detornined by spotting 100 m1 of the concentrabed
elunte in strips ond running thom monodimensionally
in the butanol-acetdc acidwwater solvent (40171125 by wola),
locobing tho bands by autoradiography over X rey £ilm
for three to five doys,y ond ocutting them out and
placing them into counbing vials vwith Draye scintiliants

The lowost detoctable and measurable levels uerg
an follouss for glucone, 0,005 a Moles per sampley
féy pyruvabe ond lectabe, 0401 Alivles per cuveties
Deternination of proteins and nuclolc neidss
Provein vas detormined $n brain homogenctos or

HeoOH digeste of tiscue by the nmethod of Towury,
Rogobrourh, Forr and Rendeldd (1991)s Hucleiec ncids
were oxtrooted by the method of Schnodder (15«
rhe homogonabe, containing not less then 100mg wot
veight of tissue wde treated with lco-cold perchlorie
oodd, 045 t0 1404 to precipitube the provein, nucleis
pseids end lipidse Thoe procipitate wac woshed three
fires with 0«51 PCLy then defatted with two washinge
of 804 ethonol followed by ome washing vith othanols
chloroform { 31ty %/V )& DNA and RNA wers extroctod
from the recidue with two woshings of 5% PCA at 90°C
for 15 minutess RIA was ostimatod dn the oxtrsct by




- the oreinol method of Nejbaun (1939) for penbosese

DHA wos estimated by the diphenylanine method of

‘Dische (1930) for devnypentoses, using the modification

of Durton (1956) and tho correction of Zomenhof,
Bursztyn, Rich ond Zomenhof, (1964) for grester
sensitivitys Tho lowest levels thab vere cecurately
measurable wers found Yo be S0 mp of REA per uﬂﬁl}?i&g
and 10 pg Dm\. per sanples
Uptoke I ime

The uphaka of aﬁiﬂ@ acids, ﬁharaat@riﬂﬁia of rat
brein slices discussed in Chepter 1 was slco tesbed in
octopus brain sli.{zen, for glutomate, alenina, glubanine

ond GABAe

Incubation was aam:i@ﬁ. out in Werburg vessels using
10m1 glucose, ond 40m U'C amino acid, ond 4 to 2
uicrocurdes of radiozctivity per flask. Incubation was
for 1 or 2 hours, and 170y was collected and measureds
After incubation the slices wers reweiphed to check loss
by fregmentation or poin by uptake of watery then rinsed
in medium es described carlier and homopenised in 5,0 mi
of 1,01 Trichloroncetic scid (TCA)s The homogenate was
spunt dovn and the supernctant counteds An aliquot of
medivm was also counteds Assuning the density of the
slice to bs equal to thob of the medium, decs 2 100 nge
slice occupied Oslnl, the ratio, counts pexr 100mg slice
to counts per 100 ) nedium wos caloewlatods I the ratio
was groater than unity then active upleke agoinst a
concentration gredient was ascumed t0 have occurrads 2Zero
timo controls were also rum to chock adberonce of radios
nobivity to the slice surfacos




‘mw enzymes aaaayaﬁ in rat — and octopus opm
and vertical lobe homopenates were the mnws.ngt

‘glutamate dehydrogonase (GDH) s glutanate decarboxylese (GAD),
glutonine synthetase (GNS), aspagiutie eminotransferase (AAT) |

and alanine tronsaninase (&:.wxm). The reactions catalysed
by these are shown in figure 12 GAD, GDH, Gms, AAT and
faa»m eatolyse the conversion az glutamate into GABA, &-

ketoplutarate, e;mizmim' aspartate and alonine respoctively,

and the last auzyme alse the inﬁemamewim of alanfma nad
Wﬁﬁw

| Ixzyme assoys vers aazrs.e&& mﬁ: on hﬂmagmf;ea aﬂut:e&
to sudtoble concentirations which wore found exgwﬁmatalw
{ they are a&acumnﬁ in Chapter 4 )s 10% homogenates were
nede of frozen eledone bLrain, thawed oncey end of fresh
 pat sortex in wator or 0,32M susroses homopenisation was
carried out in a glass homogeniser immersed in & besker of
ice using a motorwiriven Teflon psctle, clearance 0,005",
for 30 seconds, teo obbain meximum breskdown of cell
ﬁrgamnes and mlﬁam of onzymas,

; e161815s) wae sssayed by 'che method of Reberts

‘Wrankea. (?950) a8 moddfisd by Bolazs et ale (ﬁ%@)i

*ma following reaction :

113 glutemete = w%z * GABA

wos followed manomotrically in Varburg vespelss Rab brain
homogenates were incubated at 37°%, and cctopus brain at
25%, under nitrogen in 2.5 ml of the mnwﬂ.ng buffore
substrate nictures

50mlt sodium glubtanutie, containing 1 to 2 /\l@ﬂ!‘ﬁ.ﬁﬂ n:ﬁ‘ Fom %
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CITRATE.
AAT > ASPARTATE

~——G—DH——3a KETOGLUTARATE
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TIGURE 12 |
DIAGRAM OF SOME OF Tik INCERRELATICONSHIPS BETWEEN

AVMINO ACIDS AND CITRIC ACID CYCLD INTERMEDIATES

to of oetivity of Uhe ensymos

£lso shoun axe the poin
sbudicd, as desemibed in The toxbe
Diegren pertly tokoen fron Robonbts, (1962).

e mnpr
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|
glutenic aedd, 10mY reduced plutathione, 0u2 mg pyridoxal
phosphate, 040211 phosphate buffor ab pH GaBs Corbon |
dioxide was collected in the contre well and counted oo
deseribed carlier in the chaptexs A blonk was run with no 1
tisoue, ond ab ecach tisoue concentration o flask conteining
10mi1 semicarbazide wes rung ab this concentrabion, it
completely inhdbits the reaction { Roberts end Irankel
1950 ) by blocking the pyridoxel phosphate, This vas to
oscortain the amount of glutanmate sctunlly bednp oxddised
by -conversion into § ketoglutarcte. In cach runy three
different concentrations of tissue were uced, s well as
different incubotion times, from 10 ninutes to 1 hours
The expériment wos ropeated at lesst twice snd results
calevlated o8 the meons of three such experinents,
@izt (BeCa 1s84142s) ung casayed by the method of Olson and
Anfingen (1952) modified by Balfze, (1955)s It vas
gssayed in the direction of glubemate synthesis:

o ketogpluterate +NH," + NADH = glutemate + NAD + E,0

The fall in oxtinction of NADH was measured spectrophoton
metrically ot 350 mp in the SPE0O Unicam spectrophotometex
at 25%. TDach cuvette contedned bradin homogenate in

%40 ml of the following buffop-substrabe mizture:

1001 & kotoglutaratoy 15mi BH,C1, 0,07n5/0d HEDH, OeSnll
ADPy and 0,02!1 phosphete buffor pH 7ea

Balbes, (1965) found thet ADP stimuleted the renction

4 o 5 timoss In ench exporiment three cuvettos were run
with difforont tissue congontrotions, cpoinst blanks
containing tisoue in buffer alone. A fourth cell contained
all the constituents but no tissue acoiunst o blunk witheut




o

| I%x)ﬁ, to chock for spontoneous. maaan of NAE)E, but
this was never found to ocoura Three such experiments
‘were performed, at loast, and 't:hva mosns of these celeulateds
 The amount of substrate amvgyrﬁeﬁ vag coleulated uaing
the formules chongo of Ot optical density units ot
540 mu = 040161 atloles HADE oxidised por mls Protein vas
- detornined in -the honogenatesy and mtﬁﬁt&ea wers

'caiculawa 8s micmmam:s substrate gonverted /he/ ng protein,

iOw laly) woe . wsayuﬁ by the mothod of myﬁ
M%ﬂ }ﬁ W‘b*fw won éonwrﬁaﬁ into ﬁm&.ﬁacetaw, which
Cwop reduced to malate by mait:ﬂ.m of excoss nalate
dohydropensne, coupled to NADH ﬁx&ﬂaﬁiﬁn vhich m samuﬁeﬁ
‘y’szmaﬁraphowmetrimﬂly at 25%2

! &:aisagm‘kmata + aspartate < glutamate - oxaloncetate
oxaloacotate + ADH = NAD . malate

Each ouvebte contained brain homogenate in 3.0 nl of the
- follouing bufferesubstrate mixtures
30 n!7 coparbate, 0.07 Eﬁg/ﬁl E‘?BD“IQ 10mi1 & ket:ﬁgmtamtzeg
0.0211 phosphate buffer, pH 7«4, 5/&1 of smmonium sulphate
suspension uf nalate ﬁehyﬂx‘agamzm aﬁ&e& to stert the
roaction, Plonks were mun in the same way as for GDH
assays, and ensyne cetivities wam caleulated in the way
ciescribed ahwm
) sC. Gg ) vies. sppayed by Assoy r;akmﬁ. IX
af mcz:;al, Beattie and Hopper (1962), and wes aleo neasured
spoetrophotonetricaliyy :

Iralonine - E&m&‘mﬁaﬁc nelid, - L»gmf;mt‘:e + pyruvate

iivate + NADH = lactate + HAD




Alanine was converbed inte pyruvabe which was measured by |
folloving the oxvinction ab 340 mp of HADH in the prescnce

of axcces lacbabe debydrogensse, Broin homogenotes wore
incubated ab 25°C 4n 540 ml of the following buffer~
subabrate minture: :
10ui o ketogluberate, 0.07 mg{mz NADH, 7md Lmalnnine, and.
Os11 phosphate buffer et pd 746« 5l of loctote dohydros
genaae susponsion were sdded to start the raacnimn, Blanks
vere run in the same wey as for GDH,

In 211 the spectrophotomotric assays of GDH, AAD and -
Ala-ATy yins vere made ab leest three times, cach timo with
three tissue concentrations snd with a suitcble blonks
Readings were taken eutomatically of the optical density

. vhich wag very sotive. Ouvettes wers inverted every tom

ninutes Lo prevont sebtling of the onzymes
GHSg gFaGﬁ GeBel1s2s) was sssayed by the mebhod of Sellingexr
nd Do Balbion Verstox (1965)s The reasction ves as £0llous,

every 10 ninutesy and at 2 to 5 minutes in the ¢nse of AAT

“V hy@réxylamine hera b@iﬁg tba aning uonor inn?ﬂaﬁ of ammoniat

clubemate « hy&m:zylamﬁ,ne + A'J'}FHQQW = By 4 glutmgﬁmxsmm
| | o | and

capped test tubes ab 37°C or 25°C ( for the rat ond octopus
respectively ) in a sheking water bath, in.;wo mi of the
follouing hulffovwsubstrate m&xﬁu&at

100mt Tris-B0Y tulffer pH Telky 0050 hyﬂrezylamiﬂe hyﬂraw
chloride frechly noutralised with NeOH, %0oF glubamate,
10mi1 ATP trisediuvn selt, 0.02M Mpcls, 04000501 BAT,

tontrels were run by omitting ATP or tissue fron the tubess

Viflerent anounts of ﬁiﬁ»ﬁa EQMﬁrétha were incubated in

After 30 minuboo of incubation, 6ml of ceid ferrdc chloride




solution ( OSSN HOL-10% TeCly=8% P04 ) wers added to vach
tube and a brown complex formed immediately, betweon the
glutanohydroxenate ond the ferric ilons. The colour was
rosd at 500mu sgednst & standard curve, prepared by incubating
samples of glutomohydreozamic acid ranging from 4 to S amoles
identically to the tissue somples as above, Sauples wero
mm in triplicate at three different tissuc concentrationss
Such runs vere repeated at ledst tuice, o a‘aandaxﬁ curve |
being made with every runs

In 231 the onsyme essoys described above except GlS,
protrectnent of the homogonate with TritonwX~100 was
recomuendeds This deteygent, consisting of a complex
nixture of polyoxyethylene others and povrtial anhydrides
of suger derivetives wus claimed to stimulate enzyme
setivities 5 t6 20 £old by Baldss ot als (1966), by roleasing
them f£rom the subtelluley particles to which they ave
attacheds 4 dilutivh of the homogenate in 0¢1% Triton
polution vas rmmanﬁaﬁ, with gentle niwing, without
frothing. Rat ond octopus brain homogenates were nasayed
with and without Triton pretrectmenty except for GNS vhere
it wos not recommendeds

METABOLISH IN THE CCTOFUS BR

Tt 45 possible to insact aatayua dirautly into the
brain cavity just sbove the vertical lobes I om indebtoed
to Dre Andrew Pockard { Stazions Zoologicey Naples ) foy
nis personal communication end instructions for this
operatione The operntor feels for the ridge of cartiloge
betweon the octopusts eyes and imjects divectly dour,
through the cortilage into the mucilege above the vertical
lobes the oibte iz shown in Figurc 6, Trial injedtions

R



&7

vore nade inbo decl oninals, then into live ones, using
Hethylene blue as a marlers, On dissection, it was found thatb
the injection was neordy aluays successiul. Yor the
guxporinentas 50 to 50 /uburias of U C I~glutanato wore
injectod in nob more Lhan ;G/u“ of 0.9 soline. Diffusion
of vadlioonctivity did occur into Hhe opbic lobe. Table 5
shows The counts going into the amino acids of Sthe fwo

optic loben, cxpresced as o percenbage 0f the anino acid
counts in the vertical lobe, The site of injection. This

is seen 0 incroosce ropidly with btince

DARIE 5
Counts in opbic lobe umino veids / Counbto in vertical lobe
amlno acids x 1000, al differcnt btines after injecllon of
TV gius amate into the oategus~

r— " 1}5,%0@3‘&&6‘0
5 | Lals (2)
e Mm@
GOY | | 2130” (J:’

Values aye meoans of tﬁc numbors of &OuUﬂLlﬂ&%iOﬂ in brociots

After killing, the opbic and vertical lobes uere
ozeised and kopt frosen ab -20° until roguived for tho
ioolation and detornination of the o specific actbivities of
the amino ceids, by veong of the avbtomated anmino acid
analyscer method descerlibed on page 75a
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‘Compenisen of p’wwin end mmmm ﬁciﬁ contont o |
|

|

|

|

- Teble 6 shous the pmwm and nueloic neid contont of
*b end oetopus braine  fThe protein contont of the verticel
1{3‘&@ in oubstontially lover then that of the opbic lobed
this noy be es 4G has mucilestd sdhering o 44 Tho amount
of nusloic oedd, based on wet weight end provein conbent
in around four ¢imes greater 4n the octopus broin than the
rob brain, sugrenting a greatér nunber of cells of smaller
sloe in the tctopus broine. Young (1963b) estimated that
over 95% of the cells in the optic lobe ond over 99% of
the cells in the vortical lobe wers under 54 in ddamoter,
whoreas in tho rat brain, eelle vrange fron 3 to 50 dn
ajomoter, { Hosokawn, 1963 )» Tho RUA/DNA ratio is alse a
uoeful inmdicetion of cell sive, whon comparing two parts
of the broin in the socmo speeies, bub 4ts value ds uncorbein
in eotimating relotive cell sires in differont specles.
Tt 48 poosible 4o caleulabe the numbors of cells in 1
|

$he norvous system from its DNA contont, vhich is constant

for all-the hepleid colls of o given species ( Mdreky

ond Rin, 1951)s Toble © shows the estimated number of

colls per gram web uelipht, ond por lobo for fthe octopuss
Assuriding thot **hc: value of DNA per nuclous of iirsky end

nis (1951) for the squid 48 similer to tho value Zor the
octopuc, tho eotimeted nurber of colls por g. web woight

iz 2 4o 3 bimes proator dn the octopus brodn, agedn

sugpesting cells ¢f onallew size. Asouming olso that the
avorage wolights of tho optic and wertical lobos of
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TABLE 6

COMPARTOON OF PROTTIN,AND IUCLEIC ACID CONIRNG OF OCTOPUS
OPEIC AID VERTTICAL TOBE AND RAT BRATIN.

Proporty . Optic lobe  Vertdcal lobe Rabt cortex
Rough wet weight 120 ng 70 ng 600
per nervous

gyston (cleoanecd)

og protein 97:3 (8) 72:35 (5) 101 (3)
pexr g vet wle

ng RHA/ g wob vwhe 5«16 (3) 2:04 (3) 1458 (3)
o DRA/G vob whe 3617 (3) 213 (3 O848 (3
mE DIA/100 ng prob. 3;@7 2:96 ) 0:@5 )
Ratio RNA/DHA 163 0«56 188

Bobimatod nos of  3.52:105(1)  2,392108(0) 4, 00210%(2)
cello/e wob ubs

Bsgigate& noe of

ce pPer noervousn 0DEe i

gysten:  nourons O;GﬁxﬁO”cj) Ouaﬁxﬂc“(“) G.Q&xﬁﬂggag
glia - - 0497210°

1) Calculaﬁiea besed on a figrve of 4 ﬁxﬁo @ DHA per
nucleus for the squid ( Mirsky ond Ris, 4955)

(2) cCalculabion beood on & figure 6f 66210 q“g DITA per
_ nucleus for the rat ( Vendrely, 1955)

(3) vValues for octopus wvulporis ( Young, 1965b)
(&+) Hurnborger, (1958).

Sonme of {he values vre coxpressed as the neans of the nunmbors
of exporinents in bracketo, and i S.Eules in some cases.



Os Wulmeris used by Young (496%b) in his estination
ove similar to those of eledone used howe, it is possible
to make o tonbabtive comparison: TYoung oblained o valus
of 65 million cells per oplic lobe, or 540 million per
prom es apainst 350 pillion in the Tables and o value of
25 miliion celle in the vertical lobe or 360 million por
‘gramy os agednst 250 nillion in the Tebles The figuves
ave; ot least, in the come orders Nowsver the method Of
calculation from DNA coatent gives the votal number of
- nuclei, whereas Young (1965b) only estimated nerve cellos
“his rules out o glizi: neuvonesl cell numbor rotio in
the order of 1041, as iz the case in the ret braing
The pavcacity of glicl elements in the octopus brain has
elready becn mentioned in chaptor 1, and morphologically
specking, the optic and worbtical lobes are more 2pslogous
to the genplie in the ret nervous systen bthen to the
cortoxe Tho ecatimated nunmbar of coells per gram wet veight
in the Toble aprees well with that of Hurnberger {1958),
being about 110 wililon suelei { neuronsl snd glisl ) in
the rob cortoxs ‘
Couparisen of anino scid levels in rat and octopus braine
Teble 7 shous the levels of the emino acids glutanate,
aspartate, glutordno, aianine and GABA in the octopus
brain and the ret corboxs HMany ocotinates of Ghe wvolues
in the robt broin eve to be found in the literature, and
they swve all in the pamo orders CThose quobed in ¢he Table
are from Coryer (1965), snd are caloulated on a protein
basis for comparison with the velues for the ochopus brain,
I'rom Teble 7 4% cen be seen thal, compared with The rat,
tho lovel of plutamate is highor, levels of caparbate snd
alenine much hichewr, ond that of GABA lower in the cctopus




TARLE

POOL SIZES OF SOME FREE AUINO ACIDS IN UNINCUBATED OCTOPUS
AND RAT BRATH.

myumﬁiea/ i 5%@tain

AINO ACID ___OPTIC TOB __ VERTICAL ToBn _Ran pazi(h)
Glutozete 115 144 90
Appartate 87 114 26
Glubanine 23 51 50
Alanine 79 66 8
GABA 10 14 24

(1) Carver, (1965) ,

VTalucs for tho octopus brain are the meons of 3 determinobions
in cach case, mode as deseribed in Chapber 2. The ronge

is 1575 , except for the GABA valuos, vhoro the range is 300



brain, vhereas glutonine is similer in vertical lobe
and rot cortox, cnd holf this value in the optic lobes

The imporience of gluceaa o8 a nebabolic and

reapirvatory aubatmata for broin tissue was diccussed in
Chaptior 1e The axperimﬁnta of Be1c££~6hazn ot ale (11955a),
'£6116bing the fate o£ U QC glucoae in rat brain slices
‘were ropeated anﬁ conpared uith optic and verticol lobe
 plicens
- Concontrotion curve for rlucoscs
~ The effect of the concontration of substrate glucose
" on the oxycen uptake ond G0 Production wag tested in rob
cortox plicess They wore incubabed in Varburg vessels
. with Bllinteuﬁeu&emson saline as described in Chapler 24
with Ui glucose, ronging in concentration from Iml to
20mily and 1 Yo 2 pCuries of rodiosctiviby per flasks
Oxygen uptole wos measurcd at 40 ninube intervals for one
hour and G0n collected and counbels Figure 13 is a plot

of oxygen upbolke ond cﬁe production againat substrate -
concontrations the curves are roughly porallel, and they
riso to o plotean botweon o concentration of 5 and 10mi,
mhorefore 10mM was chosen 40 be the substrate concenbrabion
in all the experdments to follow, for amino acide as well
as glucose, o molke compardson of results obbtained with
thooe differcnt svbsbrates easiery thus substrate
availability would not be e limdting fuctor in these
experimonts, Rose (1968) siso uses this concentrations
torcover Brodford (1968) quotes the mammalian brain's

rato of glucose utilisation in yive as being around

20 umoles/g/hey  therofore for a 100 mg slice in two hours,
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QX’%’GE;I UPARE ( umoles/g Jar ) ond 008 PRODUCTION ( counts
107" /nge protéin) 3316%0@. against comcﬁmr]g.mzx of

gluccc:e; Z%aﬂ brain alices were incubated at B

oxygen upbale and GO, production coleulatoed as Yonaribod

in Chapter 2. Points“are the eons af two ﬁetcmma'l:ions.




30 umoles of glucoge in 3 nl of nedivm should be sufficiente
Oxyren consumpbion and CO. production in rot ond octopus
braoin in vitro. )
Tigure 14 shous the oxygen upbake vith time of
100ng silice of rat cortex, opbtic ond vertical lobe ae
57° and 25°% rospectively, with 10m glucose. Tigure 15
shous the vespiration of the some tissues in the obsence
of substrote: wunder these conditions, the slices oxidised
endogoenous substrctes prosent in the ticsuey oand the graph
shows a non-linear, olov rabe of oxygen uptake over the
two hourse In the progence of glucose all three slices
respired at double the ondogoenous rato, and oxypen uptake
wag lincor in the rot brain slice though that of octopus
brain levelled off aftor onoe hours Table 8 lists the
initiol rotes of oxygen uptole in the preconce and cbsence
of glucose.

TABLE 8
INITIAL RATE OF OYYGEN UPTAKE OF BRAIN SLICES IN THE
PRESTNCE AND ABSERCE OF 10mi GLUCOSE

. Ameles/100on protein/hr
SUBSTRATE NOUT:

io
=

G

Q

SE_ g SOTMUDATION

Hat cortex 404 1 (6) 90x 5 (9) 2254
Optic lobe 22: 4 (5) B4y 2 (14) 4500
vertdeal lobe 15: 3 (3) 24+ 3 (4) . 1605

ven upLaLa woe measuxcd mannmeﬁrncally 28 &ascribe& mn
Chopber 2. Volues arc mezns i SeBelle 5 of numbers of
agpariments in braaL@ts.




0
5

Oxygen _uptake of _brainslices
- _Substrate_. 1O mM_glucose.. .
AaM O o |
o . /' \
r Clt o

js - 7

‘ e, ‘- : | »‘J ,‘-,./’/ : ’

5 /,ﬂ’ //.O‘/X 6«’0]:'

iy jjjjii:::fi::;ﬁifszfi
s o///é |
OX¥ 30 60 90 (20

t mins

FIGURE 14

O“ygaa uptalke of u 1000z plice of ochopus: 0%&&0 and Yvortical
lobe, and rat cortex. SUBSTRATE 410nk G%Mﬂogza For mncub&tion '
condivions, sec chupber 2+ Poinks are the “uaﬂs Qf values.:




\
MM 02 | Oxygen uptake ...

no substrate ...

TIGURE 15 |

Oxyzen upbake of a 100mg. slice of rat cortex , vertical
ani optis lobe at 37° or 25°C.
O SUBSTRATE ; Incubation medium saline ( for compdsition

see text) Points are means of 5 values.
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letabolie patiern for Glucose in tiscue slicoss

Slices of robt and octopus brain woro oxbroctod after
incubation with ﬁqgc glucose, and the counts incorporated
into COny lactato and amino scids were dotermined as sof
out in Ghapﬁer 2, using the scoanning technicue of Toue

(1969)e  Table O shouws the counts incorporated into

vorious motobolibes aftoy two hours incubation, A sinilor
pubtorn wos found 4n Ghe yrat and octopus brain, oucept
that no q“ﬁ GABA was formod in octopus broin slicoess
counbs incorporoted into products by tho optic mnd verticol
lobe were generally similors Comparing the r»at ond octopus
broin on o protein basis, incorporation was gonerally
highor in the mot brain with the imporbtont oxcepbion of
alonine vhich was $ £01d greator in the octopus broing on
the other hand only troces of aspartote and glubanine
wvere formed in the octopus brain, ond no GABA. Tipures
164 17 ond 18 ore photographs of the autoradiopraphs of
the chromatogrommed oxbracts of rabt cortemy; optic and
vertical lobo slices aftor ineubation with UIG glucosos
Incidontelly, touwrine was detected by ninhydrin steining
of tho octopus brain chrometorroms, bubt 4% Aid not appear
on the autoradiogrephs and was therefore not moeasured,
The oboence of o GADS spot is also shown on the
chronatopronsy

Bince the difforencos in obhsolute volues moy portly
reflect thoe different incubotion temperctures of the
octopus and the rat brain, a truor picture moy be obtained
if the counts arc expresced as percontoges of the tobtal
glucose rocovered os mobnboliten, thus eliminating thio
effeet,. Tdable 9 ghoun that only 11Y and 8% of the tobal
glucose counte vere recoversd as products in opbic and
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JUCORPORATION OF nlac GLUCCSE INTO PRODUCTES BY SLIQL? or

GGTO?HJ 01TIC AlID VTQHIGAL LQB& ATID RAT GO?TV

aounxa_ | raﬁein 40 cnnﬁs aubwtmabé
ERODUCE | OPTIC IOBE  VIT RTICAL TOBE RAT BRATN
€0, 688:68 (12) 645198 (135) 6770
lactato 73004284 (7) 57104170 (5) 24240
Insoluble 83411 (7) €420 (3) 49
regidue ‘ ‘
Glutonate 806137 (7) 84294  (5) 2524
alanino 1810:352 (7) 15123195 (5) 346
agpartate trocos tiraces 308
glubenine traces tiracen Q46
GABA nada NeCe npL

Batal counte
recovered oo
products 115 8% 255

1&&&5 of ratgand acﬁorus brain vere 1neubntad for 2 hours
aﬁ 37 _and 25" respectively, ond the products oxtro st@d and
detern, agca as doseribed in Chaptor 2. The subsirabe was
Onll U GILUGOSE.

Valuas oxpresgealaﬁ the means of the nunbers of cxperimonts

in broclkets, & SaBilles 4 in the case of the ochopus.

ggines for %he rat brain are the neans of &y the rango being
5 e
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FIGURE 17
Autoradiograph of chromatogragged extract of VERTICAL TOBE
slice after incubation with U "0 CTUCOSE. Origin is at top

left hand corner. gluc = glucose, lac = actate
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PABLE 10

Fy w v 14 > ) ¥ G e sy e gn o -
PERCENDAGE OF U'/G TABEL RECOVERED Tl PRODUGES APFER
TIGUBATION ©

T BAT AND COTOYUS BUuATH STICES WITH U G GIUCOSH

Product __OPPIC IOBE _ VURTICGAL TOBE _ RAT DRAIH
co Solt 793 19
TaBtato 69 G5 66

Totnl anino

acidn 25 26 15
glutonate 785 D05 740
alonine 17 17 0e8
usparbabe 0s9
plutasine 2o

GABA e

THe Valiicn Tecorded in Tablo U Wore 6npuessed 6o 4
percenbame of the total counts transformed into products.
TABLE 41
14

COIPARISON OF THE HBTABOLIC PATTERN OF U''G GLUCOSE IN
RAM TRATIN ATTOR ONE AUD THO HOURS INCUBATION

405gdunﬁs rducose

PRODUCT . Thows TS
Cﬁg 3000 6770
lactate 7700 24280
glutanabe y 1150 : 2524
elanine 190 316
aapartote 169 318
GABA 220 uzt
Unchanged glucose

in slico traces 5450

Bot brodin slices were incubated for Hwo hours as described
in Chapter 2. Doba from Chein ob al. (11969) for one hour
incubation, using subatraote of sinilar specific activity
to that for two hours.




i
vertical lobe respoctively, compared with 358 in rot brain. ‘
Tabie 10 shows thet on o percenbege basis, incorporation
into lactote and plutamste wos similar in octopus end rab |
braing opbtic lobe and verticel lobe CO, were ZAE and ,
3689 of the value for the rat, but the totol anino aecids
in octopus brain were double the velue in the rat braine
Thie difference was due o the incorporetion inte olanine,
20 £old higher in the octopus bhrains
It ioc Anterecting et this point to coopare the values
for rabt brein in Teble 9 uith those obisined Dy Choin ob ol.
(1969) for one hour's incubation (Tablo 11). The labter
gonerolly ocre around half those found for two hours, bub
only Sraces of unchansed radiosctive plucose arve found
inside the slice after one hour: aftor tuo hours bhis
accumulated to around Cu.3% of the totol substrate in the
mediun, The loctate valuos wore not comporeble on the
sane bosis, since lactobe was coleulabed as the sum of
thot in the slice end thot vhich had diffused into thoe
medium, in conbrost Lo the omino acids vhich 4id not leak
out of the slices. Drodford (1968) pointed out that the
total loetube production in vibro wes dependent on the
slice to medium volume ratio and this would appeam %o bo
the case heres the ratio of loctate counts insido end
oubside the slice ranged £rom 1/3 to 1/10 in theseo
wrperimonts, though the totnl counts as shoun in Table 9
&id not shouw this voriction,
Spocitic sctivities and FPool sizop of amino acidoe
8lices of rab ond octopus broin wore incubabed with
Hﬁ&G plucose and the spocific activities of the oning

acids formed deternined as set oub in Chaplter Z. Table 12
shows the spscific activities of the amino aclds compored
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TABLE 42
SPECIFIC ACTIVITIES OF FREE AMINO ACIDS IN RAT AWD OGTOPUS
BRATN SLICES APTER INCUBATION VITH RADIOACTIVE 10mi GLUGOSE

nisggﬁégggém/umﬂle

ANMINO ACTD - OPTIC TOBE  VERTICAL TOBE P RAT CORTEX

Glutamate 2612 (1) 2245 (8)  nese 199135 (6)

Aspartate 5+1 (1) 18:5 (8) {0407 .185:46 (7)

Alanine 40:2 (1) 3443 (8)  neSs 115429 (6)

Glutomine 4552 (4) 43418 (3)  ness 195120 (6)

GABA nede nede NeBs 17U445 (5)
TABIE 13

POOL SIZES O PREL ANINC ACIDS IN OCTOPUS AND BAT BRAIN SLICES
ATRTER INCUBATION UITH A0mil GLUCOSE

aumoles /mg protoin

AVMINOQ ACID ___ OPYIC TOBE _ VERTICAL IOBT P _RAY CORTEX

Glubanate 128237 (W) 92416 (8) {002 130:29 (9)
Agpoartate 48:15 (12) 75418 (8) NeBe 561135 (9)
Glutanine 2455 (12)  29:4 (8)  nese 120425 (9)
Alonine 95415 () 9858 (8)  nems 59716 (9)

GABA Nelle Nede Nele 5'?;3;23’] (9)

Slices of octopus opltic and vortical lobe and rat cortex were
incuboted for two hours , and the pool sises and gpecific
activitios of the froc amino acids deteoypined as described
in Chepter 2. The subotrate wag 10m U 7C GLUCCSE, of
specific activitg 1000 dpm/m/umcle . ~

Values expressed i Sl of numbors of omperiments in
braockets, nede = Not deteetedy nebs = not significant.
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o a gubstrate cpocific cclivity of 1000 ﬁisinﬁ/minfqﬂ“g
molea, Toble 13 lists the lovels of theoe amino scids
in the three tlooues afber incubations The pool size
volues ore less than thoir frue velues since isolation
of the oming zeids Lokes place in govercl stages as oet out
in Chopter 2, and some is losh .ab. cach stege;  hovever
this does nob affect the spocific cobivity volues or the
- comparison of the peol simes under different conditionc.
In the rat braln the specific sebivities of plutonate,
asportole, glutamine, clanine and GABA were ©ll in tho
same order (Table 12), cround 40 to 20¢% of the substrabte
specific activity, thol of alonine boing the lowosta
Ty controot in the octopun, specific ochivivics were
generally wnder 59 thot of tho substrate, and thic io
conpatible vith the louwer rate of metobolism and cbscluto
rate of incorporction of uﬁ C glucose seen in the previous
secbions Howcver the ppecific setivitics of the amino
acids showed more variation in volue compored with coch
other, thon in the case of rot brain vhere they were all
sinilar: that of slonine was the highest in both optic
end vertical lobo, elonine and glutomine vore higher thon
glutanate, cnd eopartate uas lover than glubonobes The
specific activity of aspartoete in the verticel lobe wos
four times thot in the optic lobo.

- %howo wop on increase in the levels of the omino
eeids aftor incubation vith glucose, compared with the
uninéubateﬁ lovelse Toblie 14 shows the roatios of these
valuee to facilibate comparison ond the esbina tiﬁn of
increoges or reduction of the levels after incubobion,

In the rat, glubomate and cspazbdate lovels vere paised
by around 40%, glutemine and GABA levels by aboul 1508 and




TABLE 44

LEVELS OF FRED ANMINO ACIDS IN OCUOPUS AND RAT DRATIHN ATTEIR
INCUBATICON UITH 10mil GLUCOSE

Tool B8izo BLLOr incubagion 7 pool B

GoLU ABP GIN ALL  GABA

Optic lobe 1410 0a51 1408 1,98 =
Vertical lobe 0aBlt 0466 1276 1oll3 =

Rat coxtoex Talth 138 2,40 7440 2.70

Valucg of pool sizes after incubation with glucose, recorded
in Table 13, caleculeted as a fraction of pool sizes before
incubation, recorded in Tuble 7.




tho alonine level scven timese Increooes wore not so

marked in the octopus brain vhere they ocgurred: osoparbate
levels wero reduced by about helf in both lobos, as wap
vertical lobe glutanutce The lorgest incrcases wero in
vertical lobe glubonine and alanino. 7The omall soount of
GABA in uvnincubated octopus brain dropred to levels belou
debection affor incubotion with plucosce

METABOLISH OF GLUTAMATE IIT VITROW
The proporbtics of glutamate in connection with brain
metabolisn have becn discussed in Chapter 1. It io of

- intorost to study its mobtobolism jn vitre hore, os it was

shovn to be node from glucoce by pob and octopus brain
slices in the provious sectiony Deloff-Chain ol als
(195%a) found thot rediocactive glubtanmate appeored in the
rat cortox slice after only three minutes incubation uith
ﬁﬂﬁﬁ glucoscs
Oxypen uptake ond C0. produchion.
| Figures 19 and 26 show the osyeen upteln of rat and
octopus brain slices with 10 glutcmete, ond with 10nM
plutanate + 10l glucosce CGlutomete stimulated tho
reospivetbion of rot brodn slicoes above the endogenous valuo
( compare f£iguve 15 ) ns did glucose ( compare figuro 14 ),
but unlilke plucose, did not maintoin & lincar rote of
reapiration over two hourss The use of glucose and glubonato
as conbined subotraties ( fipure 20 ) ocupporbted e respiration |
which wos idonbdical o thab with glubamate alones }
The overall oxygen uptcke of vortical lobe slices in ‘

the prescnee of glubtomote wos less then that with no
substratic at all ( compore Figuves 15 and 19 ), ond was also

identical to the respiration supported by @;ucoae and
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aM O, - Substrdte IOmM glutamate
20 ——
| ra E/ e
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TIGURE 19
Oxygon uptake of a 100 np ullﬁﬁmﬂmeQ$O{

vertical 1obe, and ral cortesx. SUBSTRATE 40mi] Gnumm AWE.," '
Tor incubation g¢onditions, sce Chapter 2.. Points are the
meons of three values o
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Oxygen uptake ‘
Substrates 1OmM glutamate +glucose

Oxzygen upbake of a 100 mp slice of opbic lobe, vertical
lobe, and rat cortexs. Substrotes 10mll Glubanate + 10mil
glucose. Hor Incubation conditions, Se6e Chapltor 2
Points ore the neens of three valuosS.
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glutonote togothere Thio in effect nmeant thot oddition
of glutonate to glucose reduced vertical lobe respiraition
in yitro to one quarter the volue, compared o the
situation with glucoce alonce. In contrast, glutonate
did not support in the opbic lobe an oxygen uptole hicher
than the cndogenous value, bub glubonate ond glucose )
‘together supported on oxygen upteke similar to slucose aloncs

Table 15 lioto the initial rates of oxysen upboke of
ral and octopus brain, with glucose or glubtomate clone or
ao combined subatratons Initicd rotes aye highest in the
rat Droin, ond higher in the optic lobe than the verbical
lobes
Hetobolic potiern of plutamate in vitros

The incorporation of U o glutanate in vitro into
products by the rat cortoes slice hao been studded by
Sellinger et als (1962), and Rose (1968 emd wes not
ropooteds Rose (19685)found that the labelled products
formed were, in order of labolling: €Oy anpartolo,
glutonine and GABA, Toctobe and glonine were not dotoctode
tUith added 10mil glucose, the potborn was chonseds Tower
counts wvent into capartate bBub more intod glutanince In
contrast, Sellinper et als (1962) found that addition of
unliabelled plucone slightly incrcosed the formation of
00, a6 well oo non=lobelled (0., though tho othor data
vas in ggrecnont with thot of Pose (1968 b).The drop in
eppartote vas explained os being due to o stimulation
of tho production of ATP by the glucose, which aceelerated
the rote 0f oxidotion of aspovrbobte and glubonate o Ceql

‘Table 16 shows the q*@@ production by octopus ana rob
brain olices incubated with 3‘1 ¢ plutcnate in the prosenco

and obsence of glucose., The olightly higher 2, P&P production
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TABLE 1

INITIAL RATES OF OXYGEN UPTAKE IN RAY AND OCTOTUS BRAIN SLICES
10m1 pubstrate _ suioles / 100 =g protein / hr

. OpGic 1obe VerticoL 1obe. };’%qt brain '
Glucose 5842 (14) 2u+3 (3) 89:5 (9)
Glubonote 27:2 (42} 211 (6) 81+3 {9)
Glutanate 5011 (8) 17:2 (7) 87+5 (9)
+ glucose ,
none 2241 (5) 1543 (3) 4011 (6)

Oxyper Uptake wag neasured in octopus optic and vortical lobe
and rat cortex $3i0039 as described in uhap jor 2e Valuoes

are the means 0f numbers of experiments in brocketbs,

b Baliellel « .

GO, PRODUGTION DY RAT AND OCTOTUS BRATN STICES FROM WMo
L@ﬂmmr‘ II TR 1RESEHCE AND ABSFNCE OF GLUCOSE

@iﬁﬁnﬁ/q@g/,ﬂO? ctg. substrabe/nz. protein

Cogubstrate

' OPPIC IOBE VERTICAT: TOBT  RAD BUATH
none 8504155 (15) 7265252 (6) 54804270 (6)
40mtl 457+ B4 (9} W15 (6) 57004205 (6)
glucose ,
r , L Osl (ne8.) ( 0805 | NeCs

Cobopus and rot broain slices were incubated wibh 10mll U qC
g&utamahe in the presencc and absence of 10all plucose, and
DPIOL duction measured oo doscribed in Chuopltor 2.
}'msug{; zpressed Go means 4+ S.TeiTe8 0f numbers of exporimentso

in bwasLets*
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in tho presence of glucose in the mat brodin agreos with
Sellingor eb als (1962). In the octopus brain the situation
van reverseds addition of glucose reduced the dncorporation
of ¢ nvo GOR by half in tho opbic lobe, ond by four
$istho in the vortical lobe: therefore, in conbrast to
tho r»ot broin, added glucose Aid nol stimulato the conversion.
of glubtoanate into Qﬁgu .
‘Specific octivities ond pool sises of free omino acido.

Tebles 17 to 20 show the speeific aciivitiecs and pood
cizes of the free omino. aeids &fbor 4ncubation witk‘ﬁqac
plutemate dn (he presence and absence of glucosc., 70
understond the vesulte it io necessery %o mole sovoral
compavisons, botucen the three tisoues for 2 single
substrato, and belveen the pame tissves with difforent
subastratcSs

uivh v glutamobe og cole substrate, specific
cetivities of the othor omino acids vere generally lower
in the octopus brain thon the ret brain, presunably becouso
of the pcasons discusoed earlier for the case ¢f glucose,
iscs tho slowver wote of metubolism in the oeclbopus brein.
e apocific ncbivity of aspevbabe wes the highest in 2ll
casens In the rot, thal of GABA woo egual o csporbobo,
ond glotonine vas half thetd volves In the octopus. glubonine
ond GABA were both leso thon ssporbete, (Table 17)s The
glutanine specific activity in the octopus wes pinilor Lo
thot derived Tvom glucose (Table 12). In the wvertical lobe
the epeeific activity of sluanine was sinilar to that of
plutanmine, ond eipght times highor thon in the opbic lobe,
vhore it cquallied that of GABA. In the rot brain the
apocific octivity of alonine wos the lovest of the anino
acids.

-~




SPECIFIC i&(ﬁi‘l”l‘“ TES CF TREE ANINO ACIDS TN

BRAIN SrICES AT

DABLE 1

; OCMOPHS AND RATD
TER_THCUBATION MITH UV'C GLUTAHATT

gggmntéming_myumcle

Anino aeid Optic iobe Vertical lobe T Rab brain
Glutemato 1000 1000 10C0
Asparbate W40 (1) 132131 (9) ness 618180 (8)
Glutanine 52:2 (8) 36:8 (6) nese 5574140 (7)
Alaonine 6:065(6) 48,11 (6) {0401 104140 (6)
GABA 935 (3) 20410 {(3)nese 7304260 (8)
EABLE 18
POOL SIZES OF FREE AMINO ACIDS IN CCTOPUS AND RAT BRAID
AYTER THCUBATION WITH 40mtl GLUTAMATE
o umolos/my protein

Apdno seid Optic lobe Vertical lobe p Rab brain
Aspartate 18127 (1) 204439 (8) nese 18354 (D)
Glutenmine 53746 (9) 61111 (7)  nese MM7:33 (8)
Alcaine 105:11 (1) ‘160.""" (8) mess 8530 (7)
ABA 8+1 (3) 19:4  (5) (0.01 8030 (8)

Slices of ocbopus oplic and vertical lobe and rat cortex were
incubated and pool sizes and specific activities of the Iree
amino aelds dehermined os desermibed in Chapler 2

¢ Glutamate, of specific ecbivity 000 dpm/

Substrate 10m1 UWe

n/upole»

Rosulta expresced as neans + SWE.M.8 of nunbors of experiments
in brockebS. DeSe = not gighificante
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TABLE 19

SPECIFIC ACTIVITIES OF FREE AMNINO AGIPS I CCROPUS AlID RAT
BRATH SLICES APTER INCUBATION (ITH Uq ‘C GLUTANATE TN THE
DRESENCE OF NON~LABULIED GIUCOSE

Disint/nin/p unole
Awing neid ..Optic lobo _' Vertical Yobe p Rat brain
Giutonote 1000 1000 | 1000
hroporbatbe 82410 (15) 195:54  (6) <0401 483:65 (9)
Glubanine 53:8  (12) 3148 (6) <0401 450+116(9)
Alonine 6106 (12) 5:0s6 (6) ness G446 (9)
GADBA Nude 12:3 (&) (0«01 590+190(9)

DABLE 20

POOT SIZES OF IREE ANMIAO ACIDS Til OCKOTUS Al RA% DRAIN
ARSTR THCUBATION WITH 40mi GLUTANATE 4 GIUCOST

Azino peid e Optiic lobe Vertical lobe p Rat brain
Asparbobe 150:13 (6) 195:25 (6) nese 128417 (9)
Glutanine 4746 (6) 10122 (6) nese 115125 (9)
Alonine 230128 (12) 196125 (8) <0405 91120 (9)
GABA neds 86326 (4) {0401 70416 (9)

glices of opbic ond vertical lobe and rat corven were
incuboted end specific activities cnd pool sives of the free
anino acids detornined as described in Cheplcr Ze

Substrote 10m UG Glutenate + 40mT Glucoses

Resulls exprossed as means & B.0.MH.s of nuubors of exzperimonts
in brockeise Neds = nob dotectole n.s.= not pipnificant.




zcids obboined with glucose os cosubstrate to UG
glutometes The relative specific cctivitios of the cnmine
acids were not oltered, oxcopt that asportate was reduced.
Table 21 compares the volues in the presence and ohaence
of plucose, and only in the case of veriical lobe alonine
vas there o significant, ten fold reduction of specific
aetiviby by the e@dition of glucosc. Table 22 compares
the pool sizes of the amino acids formed from 10mi
glutomate in the prosonce and obsenco of glucose, ond
Table 2% the pool sizes cupressed oo fractions of the
unineubated velues, Compared $o proincubation levels,

the pool sizes of the amino aeids eftor incubation with
10mt glutanato wore sltered ag follows: oll the omino
acids vers hicher in the rab brain ofter incubation,
notably copartate ond GABA, dncreased 7 £old and 4 fold
reopectivelys In the octopus, the hichost increase wos
in vortical lobe olanine, Dolnp 27 timos raiced. Addibtion
of 10nl glucese to glutonmabe os substnate coused e 559
drop in the lovel of acpanbtobe, ond 4% vould npeem, o
Sellinper ob oke (1962) suggest, to be due Yo the action
of glucose in promobing the complebe oxidobion of plubtanate
ond oopapbabtes. There woas no chonge in the levels of the
othor amino acids, In the octopus brain, the optic lobe
alanine level woo doubled, ond in the vortical lobe, GABA
wag wodoed 4 fold,

TFor the soke of clarity, Tebles 21 and 22 show the
results alroady showm, for conmpagison of the apecifie
activitiocs and pool sizes with aq“c glubanate with and
without odded glucose, btometheor with tests of significonce,

115
Table 19 lists the spocific activities of the amino
\
|
The only significont differences ( less thon €01 ) were
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TABLE 27
COMPARISON OF THE SPECIPIC ACTIVITING OF THE FREE ANINO ACIDS
I OCTOPUS AND RAT BRAIN SIICRS, APTER INCUBATION VITH
u'c GLUTAMATE, TN THE POROINCE OR ABSENCE OF GIUCOSE

Disint/min/m unole

ne plucoso _wibh plucose b5,
QELIC OB :
aspertabe W40 (1) 82+10  (15) ' NuBe
glutanine Sas2  (8) 53:8  (12) Nebe
alanine 61065 (6) Gx1 (12) Neds
GLBA 943 (3) Dede
VERTICAL TODE
aopavbato | 132431 (9) 195438 (6) NeGa
glutaning 36:8  (B) Mz (6) NeSe
alanine | 4851 (6) 5:1  (6) 00
GADA 2010 (3) 1243 () NeSe
RAT BRATHN
sopartote 618+80 (8) 483:63 (9) Nefle
glutamine 3574140 (7) 4504116 (9)  NeBe
alanine 104480 (6) Gl4t16  (9) NeBa
GABA | 7504260 (8) 5904190 (9) DaSe

Slices of optic and vertical lobe wore incubaticd with Uﬂuc
glutamote in the propence and abgence of glucosgy o was also
ot broine The table shows She resulils already given in
“ebles 17 and 19, vith testo of significence.

NeSs = not significonts Neds = not deticctods
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ZABYE 22
COMPARESON OF POOL SIZES OF FREE AMING ACIDS IU DRAT AND OCTORUS
BRAIN APTER IHCUBATION WITH 40mM GLUTAMATE, Il THE PRESENCE
1 _ADSENCH OF 40mi1 GLUCOSE

mamoles / mpy probedin

no glucose with glucose D
OPTIC IODE o
asparsate W27 (1) 150413 (6) NeSe
glutonine 37:6 (9 47:8 (6) TieSs
alanine 10511 (1) 250+:28 (12) {001
GABL 8+1  (3) Nade
VERPICAT, TOBH L
aspartabto 204439 (8) 192425 (6) DaBy
glubanine 6111 (7) 109422 (6) Deoa
alenine 16632 (8) 196125 (G, NeOe
GABA 1948 (3) B6+26 (#) < 0.1
RAT BRATH o
asparbato 189454 (9) 128417 (6) NeSe
plubomine 174335 (8) 115225 (9) NeDe
alanine 85430 (7) 31:20 (9) NeSe
GABA 80430 (8) 70416 (93 NeSa

The Table shows the results already given in Tables 18 and
20, with tosbo of sipnifleonce. n.s. = not significant,
net« = Not detecetod,.
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DABLE 25
¥OOL, SIZES OF IFREE AMINO ACX: I RAT AND CCTOTUS BRAIN,
ATIER INCUDATION VITH 10mr GIUTANATE IN 105 THESENCE AP
ABSTNOR 0T GILUCOSEs

»

Pool size effor incubabtion / Pocl size bafaxo incubation.

llo, pluccse ADR  GIN  ALA  GABA
Cpbic lobo TeC2 16T 1e295 080
Verticel lobe 179 120 2442 150
Rat brain Tal5 2eBl 1,06 5,80

Vith slucose

Opltiic lobe 1a75 260U 2691 -
Verticel lobe 1268 1498 2,97 6.0

nat bﬁ&lﬂ ‘ %u?a 250 » QOQQ Se5D

Pool simes of free amino pelids afier incubation with ﬂﬁmﬁ
glubanate, recorded in fable 18, or &fuer incubabion uith
10mit glubomabte + glucoso, @eccx&ed in Toble 20, celeulabod
gs o fraction of pool pises before incubsbion, zecorﬁad in
Teblo Ya

POCL SIZES OF PREE AHMINO ACIDS IN R4¥ AUD OCTORUS DRATH,
ATTER THCUBATION Wi "iOmI" Gwcmm I {EE VRESHNCE AUD
LBERNGE OF GIUTAMATE -

ool size aftern incubslion / Pool size before incubaﬁian
Ho glutanate AGE LGN  ALG GABA

Optic lobe 0u51 1408 1418 =~

Vertical lobe 0.6 1s76 1448 ~

Rat broin 1638 2,40 7440 2470

uiﬁh_ﬁla%amaﬁe

Optic lobe 1e7% 204 291 .
Yertical lobe 1,500 1408 2497 G20
R‘.,x'b b”&m Lrg?b 2030 1140 303.}

Pool Bizos aﬂ free amino ncids af jer incubation uith 40um
glucose { Teble 13) or 10wl glucose + 100 glutenate(Table 20)
oxpressed as a ;wactmon of those before incubation (Toble 7)
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Uhe  doubling of optic lobe alanine levels on the addition
of glucose, the four fold incroamse in veriical lobe GADA,
ond the reduction of the specific octiviby of vertical lobe
alonine, -

An intercoting conmparicon can be made, between pool
gizes ofter incubation with glucose alone, and with
glucose + glutamate ( Taebles 15 and 22 ). Tcble 24 shous
the ratios of the pool sises of tho cmino ncids Lo thoir
lovels before incubation under these conditions: conpored
vith glucose olone, pool sizos afber incubation with both
pubstrates wvere raised in all coses, the only exception
being the gluteanine level in rot brain ard verticol lobes
apart from those, amino oedid levels woro generaldly poised
2 %o 5 folda

It is olso vozth while to conoider the values of the
spocific netivitics and pool sizos simultancouslye
Differcnces found in the speclific activities wero sometimes
asccounted for s chonges din the pool slzesy sometines not,
and the lowering of the specific activity of an amino gedd
vas not aluays conconmmitont with cn inecrensed pool oizos
In the rat brein, the opecific setivity of glubomate~formod
aspartote ( Tables 17 and 19 ) £oll by 209 with odded
plucoses but the pool sivos fell by 554 ( Tebles 18 and 20 )3
this appcars to be due to the promition of the net oxidation
of aspartate coused by glucoses The situation in octopus
brain was differcnt, in that glucose coused o £all in the
specific activity of aspartete without & chonge in pool
pizo, indicabing that thic emino acid wes formed from
glucooe oo woll as from glutomote. The some sffoct was
oncountored earilicr vhen considering qQCOQ production
under the seme conditions, Alonine motobolism in the




aaa

doubled the pool sise in opbic lobe without aliering
the spocific activiby, thorefore the added glucose noy
howve stinulated nol incorporaiion of glubamafic into
olonino.

AR 2 ﬂ“’ﬁl@i}ﬂ Or A}}A?}ﬁ*}; NN OCTOTUS AD RAR BR! ATTT T VISRG .
In o provious section in this dﬁuptar it wos observed
that octopus brain olices incubobed with Gﬂgb glucone
incorporated mauy moro counts into alanine then any other
anmino acidy in contrast to the rat brain, ond that octopus
brain alanine hod the highest opecific aouiviﬁy of oll the
cnino acldse Therofore tvhe metabolism of 1%¢ 1molonine
uas anvestiga&e& in rot ond octopus brein slices in viltro
in the presonco cnd cbsence of odded nan«labelled ElUC0on0
D

son Uptakeo, GO, snd locltobe produchions

Figunes 24 ond 22 show the course of oxygen upbake of

o 00ng slice of optic lobe, verticol lobe and rat cortiox,
vith cleonine os subsirote, in tho absence and presence of
glucosce In nonc of these Uisscues did alanine slone

support o lineor respiration rave over Ywo bourss ond
comparicon with figure 15 shous that the webes wero sinilar
o those obtuinod with no substroitc. Howover, the sddition
of glucose stimuloted the respiration of rob brain slicos

Yo en exbont silightly higher thon glucose alone ( Figuro U4 )y
and a lineor vabo woo supporiicd over two hourse Vertical
lobe ozypen uploke was aleo stimlatied, bubt not Yo the
extent of the value with glucose cs substrate. Gptic lobe
slices likouise wore stimuloted, bubt to a losser dogree
thon the vortical ilobe. Toble 25 compares the initial
robes of oxysen upbokes for the throe tissues mnder these

.

octopus brain vas interesting: eddition of gilucoce
|

|

|

|
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Oxygen Uptake
A | Substrate 1OmM dalanine

00

™

== [20
O/% B 6o —20 Emine
PIGURE 21

Oxymen upboke of opbtic lobe, verticol lobe, and rat cortex
glices incubated with 10mil alarame H mcubaﬁion conditions
wore es described in Ghupmr Ee

Points arc bhe neans of Lhrec valuesy for a 100 mg slice.
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pIgURE 22

Oxymon Upboke of a 100mg slice of optie lobe, vertical lobe
and rat brain, incubabed with 10mnl AJlonine + 100 glucoses
Incubation conditions vuere os desgceribed in Chapler 2.

Toinbe ore the meons of threc voluese



TABLE 2

TILEIAL RATES OF OXYGEL UPTAKE OF OCTOPUS AND RAT DRATH SLICES
IHCUBATED UITH 10m) ALANINT IN TUE PRECENCE AUD ABSINGE OF
10n] GLUCCSH

-

/uﬁalas/'ﬂOG u protein / hr.

no_plucose Jith riucoge 2)
Opbic lobe 27 (1) 29 -

Variical lobe a8 1) 40 (2) -
Rat brain 6516 (7) WGl (7) £ 0,01

TADIE 26
CO,, PRODUCTION BY RAT AND OCTOPUS BRAIN

e M T TyEyTT e ‘
UIT UG ATANINE TN BUE PRESENCE AD

Yir2
o

5LICES THCUBATED
DOLHICE OF GIUCOSEH

Pt

Disink / nin /10° cts. substrato/mm probe

no_plucosc uith glucose D |
Optic lobe 6014100 (4 216:1048 (4) {005
Vertical lobo 185508 () S50 (4) NeSe
Rat brain 3024355 (12) 370:36 (10 NeBs

Slices of optic and vertical lobe and ret coricx were
incubatod with 0 Uﬂ%0 ImAlonine in the pesence and
aboence of 10mi7 glucose, and oxygen upboke and GO production
doternmined as desceribed in Chapbtor 2. Resulis exprossed

0o meons i Selallas of nunbers of exporiments iu brocketso,
vhoro possible. n.8. = nob pignificoat.
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conditionse Table 26 conpares the €O, production of rat
and octopus braln slices undor those conditionss qaﬂﬂg
was formed in ocltopus and rat broin, and production is
conparable in both breins. Addition of non-labolled
glucose caused o slicht increase in 00, production by
the rat bzain%gpreaumably by the stimulation of the net
oxidation of G alanine by the glucosce In conbrast,
octopus brain 002 evolubtion was diminished by the
addition of glucosey 4t would hove been useful to have
knoun the specifie activity of tho €O, here, te detormine
whm%hem’mare uniabelled €O, was ﬁorme&w

In no vase was redioactive lactato detected, in
octopus oy rot brain, except in the rot broin slice
incubatod with ﬁqab slonine in the progence of glucose.
Pelofo-Choin eb ale (1962) alsep found no counbs vore
incorporeted into lectate ﬁrﬁm.qqﬂ alenine olones It is
noteworthy that no rodiocactive lactate was detected with
v glutanote as sole substrate, also found by Roso
(1968 )

‘Spocifie octivitios ond pool sizes of amino oefds formod

from U C olanine in the presence ond obsonco of lucoso.

Tables 27 to )0 ghow the pool sizos ond syecific
scltidvitien of the frec amino acids formed from ﬁﬁ ¢ alanine

in vitro, in rot and octopus brain, in the prescnce and

chscnee of plucosecs Specific activitics on the vhole were
about & quarber the velues in octopus brain comparoed with
tho rate In the octopus brain glutemate had the higheot
specitic activity, ospartote mnd glutomine were lowor,

ond GABA was not dotecteds In contrast, rat broin glutonine,
GADA and glutomate @)ll had comparsble values, asparbate
having half the value of these throoes
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DPABLE 27

SPRCIFIC ACTIVITIEG OF TRIE ANMINO ACIDS IN OCROTUS AL RAT
- aps o - - . i z - —
BRATH SLICES APTRR INCUBATION WITH U /G ATANIIE

Disint/min _a/umale
Lming oedd Opbic lobe  Verticel lobe p Rab brain
Glubamatboe 79:20 (4) 5748 (&) nebe 2244356 (14)
Agportote 56410 (3) 28  (2) - 148419 (14)
Glutamine Sl 1) 1243 (3) ~ 295470 (9)
Alanine 1000 1000 | 1000

GABA Neds nede 202:54 (8)

DLBLE 28

POOT BISES OF FREE ANTNO AGIDS IN OCTOFUS AND RAD BRAIN
AFSER_IHCUBATION VITE 4Cmt ALANINE

nunoles/me protein ‘
Auino seid  Optie lobe  Verbicad Jobe p  Rab brain
Glutemate 72445 (&) 150435 (4) < 0,05 4334 (14)
sspartete hes6 () 55:8 (&) nese 7717 (1)
Glutomine 19 (@) 1551 (B)  ness 305 (13)
GADA nete el 2043 (8)

Slicen of octopus ayﬁiq@and verbical lobe and zab bLrain were
incubatod with 40mii U ¢ Imalanine , sopecific cetivity

1000 dpm / mumoley ond the pool sizes end specific aetivities
of the free fmino acids deteormined os deseribed in Chaptor

2+ Results given as neans + S.Eailes 0f nuabers of

exporinents in brackeis, where possible.

nede = not dotectied, nes. = not significant.
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DABLE 2

SPECIPIC ACTIVITIES OF PREE ANING AGIDS TN OCTOTUS AND RAT
BRALI SLICES ATEER THOUBATION WITH UG ATANINE + GLUCOSE

Disint/ min / mumoic

Anino acid __Optic lobe Vertical lcbo _» . _TRab brain
Glutomate 6318 (&) 102414 (4)  nase 166:93 (1)
Aspartote 23110 (&) 2410 (#) <0a05 83:8 (7)
Giutanine 16 (2) nede 7148 (6)
GABL nade Nele. '?9;;:‘32 (7)

POOL SILES OF FRER ANMINO ACIDE I RAT AUD COTCLUS BRAIN
ATTER INCUBASTON WITH A0mi} ATANTNE « A0mll GINCOCH

| B/un lo / up protein
Anino sedd _ Optic lobe  Verticel lobe 1p  Rabt brain
Glutomate 155:20 (4)  470s8 (&)  nes. 90:9 (1)
Aspartate 76214 (4) 18048 (&) <0s01 32:6 (M)
Glubtonine 26 (2) Nele 92417 (8)
GABA neCa Nede %&44 1)

Slices of opbic lobe, vertical lobe ond rat cortcx were
incubsted with 10nM UF¢ I~ilonine, specific activity 1000
dpm / m/umale,'ﬁégether with 10mH glucopes pool sises and
ppecific nobivitios of the froc amino acids were determined
s depscribed in Chaplior 2 Rosulbs oxpressed Qs meanb, i
B.E.Ms & of nusbers of coxperiments in brackets, whore
551b1ce Nede = 1ot detioctcd, DeBs = not significante

fg‘
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Addition of glucose reduced the specific activities
of the amino.ocids in the rat brain, bub glutonine ond
GABA werce nost reduced, so that glubomate hod the bighoot
specific vobivity.

In the ocbopus brain, apecific activities werc net
roduced: optic lobe plutamate wos unchenged, verticel

lobe glubomate ocnd osporbote vero doubled. %o ossess bhe

values of thece differencos, Toble 31 compared the speeific

activities in the prescnce ond obeenco of glucose, with

tosts of significonces Assuming bthat the olanine onters
The citric ecid cycle by troncenination and conversiou

into pyruvebe, it 4o difficult Yo soo hou cddivion of

- glucose coused o rise in Ghe specific activibics of glubamate

and apportete in vertical lobe, unless a new pathuay for
alenine wos present for enbry into the citsic ccid cyele,
by~passing pyruvatos
Pable 35 lists the ratios of the pool sizes recorded
in Pobles 28 ond 30, to the welues before incubotions
Some ourprising feabures ore evident: there was no incresse
dn the pool scise of cny anmino oeid in octopus or rat brain
after dmeubation with 10aM clunine, with the oxception
of rabt broin soportotos Tho lovel of glubtanate in roat
cortex and in the opbie lobe was reduced o obout a half,
Octopus aspartate levels wore also halved, though aspartatio
vas doubled in tho rat braine Vertical lobe glubtonine
foll %o one th the proigeubated value, It would have
boen intoresting to hove obboined values for the total
production of COyy b0 ooe If clanine promdted the oxidation
of the anino acids, resulting in thedr foll in levels
Inspoction of Tablos 32 end 33 reveals thot addivion of
plucose rosulted in on inercose of tho levels of 211 the
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DABIE 51

COIMPARISON OF THE SPECIFIC ACTIVITIES OF THUE AMING ACIDS

OF RAT AID OCTOPUS BRAIN APTER INCUBATION UITH U'Y G ATANINE,
I THE PRESENCE AND ARSENCE OF GLUCOSE

OPTIC IOBE

giutanote
osparbatic
glutanine
GABA

VERTICAT, TOBD

glutanate
aspartate
glubamine
GABA

RAT BRATI

glutanate
aspartate
glutanine
GABA

Dipint/ min/ n /umole

no_glucose uith glucose B
79:20 (&) 63118 (&) NeSe
56110 (3) 25410 (3) NeSa
S (D) 16 (2) DSy
Nede Dadle NeSe
5748 (&) 10214 (&) < 0,05
28 (2) 62410 (&) DeSe
'12:3;5 (5) nede Nala
Nede NeQle Neba
224436 (14) 166413 (1) NeSe
148519 (14) 8518 (7 { 0,05
295470 (9) 7148  (6) < 0405

79112

202:54 (8)

(7) NuBe

The toble ghows the results alyeady given
29, together with tests of significonces

in Tobles 27 and



129

COUPARISON OF POOL SIZES OF AMINO ACIDS IN RAT AND OCTOFUS
BRATH AVDER INCUBATICN WITH 40mil ATANINE IN THE PRESENCE OR
10mI1_GLUCOSE

gyumalasx/;mg protein

no glucose  with glucose D
OPTIC IOHE
glutomate 72415 (&) 135420 (4) <0405
asparbate 4646  (4) P67 (4) {0405
plubanine 19 (2) 26 2) NeSa’
GABA NeCe neils NeSu
VERIICAL LOBE ,
glutamato 150435 (&) 17048 ) NeBa
aspartato 55:8 (&) 140:8  (4) ¢ 001
glubomine 1541 (&) Nl NeSe
GADA ‘ Nels » Nee Nede
RAT BRATH |
glutanate 4358 (1) 9019 (1)  {0.01
aspartato ?27:7 (I8 3246 {11) { 0.01
glubamine - 3045 - (13) 95417 (8) ¢ 0401
CABA Nl %ﬁng- (1’1) <0§Gq

The Table chows the pool sizes alrocdy listed in Tables
28 ond 30, together with tests of significoncos
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TABT 53

POOL SIZES OF FRUE ANMING ACIDS IN RAT AND OCTOTUS BRAIN
APTER INCUBATION WITH ATAIINT AND/OR GIUCOUT

Pool size after incubation / Pool sise before incubations

SUBSTRATES GIU __ASP _ GIN _ALA __GABA
Llondne
Optic lobe 0Bl 0455 QW85 = -
Vertical lobe 1 QOIF Oalt8 @1‘89 - -
Rat cortex Qell8 2696 08060 = 095
Glucose
Optic lobe 110 0u51 1204 1318 =~
Yerhicel lobe 0uGl 0BG 11670 MaliS =

- Rab cortex Nl . 1,58 240 7,40 2470
Alanine + Glucoge
Copbic lobe 120 0uB8 1815 =~ -
Verticol lobe 1678 123 - - -

Rat cortox 1400 1423 186 - By h8

Tool sizes , recorded in Tobles 26, 30 and 14, expressed as
o froction of pool sizes of anino seids bofore incubabion,
roacorded in Table Vs



aming acids in the three tissues vo some exbent, with
the excoption of rot brain aspartote and veritical lobo
glutonine vhich was holveds Tho most significont inerocses
- uwerce rat brain glubemate, glubenine ond GABA, optic lobe
plutanate and aspartalte, and vertical lobe asparbato.
the deercase of rat brain asparbtate was probably due to
the stimulation of the net oxidation of this amino acid
by the addition of glucose, since the reduction of the
pool size was accompanied by & foll in spocific activity,
( Table 31 )s Rot brain glutanine ond GABA values wero
radsed 3 to 4 L£old by the addition of glucoscs

As woo menbioned corlier in Chapler 2, there is a
poosibility thot other omine acids have been undotocted,
and these moy well be dnvolved in some of the tranoe
- formations of alanine into the citric acid cyecle
intermediatoss

TURTHER TIVESE
ALANING T3 m*

15

In Chayﬁez 4g aerﬁa&n‘una yaetea aa*feranaew were
pointed out in the metobolisn of glucose and pyruvote
in vitro, and reosons were suggestoed for thems The
folloving is on abteonpt o help clarify the situetion in
the rot braing regrettobly, lock of animols pode the
investigotions on octopus brein inpossibles

Tigure 2% comparcs the course of respivation of a
rot broin slice in the prescnce of substrote glucoso or
pyruvatcs Pyruvabte secmed to support a slightly highex
rogpiration than glucooe, eo olso stoted by Droadford (1968),
and it mointained e lineoar rospirotion rote over two hours.
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Table 4 compares the formation of CO, and lactate
from Uﬂqc pyruvate or glucose in vitro. fThese uere both
- higher with glucose as substrates and the resulis of
Chain et ale (1969) are in sccordence with this. Thio
is uncxpocled since Cremer (1967) points oub that pyruvate
is oxidised o COp wice as fast as glucose, but she also
found a highor lactato production from gilucose, though the
veasen for thic anomoly is still nob upparcnts

Chodn ot ols (1959) compared the motobolic patbtern
of incorporation of radiosctivity from glucose or pyruvate
into producto, ond found thet slutamata ond GABA production
wan cimiler in both cases, but Hthat of aspartate ond olanine
was less fron glucones

Tables 55 ond 36 compare the specific activities uﬁﬂ
pool sizes of the free amina ceids after incubation of
rat brain slices vith redioactive glucose or pyruvatcs
The differonces were striking and wnoxpeciot. uﬂ“c
pyruvabe yielded a pglubomabe of cpecific netivity ton tinmes
that obtained from UG gluconc, though none of the other
aming ncids shoved such o larvse discrepancys Spocific
cotivitios of aspartatc and GABA were twice as high aftor
incubation with pyruvate, but those of alonine ond glutomine
vore similovs ‘

The pool sizes of clanine ond GABA were sinilor aftor
incubation with glucose or pyruvabe, bub thot of glutanate
wos twice vhe lovel after incubabtion with glucose thon
with pyruvabe, and that of glubanmine five btimes.s
Effect of nonw-labelled slonine on the nmetabolism of

abe din vitros

The ¢ffect of the cddition of non-lebelled alanine on

the opeeifle cetivitios and pool sizes of tho amino acids
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Subgbtrote

Digint/min/ 4Cﬁra0unta subsﬁrate/mr praﬁein

COn

lactate

EREC glucose
v pyruvabe

67705920 ()
48904570 (1)

50204292 (8)
21644508 (6)

TIC ACUIVITIES OF FRES AMINO ACIDS Il 7AT BRATH STICES
AVTER IUCUBATION WITH UV'C GIUCOSE OR UG PYRUVATE

Andino seid

Glucese

Disint min m/umola

Eyruvate

Glutanate
Aspartate
Glutanino
Alonine
GADA

199433 (6)
185546 (7)

195520 (6)

15329 (6)

A4S (5)

1629380 (10)
553458 (7)
112:28  (10)
191424 (10)
254441 (6)

DABIE 36

TOCL SIEES OF AMINCG ACIDS IN RAT DRATIN AFTER INCUBATION WITH i

3{};};;‘ GTUCOSE O PYRUVATE , S
myumcle [ protein
Anino ocid Glueose DPyruvatbe
Glutonoto 430£29 ©) 6948 (10)
Aoperbobo 36315 (9) 45+9 (10)
Glutauine 120£25 (9) 2514 (8)
Alonine 59416 (9) 5046 (9)
57+ 1 (9) 'ﬁ2@9 €5))

GABA

8lices of et cortex

were incuboted with U

qac 10ty gluccse or

pyruvate, ond LOa s loctote p”eductxﬁn, and the pool pines and
gpecific actiV¢t:ar of the Lroec omino acido deternined asn

ase 1b$d

pn /1 Ao 0w

(S FEEASE]

E ulfi:s zﬁgﬁfea

AT SPREQIFIC ﬁO”“V ?V = 1000

as ooons ¥ *L.Z‘G (o Jll

mumbewm 02 e?penmuentu in bvacLa%s,
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forned from u""‘c pyruvete in vitro by rat brain slices

vas investigatod. This was o ascertain vhethor pyruvate
vas incorporasbed into plubemate, coportate, glubanine and
GABA through a pathuay invelving alanine, by-passing the
convoersion of pyruvate to Acolyl Cod and citrate: if oo,
then non-labelled alemine should conoiderobly dilute this
incorporations

| Table 37 shows the respiration of slices with 10my
pyruvate + 10mil alanine wos not found to be different to
that with pyruvate olonee Aloo, more €O, end less lactate
were formed 4n the presence of alanine, though the

Tables 38 and 39 show the spocific activities and
pool sises of the aminoe acids after incubation of rat
brain siices with Hﬂac pyruvate in the presence ond
nbsence of slonine, Only in the case of glubomine wan
thore a significant reduction of specific activiby by the
addition of tho nonw-lobelled suvbstrate, thoush its vpool
size reomained unalbtored: it io hard to interpret this
othey than alonine conpebed with the synthesis of
glutamine ( and not of the other omino oeids ) fron
pyruvate, thot is, plutonine could be synthosised via
alenine, by a route not involving the cibric ccid cycles

- The reender is reforred back to Figvure 10 in Chapter 2
{ page 72 ) for o diogram of the interrclationships of
the amino zeids ond citric ccid cycle inbtermedictese
Infiuence of cdded pyruvate ond of inhibitors on the
motebolion of alanine in rat bredn in vitro.

The above exporiments were performed in roverse, that
iﬁs “ﬂab alanine wos incubabted with non-lobelled pyruvote.
Incubations vere also carcied oud in the presonce of

o
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TABLE 37

OXYGIN UPTAID, 002 AL LACTATET FRODUCTION BY RAT DRATH

SLICHS INCUBATED VITH U'C PYRUVATE, IN TUF PRESENGE AND
ABSENGE OF ATANINE

Pyruvate EPyruvoteralenine P
Oxyeon U tmég 2.9 (9) 15946 16)
{ umnlcss T00ng 142+9 (9] 39+6 (16 Nela
/protein/hr ) - - *

€0»_production &

dpm/10 ctos 48914570 (1) 53254650 (11) NeSe
subgtratie/ns prove } '
Lactate production

dpm / 107 ctoe 2964+508 (6) M85:355 (6) Nefia
subsbrate/ng prots , |

Slices of robt cortex were incubated with ﬂqﬂﬁ 10011 pyruvate

in the presence and gbsence of "0mll Iealonine, and
oxygen uptake, €O, productlon snd laciate production
detormined as deseribed in Chaptor 2. Results expressed
as means + S.BEelleg of nunbers of cexperiucents in brackets.
ne0s = not significonbs,
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TABLE 38

SPEGIFIC ACTIVITIES OF TREE AUINO ACIDS IN RAT BRATN APTER
INCUBATION WITH U''C_FYRUVATE, WITH AND UITHOUT ALAIINE

Dagint/nin/m uaole:

Anino acid No alonine ~ Uith alanine P

Glutamate | 16294580 (10) 15944105 (9)  neBe

Aspartate 355134 (7) 568+142 (8) NaSe

Glutamine 112422  (6) 25:6 (5) <0401

Alanine 19124 (10) 5046 (13) =~

GABA 254411  (6) 48128 (5) <0401
TABLE 39

POOL SIZES OF FREE ANINO ACIDS IN RAT BRATN APTER
INCUBARTON WITH A0mM PYRUVATLE, VITH AUD WITHOUT 40mi ATANINE

B umoles/ mg protein i

Amino oeid o alonine Yith alanine P

Glutanate 69+9 (10) 66+5 (9) ReBe
Asparbate 45+9 (10) 38+9 (8) DeSs
Glutanine 25:4 (8) 5247 (8) NeSe
GABA 42:9 (8) 60+12(6) NeSe

Slices of rab cortex were incubated with U'YC 10mi pyruvate

in the prosence and absence of 10t alonine. Starting specific
activity of pyruvate = 1000 &pm/m/umoleg Specific =cbivitiesn
and pool sizes of the amino acids were deternmined as described
in hapter 2. Results oxpressed as npeons i S.E.l.8 of
nunbers of experiments in brockets. nese= not significant




inhibitors of the cibric weld oyeles 40 see vhether
ﬂqac alanine ic oble o be coaverted inte glutoamate and
aspartaticy by-pascing tho ceycle at two stagess The
inhibitors were fluorscetate, vhich is converted into
fluorccitrate ond inhibits the onzymo aconitase ( Potors,
1952 ) cetalysing the icomeriscihion of citrotes the other
inhibitor octs et o difforent point of the cycle: malonate
ic 2 competitive inbibitor of puccinic dehydrogenase
( Bini end Guastol, 1959 Js Tho method of additvion vas ap
follouss the rm&iaactiVa substrate was tipped from the side
arm of vhe Worburg incubation vessol oftor the slice had
boen elloved o oquilibrate with the inhibitors during
the goscing peviaa of cbout ton minutes. The concentration
uged for tho inhibitors was 10mM, the some oo tho substratos,
sines they are both compebitive inhibitors, ( Dixon and
tebby 1964 e

Tigure 24 shows the respirction of rol broin slices
with 10m alonine alono, 02 in the presenco of pyruvaboe,
fluopacetate, ond fluvoracotote + nmolonate togothors
radition of pyruvebe rodsed respiration, comparcd with
olonine alone, ond a linear respiration rato uvas obtained
ovor tuo hourss Houcvory the prescnee of fluoraccbate
rofduced pespiration to below the level of that with alanine
alone, ond the further cddition of nalonate proactically
oboliched it nltogethoras

Teble 40 shows tho production of €Oy from ﬂﬁzb alaniney
in the prescence of pyruvate and the inhibi bopoe Addition
of non-lobelled pyruvete did not alter the CO, production,
which i unexpected if slanine is supposed to cnber the
citrde ceid cycle via conversion to pyruvato, for conversion
into COpe Surprisingly, the presence of fLiuorscotato
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OXYGEN UPTAKE OF RAT CORTEX SLICE WITH
7 10mM I—~ALANINE '

M O3 |
| i = | | 10mM
25 o | D COSUBSTRAT
& PYRUVATE
20
15 |
O
NONE
5 o A———A—% . FLUORACETATE
G A " FLUORACETATE
A : : + MAILONATE
Z 30 60 . 90 20

}?IGURL 2& _
Oxygoen upbake ef a ’XOG ng a:'at bram slice 4dncubated
with 10mi1 alzm:me, in the @rcsence ond agbsence of 40mM
cosubswa{:as and n.nmb::boraz pymva-i;e, i‘luemcetaw, and
ﬂucaxvacemte + malonatm Incubatian conﬁ:.tz.ons as éescm.bed in
Chaptier 2, and pethod of addition of inhibitors as dosc¥ 31‘013
in Ghap’cor 3o Pomts arc the means of 3 valuess
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TABLE 40

€O, PRODUCEION BY RAT BRAIN SLICES FRON U''C ATANINE
TNl THE YRESINCE AND APSEHCE OF COSUBSTRATES AUD TNHIBITORS.

Cosubstrate Disint/min/ 10° etp substrato/ me protein
oz Ainhibitor ‘ |

none 1202:35 (12)

glucose 370436 (10)

pyruvate 254461 (10)

fluoracebatie 249417 (5)

- alons’ .

Liuvoracoiato 2515 (6)

4+ nolonote

€0, groduct%gn was uneasured in rat brain slices incubated
with 10nM U'°C Imalanine as described in Chapler 2. ethod
of oddibion of inhibitors ( 10mM) descriBed in Chapter e
Results expressed ag means i B.E.M«8 0f numbers of
oxporiments in brockebss




144

barely clicred the G0y production, vhile thot of maolonate
combined with fluoracctate almost reduced it to zeros. This
may indicate that alanine is ableo Yo enver tho citrie acid
cycle after the citrate step, but before the succinate

ateps. ( Sec Fipure 10, Chupber 2, poge 72 Je One possible
nechanism would be the conversion of alenine to propionyl
Col, which in converted to succinate via propionyl
corboxylases +this onzyme hes been denonstrated in oonme
molluscon timsues, ( Goddard snd Marting 1966 )
Altornetively, aspartate and alondne arc interconvertiblo
through docarbawy&utiﬁn or CO, fixation, { Lioret and Hoyse,
1965 ) and this moy also be & meanm of enbry of slanine into
the cycle, though the formation of glutamate would still

- be inhibited, as i% would involve poing round the citrice
acid cycle in reverse through succinate.

Tables 41 and 42 show tho specific activities of the
amino acids formed from UG slonine in the presence of
pyruvete and the inhibitors. Addition of pyruvate coused
the specifie activity of the glubtamate o be twice the
valve compared o incubation with alonine alone, bub that
of glutanine was reduced to o tonth,y and there wag no
change in the othor opino acids. Table 41 shows thabt the
addition of fluoracetate nlone os suppoged inhibibtor gave
volues for the specific activitios of the anino acids
- piniler to Yhose obbtoined by using glucose as cosubstratcs
Glutamate, cspartebe and GABA were decroased by around half,
compared to incubation with alanine nloncs. 2Adddition of
malonate and fluorccetate to alanine did not, conbrary vo
expectation, decrease the specific nctivities f{urthoer,
compared to fluoracetotie clones It is surprising that
incorporation of rodiccetivity from alanine occurred at ell
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TARLE 47
SPECIFIC AGTIVITIES OF FREE AMINO ACIDS IN THE RAT BRATY SLICE
APTER THCUBADION WITH UYC ALANING, UITE AND WITHOUD
COBUBSTRATES AND TNHIBITORS

Cosubstrate

‘or Inhibitor  GIU _ASP  GIN  GABA
none 206436 (1) 148319(18) 205:70(9) 202:54(8)
glucose 166:15(11)  83:8 (7) 718 (6) 79:12(7)
pyruvate 419:55(110) 196:42(7) 2346 (4) 255:47(7)
fluoracotate 154+25(5)  55:7 (5) nede 56+15(5)

fluoracetabe 563ﬂ2(6} 4ﬁ0¢ﬂ4(@) 644 (5) 121.16(5)
+ malonate - -

TARLE 42

POOL SIZES OF TREL ANINO ACIDS I RAT BRAIN ATPTER ITHCOUBATION

»ﬁg?ﬂ 4Gmﬂ AL&NZ&EWH§Q§ AFD ﬁI@HQﬁ@ CGSQ@QTE&QE& ATTD INHIBXTGRS
o uzod rotein
Cosubstrate .
or Inhibitor GIU _ ABP  GIN __ GABA
none 43L0(18)  7747(14)  30:5(13) 2033 (8)
glucose 90:9(11) 32:6(11) 93:17(8) 94x14(11)
pyruvate 97+9(10)  S4:5(8)  52:8 (9) 2913 (7)

fluoracetato Ses2(4)  92:4(4) 4315 (5) 2642 (5)

fluorocotate WH:B(6) 28:3(6) 69:4 (6) 202 (5)
+malonate

Slices of ralt cortex were incubated with 10mM ¢ alonine |
in the presence and sbsence of cosubstrates or inhibitors, ‘
cnd specific activitios end pool sizes of the freec amino acids
doternincd as described in Chaptor 2, Storting specific activie
ty of pyruvebte = 1000 dpom/m umolos Resulbs expressed oo
neans + SeBelles of numbers ©f oxperinentio in brackets.

n«dex not dotecteds
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under these conditions, oince the production of CO,

uns procticelly zoros Uupbhermorc, the poisoned slices
oppeared pale and crinkled at the end of the equilibration
period, before the addition of redicoctive alanine, and
secned in no conddtion to carry oub mobabolic brange
formationns I 4s notovorthy thet Kinl and GQuastel (1959)
found thot malonate obolished the incorporation of radiow
activity from glucose into emino ceidse It 45 elear thot
interconversions occur vhich arc obscurcs “
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CHAPTER &

Supplementary experiments wore porformed to confirm
eorlicr findings on the compsrative metobolisn of the
anino acids in the rot and octopus brain. Theso consisted
in testing for active uptoale of q~ amino ccids in vitro
fron the medivm in the presence of non~lubelled glucose .
to provide onergy, and Uhe quonbitebive ossays of cone
- 0f the enzymos dnvolved in tho formation ond intor-
conversions of the anino ocidse

ACTIVE UPDALEL OF AMINO ACIDS BY RAT AD OCTOPUS,_ BRA VI SLICES.

The phonomenon of cnorgy~dependent upbake of shino
acids by rat brein slices in vitre from the mediun wes
discussed in Chapbor 1. HNegoba eb als (1966) used uptoke
oo a tost for showing that GABA was not involved in the
netobolion of isolabed rad spinol gonglics  Since in
Chapteyr 3 4t was chowm that GABA was not formoed by ootopus
broin slices, under conditions vhoere it was formed by rob
brain slices, slices of octopus ond rot brain were tosted
for acbive upbolie of GABAs It was also uscful to test
the other omino neids, since The study of vptoke in the
octopus could hove inplicobions ae regards the comparotive
nonbrane properbics of the two unimolo,

Optic ond verticol lobe end rat corticel slices wore
incubated with 10mi rodioactive glubomate, glutanine,
olonine ond GABA, in tho proscnce of 0o glucose, ond
tho concentrotion of redioactivity por unit volume of
slice ond mediun debornined as deceribed in Chaplor 2
“&cog was algo collecleds Table 45 shows the upbake of
the four onino acids by ot cnd ocbopus brain olicen,.
the rablo wos greater thon fourfold in the case of
glutemate, glubonmine and olenine in the rat brain.
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TABLE 43
urTaAKE or glhg AUINO ACIDS BY OGTOPUS AND RAT BRAIN STLICES
Amdno ceid . Optic lobe Vertical lobe Rat brain
I glutamete 0.83+007 (8) 18052042 (6) 4,13 (3)
I glutonine 04701006 (10) 1%35:0415(8) 4480 (3)
I alenine 0s9120611 (4)  1410:0.07(6) Uo7 (3)

GABA 0e52£0408 (7)  0a57:0.03(6) 2401 (3)

Slices of rat and octopus brain were incubabed ab 3?° and

25° respectively for 2 hours, in the prescnce of 0ni e
arpino acid and 10mi non-labelled glucose. Counts poy unit
volumo nediunm and slice were debermined as deseribed in Chapter
2« Resulls expressed as robio counbts per unid volume slico

/ counts per unit volume nodium, givon as the meono + BaE.l%.8
of nuobers of ozperinonts in brackets, vhere possiblo.
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In the octopus brain, the ratios borely reached unity
after two hours incubationy and the volue for GADA wag
only 0453 in the rat brain also, the value for GABA was
2lso half thab of the other anmino seids, bui bhis stild
omounted to greater thon unitys. DToukada, Hagaba, Hirono
and Motsutani (1963) aclso found that GABA was talken up
by rat cortox slicos to o lessor oxtent than glubanete:
however, glubanine was token up even loss than GABA afton
one hour. Also, Blogberg ond Tajbtha (1965) found that
GABA wap taken up by mouse brain slices to o grootor oxtont
then plutomotes So it vould soem thot the results obbtoined
.depend on the incubation conditions, ond 4% was hoped that
thouch the values in Soble 45 did not correspond asxactly
vith those of other cuthors, this would not affect the
conparison nmode here betuwecn the rat and octopus braine
Teble 44 chows the upboke of glubtomate at zere time and
in the prosence of cyonide, and confirms that the radioe
aetivity found in the slicoe is only due o surfoce adhopion
to o small oxtent, ond that the accumulation of glutonato
io enorgy~dependent and sensitive to cyanide, though passive
diffundon doos occur in the presence of cyanidcs

. :.&m%
UETAEE OF anu@hﬂxc ACID BY PAD BQ&Xﬁ I VI”PO
Conditions sddoo/t
Zoro Tinme incubatimn 01
1 hour incubation 296
1 hour incubotion 080

vith Smit KCi

nesults aro expresascd os in Qﬁble 45, ond are the mechs
of ftwo volues.
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Slicos of octopus brain worce incubated for longer
times wiﬁh.ﬂﬂgb gluﬁamahe, to see whethor ccbtive uptoke
did occur, but more slowly than in the rat broin, Table
4% ghous that even aftor four hours, the slice/mediun
concenbration rotio was nobt much preater thon tmitye

TABLE 45 | ‘
upeas or U'e GLUTANATE BY OGTOPUS DRATH SLICES FOR

DITIEREND BATTON TTL

, ertgcal dobe
1 hour Outilt (3 0468 543
2 hours . 085 (8, 1403 (G
5 hours 120 ,
I hours T’ 1462 (1)

Fo—— in

Rosulls ave oxpressed oo in Tablo 43y ond are the neans
of tho nunmbers of oxperiments in brackeois.

- i e o

- Bable 46 lists the €O, production by octopus ond rat
broin olices aftor incubation vith these some omino ceidse
The omount of €O, formed £rom glutenine ond glutamate by
rat broin slices wag several tines greater than thot
formed by the octopus broins Also, octopus brain slices
did not converd Hﬁﬂbvﬁnﬁﬁvﬁata 44@02 at oll, in contrast
to the rat broine However, olonine gove conparsble volues
in 2ll three tissues, Therofore, in spibe of the lower
temperoture of incubation and slowor rate of enbry of
alenine into the octopus brain in vitro, oo chown in the
provious scction, alanine secmed to be oxidised to CO,

%0 o greoator extent, comparabively, than in the rat broine
Iin contirast, GADA jo oxidised in the rat brain through
the GABA shunt pathwoy ( Roberts, 1962: pee also Tigure
12, Chapher 2, page 82 )e GCGABA troncaminase converts
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TABLE 46

COUNTS INCORPGRATED INTO €O, BY RAT AND OCTOPUS BRAIN
STICES INCUBATED WITH UAC ANINO ACIDS

nisin%/miq{rﬁoﬁ ots substrate / mg probein

v anino

geid oo Optic lobe Vertical lobe et brain
glutesato 457464 (9) 44215 (6) 37004205 (6)
glutamine 950290 (%) 966:185(4) 1435 ()
alanine 2184104-(4) B30 (&) 370436  (10)
GABA Nede NeGe 470 (3)

Tnoubation of rat brain siices was carried oub as described
in Chapber 2, and footnobte of Table 43. Resulls oxpressed
85 means + S.E.lles of numbors of oxperinents in brackeis,
where poooiblos fleds = not detoctcds
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GABA end K kotoglubtarate to glubamabte and suceinic
senicldehydey the lotter ic oxidised by ito specific
dehydrogonase to succinate which is convorted o 603
through the citric acid cycles Thevrefore it would soon
that the inebility of the octopus brain to oxidise GABA
may be due Lo the absenee of GABA tronsaminasce in the
octopus bLrain. Roberts and Simonsen (1962) have already
shown that GAD is virtually cboent in octopus brain, and
thic is confirmed in the following secchions

SHZYNE TEVELS (T RAT -AND OCHOPUS DRAT

The enzyme ossayd vere corried oulb on ¢isoue homogenatcs
ag desceribed in Chapter 2 It must be noted that octopus
brain homogenates wore mede fron froson solld, once-thaved
Yissue, and rot brodn homogenetes from fresh tisoucs
A1l enmymos were sssoyed with and without protreatmont
with Triton X-100 detergent ap deseribed in Chaplor 2e

1t was found thoat different onzymes were meosured best

ab different tissue concentrations vhich veore first found
experinentallys The most sonsitivey roproducible and
conveniont methods were found to be the speoctrophotometric
methods, since thoy roquired the least tissue, and
readings ab ceverael time intervals couvld be Loken on a
pingle sanple. These wewre GDH, AAT and Ala-Af, Although
the GAD assay was o sensitive rodiochenical mothody proater
tissue quanbities were required since this was Found to be
the least active engyme in rat and octopus braines The
ogsny of GNS was o relotively crude chemicol mothods
GAD: pmlubamate decorboxyleco.
 Pipgure 25 shous the Lime course of ““aae ovolution
£rom 11 glutanate ot three difforent Gissue concentrations
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ERZYIE ACTIVITIRS TN RAT AND OCTOTUS BRAIN
Jumoles substrate converted/ mp protein/hr

Ingyme Treabnent OPTIC I0BL  VERTICAL LOBE RAT DRAIN
Driton
GO + 1832 g;;g w77 gzg 510 533
- _ 0113 ? 0#’15 6, Ca02 5
stinnlation 14 tines See Lines 8,0 tines
Apm + 7248 (53 164 %93 51e2 (53
- 2«02 (6 Ce85 (5 10.7 (5
stimilation a7 tines 1.6 tines 249 tinmes
Alp-AT + Oeti1 E?J% Q;?O g?}; 217 é:‘i%
- 045 (3 Ou31 (5 039 (3,
sﬁimulation 0n9 Hinmes Oe? bines Bl 9imaa
GAD N 0.0k (3) 0405 (3) 0419 ag
o Nslle Nelle 010‘3- €5 |
gtinulation 448 timeal
GHS - .60 (&) 0458 (3) 1643 (3)

Enzyne agpays wore performed as described in Chapter 2 on
howogenotes of rat and octopus brain with and withoub
prebreatnont with 041% Triton X 100. 41l delicrminations

at 25°% excapt for rat brain GAD and GHS, performed at 57°.
Resulto cxpressed as Yhe ncans of nubbers of experiments

in brackets, the range being £ 150 Dene= not nonsurabloe.
Also shoun ave values for stimulation by Triton, l.Cs
activity with treatment exprossed os o fractiorn of activity
without treatments
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/\qqcog evolved _ '
T dis/min x 10~ '

50 mg
protein

10mg
protein

I 1 J>

time (mins)

BIGURE 25

GAD ASSAY I Iﬂ RAT BRATH
coa evalutz.on by rat brein honogenate incubated with
T % gluta‘.m.c acid: incubetion nmedium as described in
Chapter 2. Curves shoun for three tissue concentrations.
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of rot brain homogenates Tho rates were lincer with

time, ond tho graph roprosents one erxperimonte The

meaglﬁ was caleulobed as tho mean of thyee such runse
Balags of ales (1966) found the activity to be proportional
to tisouo concentration up to 2850 ng wet weight per vessel
for the pat broin. Mipure 25 shows thoat linebr rabes were
obtained for up %o 300 mg tissue, bub hicher concentrajions
vore not tried. Addition of somicorbazide procticolly
sbolished 44602 formnctions GAD lovels werc very low in

the rat brain, (Wedle 47) and Priton stimuloted the activity

nearly five Uimese In the case of the octopus broiny GAD
was borely detectoble, cetiviby being so lov that it could
not be cceuraboly measureds Addition of Triton stimulated
this cetivity o the unstinulated level found in the rat
brain.

Ghis plutamate dehydroponast
Meoure 26 shows the £211 in extinetion ab 340 o vith
{ine, ot threc differont tiesuc concenirations of rat brain
honogenatos Tho rabe wes linear with time, ond was cluays
found to be so, unless the concendration of tiscue in the
cuveble was too highe In the case of GDH assey, the nmost
suibable range of tiscue concenbration was found to be
botwoon Ce2 T0 1,0 n protein por cuveties, Figure 27 shous
o plot of the total substrate o kotoglubarste converted
againet tho cnount of tiscue in the sample, for robv and
cctopus broaine The petivity is direetly proporbionsl to
tissue concentration in all three tissuos, but the slopes
‘0f tho octopus curves ore lower than thol for the rat braine
(Pipure 27)e  Toble 47 shous thet the cctivity of GDH is
chimuloted 8 fold by Triton in yat brain, 5 £old in vorticol
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\
extinction
at 340 mu
G\@\ (1)
%o (ii)
.
. 1‘\\\ (iii) . N
60 80 e " time(mins)

GDH ASSAY In RAT BRATI
Fall in extinction with time of NADH , due to oxidation
by rat brain homogenate of ¥ }z:etoglu{:arate, Incubation
conditions are as described in Chapter 2 (1) , (ii) and
(1ii) represent 1, 2 end 3 volumes of homogenote.
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aketoglutarate
Oggnverted/hr

RAT BRAIN

& OPTIC LOBE

1.0
mg. proféln
in sample

FIGURE 2
) GDH ASSAY I RAW AWD OCTOIUS BRAIN
| Plot of roduction of « ketoglubarate , ugahiru tissue
goncentration of rat and octopus broin hon ogemeue. Asaay
conditions were as described in Chapter 2.

Q/ X VERTICAL
IOBE



Jlobe ond 12 £old in opbic lobe homogonations
sams  aspexbote aninobronsferascs

Thig vas the nost active cnzyme measuredy in all three
tisoue homoponatons The noot suitoble concenbrationo of
tissue o use raaged fron 0402 to OWing protein poy
cuvebtos Tipure 28 shous ¢hat 1ike GDH, the omount of
substroatie transformed wes propertional o the amount of
ticsue dn tho sonpley the slope of the curves for the
octopus brain Veing lower than thot of the rat broins
Lgedn, from Table 47 4t con be secon that Yriton activated
the ongyme threefold in octopus and in rot broine
AlMenTle  olonine bransominoscs

“hic ensyme was less ocbive thon GDH or AAT. 48 in
the case of GDII and AAT, the fall in exbinclion ot 340 mu
vas linocor with Gime and with btissue concentrotions up 0
3 g protein per cuvebtcs (This io not showm graphicolly)e
Triton stimulated alo-AT cetivity in rob brain homogonato
tonfold, but that of both opbic and verticel lobe was
unchangeds $his was the only cuse found where octopus
ond el braln diffored in this woye '
GHSs  plutamine gynthotases

This mebhod was the least sonsitive ond accurctos
The blank volue vas high ( 0415 opticel density units
on the sopectrophotomelcr ) and small readinms above the
blank were obtained, so values were erratics lozge
poounts of tissue could not be used, es in octopus brain
homogenates, substrate conversion vos not proportional
o Uiosue concentrotlon above ‘1«5mg proviein pen conple,
in contrest to Vhe rab, vhere 4% was lincor up Lo 4 ng
protein per conples This ic shoun in Pipurcs 29 and 20
The acbivity in the octopus brain was coaleulatied on the
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piioles
aspartate converted
per hour

RAT BRAIN

4.0

5.0

PTIC LOBE

©_YERTICAL LOBE

ng_ L
S
o
5.7 0.7 0.3 opL:: ory) |
mg protein
| TN in sample
i EIGURD 28

| A AAT ASSAY TH RAT ALD CCTOIUS BRATN

Plot of substrabte conversion asainet Gissue concentration
of rat and cetopus brain homopenabtcs. fAssay conditlons vere
| as deseribed in Chapter 2. ,
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/\mﬁoles

clutamohydroxamic acid
formed / hr.

o\

o 1.0 2.0 3,0 4,0 5.0

~,
mg protéin
EIGBRE 29 ' in sample
; _ GIIS _ASSAY I RAT BRAIN
Tlot of substrate transformed againot concentration of

rab brain homogenaties Assay conditions vere os described
in Chapter 2« ~ <
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/XQMoles ' - I
- | glutamohydroxamic acid ‘
{ formed /hr . ’~ﬂ-__—’M,_SL
).6 “tjy,azzzi”?i
~ LT
‘ T @/
x X
/,/// o ;/// .
.5 g ©® OPTIC LOBE

x VERTICAL L.OBE

9 1.0 2.0 5,0 4,0 5.0 6.0
, ng. protein
FIGURE 30 in sample
GIIS ASSAY T OCTOTUS BRATH
Plot of substrote converted sgainst concentration of
optic and vertical lobe homogenate in sonple. Assay
conditions were os described in Chapler Ze
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bapis of the initial lincar rabtes: presumobly activily
fell off ab high tissue concentrobions becouse of the
presonce of AlPnge in the tissue, oo sugnested by Berl,
(ﬂ966}. GHS was not moasurced in the prosonce o0f Tritone

“ablo %7 ahnua the activisies of o1l the onpymes
noncured with and without Triton protreatment, in the rot
and octopus brain, ani the percentoge cebivation of the
encynes by Tritons Geperolly, volues were 5 times higher
in the rat broin compared to the octopus, with the ekceplbion
of Triton-umetimulobed values of Alow-AT, vhich vere of the
game opdor in bobth opimols. “his vos yet omothed indication
of the reletive quontitative significoance of the metebolion
of alonine in octopus broipn as noted in the previous chopliors
GAD in combract had a very low ectivity in the octopus
brain, in egroement with Robertis ond Simonsen (1962)s Ghe
low GAD cctivity, together with the aboonce of CO, |
- production from GABA shows thobt vory 1ittle formation ond
netobolisn of GABA occurs at ail in the octopus brain,
though 4t is of cuontitative importance in the rat brain,

( Solgonicoft & Do Robertics 1965 e

The values of the cnzyme ccbivitios obtoined hore,
for Tritone-trented robt brain homogenabtes are in the same
ordor as those obtained by Balfzs ob ols (1966), who studied
the activitics cnd subceliular localisation of the enzymos
concorncd with the motobolism of amino ccide in broin,
copecielly of GABA. Salppnicoff & De Roboruis (1965)s in
o sinmilor investigation, found that GDH was mitachonﬁ,ium,
that AND and Ala=AT were locolised portly in the
mitochondrin o well as the soluble fraction, and GAD 4n
the nerve-cnding perticles of the rab broine They sugsesbed
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that Triton trectpment released the onpymes located inpide
these porbicles, opparently activating thoms, On thio
bosis, it is possible that Priton did not stinulate
Alo=AT because uwnlike the rat cnpyme, it io loeobed
ontirely in tho soluble fraction, However, Table 47 shoue
that GDH ond AAT were stimilated by Triton 10 the same
oxbent in both braine, inplying thot their subeeoliulor
distribution may be similor in both onimclaes Solgonicoff &
De Robortic (1965) also found wat brain GAD uas locabod
in tho nervewonding particles, The foet thot Triton
stimulates the very low GAD activity of the cctopus brain,
to omoll but measurable values indicabtos that octopus
brain GAY is also porticle~bounds

PHE 1%@&33033,‘325?1 OF GLUTANATE TN FHE OCTOTUS DRAIN TN VIVOs

Since Borl ot aly (1961) obtained intoresting results
%3;9- injecting U%¢ glutomote intracisternally into the rab

voin, ( those ore ddpcusced in Chaptor 1 ), the some

wperimsn% vas pepeated miﬁh the ochopuss 30 mCuries of

high specific activ&wytf Lzﬁm&mmin acid in 0,05 nl of
069 saline was injocted into the brein cavity of the
octopus using the technique deseribod in Cheptor 2. The
onimals wvere killed 15 minubes, 50 minutes and one hour
nftor injection and the optic and verticel lobes worked
up os deseribed in Choplier 2 for the dotornmination of the
ospeeific activities of the amino acids, using the aubonated
anino ocid analyseys

The results of the experiments were vory intiorestinge
Table 48 shous the specific cctivitles of asparbtotey
alonine and glubamine ot difforent timos, rolative to o
valuc of 1000 for glutamate, in optic and verticol lobe,
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s well oo the dota for the rat of Berd et ole (1961).
Tigures 31 ond 32 show the deta for the octopus in
prophical form, for tho soke of claritys Actuol spocific
activition varied widely for ecach broin, deponding on tho
vine of kiilling and the dircetness of the injections
A3l the results were therefore calculated on the basis of
the opecific notivity of glutamate being ecual to 1000 dpm/nm
ouioles Othor nonecmine scid produvets, such os loctoto,
pyruvate and glucosng, verc not meosurcds
The graphs chow that in optic and weriticel lobo, the
specific activities of g Iutanine, osportabte ond alandine
vere Jover thon glutenobe ab 15 and 50 minubesy bub rose
afber one hm; That of plubanine rose sharply, up to
four Uimeo that of glutamato, cnd those of alonine ond
aspartate to 10%1:3 lover then glutamates Derl ob ale
(1961) likeuisce found the specific zcbivity of plutanine
in the rat brain was fowr times thel of glubonmcbe, bub only
mmutes aftor the injection of U % plubanabo, The
£foct uwas atiribubed Lo the propence of twe pools of
G ummm in the brain, not in reedy equilibriuwm vith
cach othors in;jeai;ed glutamnte mingled with the smeller
pool, in vhich plutcmine was synthesised from glubonebes
Exbraction thus dilubed the glutomate to on apparent
specific asctivity lowey than the glutamine, thoush the
lottor wao in fact formed in pitu from o higher cpecific
acbivity glutenates The offect fell off wibh time as
oxchonpe occurred betueen the tuo glubanebe poolse
It io poosible to ewplain the longer time Zor tho
c£foct Lo nmonifest itself in the octopus if one renembors
the overall slover enbry of anino oeids inbo She octopus
brain, and the lower body temporaturc of the oclopuss
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-disin/min/mpmole
?OOO
4000 [ GLINE
a"‘f
;
) /
%000 /
ol /
2000
1000 GLU
ASP
ATA
O ] 3 P
15 29, . 45 60 t mins
IIGURE 31 : o
FERASL 2 killed %ggégtion

TINO ACIDS IN

GRAFH OF SIECIFIC ACTIVITIES OF FREE Al
OT'TIC LOBE OF OCTOTUS APTER INJEC TION OoF U,“‘LC GLUTA

IN VIVO, AFTER DIFF BERENT TINES.

MATE

Fox numbéz:u of dotarmmatmns in. aach nomﬁ, and mnge,
goc Teble 43 :




|
disint/min/mumole

{5000
LINE

4000 ’

5000

2000

1000 | e

o ' -
e OIS
Q | — © — QATA
15 50 45 80 mins. Killed

after injection

SPECINIC ACTIVITILS OF ﬁREE ANINO ACTDS IN OCTOPUS VERTICAL

LOBL , AT DIFFERENT TIMES AFTEIR IN VIVO INJECTION OF
Al

U'™C GTLUTAMATE. i R

For numbors of experimontS, sec foble 48
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If killing woo delayed for soveral hours, prosumably

the specific activity of glubamine relative to glutanabe
would foll as in the rab, but this was not tested, owing
to o shortoge of animals,. Howewver, this £inding does
point 0 a twowcompartmont sysbem for glubtamate metobolisn
.in the octopus broin, like the rot braine

TABLE &8
P e e e
SPECIFIC ACTIVITIES OF IREE AUTHO ACIDS APIER JESLCRICH OF

U0 GIUTAUATE INTO RAT AND OCTOTUS BRAIN T VIVO
‘ Digint/min / 1 usole

Time after injection 45! 30! 50*

CPOTC TOBE -

GTU 100 100 1000

ASP | 4B (3, 120426 (5)° 9 (2
GLINE 57205 620¥170(5)  4142:450(4)
ATL L9 (2 1559 (3) 349 13)
GABA 90 (2] 5097 " (3) -
VERTTICAT, . JOBE

GTU ‘ 1000 1000 1000

ASP 10 ga; 220 (&g 236 (2)
GLING 13027 500" (2 4370+1000(5
ATA 98 (2) 110 (2) 40 T2)
GADA , neda Dedle nede

RATY BRATI ¢

GIU 1000 1000 1000

GLINE | 5000 (2) 3500 (2) 2600 (2)

* Data fros Borl ot ol (496&}

Uﬂgﬂ clutanic ocid was injocted diroctly into the brain ond
animals killed at different times for deteruination of the
specific cctivities of the amino acids, o8 deseribed in
Choptor 2. Resulis cre the veons of the numbers of enperinents
in brockets, and are cxprossed i S.F.llec vhere n excoods D.
nedes = not deboctod. y
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QH&PTER
DISCUSSION

At tho noment groat advonces ore balting place in the
netobolic area of mammolion brain biochenmistry, though this
started 30 years ogoe Basic metabolic pathuays and ensymes
have beon known since the discoveries of Imbden and Meyerhof,
and Krobs, but much hore Imowledpe of the diotribution of
the motabolism within the different types of colls in the
broin ond the subcoliulor orgenclles is essential to
understand the working of the brain in overy aspects The
connection betwoen the role of the emino acide ( particulorly
those linked with the citric acid cyele which have featured
in the forepoing chapters ) in carbohydrate and protein
notebolism ond the excitabory properties of the nmerve cell
is o£%ill unknownt they sccm to be involved in the cnerpy
notabolism of tho nerve cell yobt also poscibly function as
transmittersy and the two properties are unlikely to be
completely indepondent of cach other.

There oro good roasons for investigating o few of tho
biochomical propertics of the cctopus braine. Remoerkoble
advances have beon made in the clucidation of the desipm of
the brein by the use of the octopus, which has led to the
beginning of the understonding of the sctual working and
orgonisgtion of the mammalian brain vhich, though far more
conmplesx, otill possesses ( so it is thought ot the momont )
the same undorlying units of organisation, only they are
thomselves orgonised in o more complex manners Similarly
it io roasonableo to believo that the study of the bio-
chonistry of tho octopus brain will unravel propertios
characterictic of all nervous tisoue, which hove boen
elusive in the mommelian brain on account of itp preater
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complexitys. Also, comparative sbudies in several aspocts

of biochemistry heve revealed that basic, essential properties,
such ao the glycolybtic pathuny, the citric acid ond urea
cycles are common 40 most of the specics studiecd. In fact,
only o very omell number of specios have cetually boen

studiesd ond tond to be studied, but they do reopresent o wide
ﬁaag@ in vhB animal knnrﬂbmu

In this work, only ﬁhe anpect af glacose gnﬁ oanino

acid metabolion was invostigateds I wes hoped that the
comparicon of the metabolisnm of two such cnatonmicelly and
funciionally differont lobes would show fundemental
biochomical dAifforences roflecting the funetionel differoncos.
In foct, only a very fow isolated instonces of this kind
occurred vhich are op yet inpossible to interprot due to the
shortoge of data, bub en attiompt will be made to summarise
these differonces snd speculobte on thelr posoible meaninge
1« Tho lower amino scid contont of the vertical lobe
compored with the optic lobe on o protein basis, vith the

oxcepbion of alenine ( Table 7 )» The relatively highor
10vel of nlanine in the vorticel Lobe may be due to its
higher content in o porticuley type of cell in the vortical
- 1obe rether thon all the cells, and this quostion will only
be onswored by tho separation of the difforent cell typos,
perhaps according to tholy cize, in order to study their
individual properties ond metobolisme
2s The lovering of tho oxypen uptake of vertical lobe
slices by tho addition of glutomate to tho incubation medium,
even in tho presence of glucoses This is a poouldar property
and not readily explicablot 4f tho presence of glutomato
caused a net breokdown of ATP as in the rob brain slice
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( voodman & MoIluoin, 1961 )y one night expect o rise in
reospiration. In foet it 45 not cleor why thic does not
even oecur in the rot broin, but the situation is complex
and 4c discussed by Bradford, (1968)s |

5e Incubotion of octopus brain slices with ﬁﬂgc'glucasa
yiclds an aspartate of specific activity & times groater

in the vortical lobe thon the optic lobey +he level of
glubanate is roduced compared to that before incubation in
the vortical bubt not in the optic lobe. Incubation with
0“#6 glutanabo yioclds an alanine of specific activity eight
timee greater in the vertical lobo compored with the opbic
lobo, and 'a GABA level in tho vertical lobe twice that in the
optic lobes It isc poosible thoab such differences are due to
comportmentation differcnces betucen the twos The opecific
activity of on amino accid as measured aftor incubating a
slfce with a radionctive subsbrate will dopend not only on
tho metabolic pathuays available Lor the transformotions
involved, bub, in the cose of the oclbopus whore diffusion
and metabolic rates are slowy also on the relative specd
with vhich the subsbrabe may diffuse inte tho compartnent

( coll type, or subcellular orgenelle ) vherc thot tronoe
formation occurs, because the enzymes are locatod thoros
Vork by Bolézs ot ole (1966) and Solganicoff & De Robortis
(1965), among othors, hoo shown that onzymes catalysing a
particular set of reactions tend to be lovcalised sube
collularly, Rose (1968 b) olso found that levels of the
pome onzymos in the nourons and the gilla were not identicals
Therefore differences botween the relative cpecific
activitios of the products in the opbic und verticel lobes
must to some oxbont bo due to the different cybology of the
lobess In fuct, in viow of their dissimilarity, it is
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surprising thet not nore difforences were found.
e ‘The incubation of octopus brain slices with plubanate
and non=-lcbelled glucose togother yields an aspartate
vhose specific activity is twice in the verbtical lobe tho .
volue in the optic lobej the speooific activity of vorbtical
lobo glutonine 4o holf the value of the ophie lobe'ss
Also offier incubatlon, the level of alenine in the optic
lobe is twice as high as in the verticol lobe, but the labtor
contained GADA lovels conparable 4o the rat under tho somo
condilions, uvhile 4% vas nol even detocted in the optic lobos
S« CDH, AAT, ond Alo-AT ootivities were lower in the
vertical lobe, gencrally 20 to 40% of the value in the ophic
Llobos Uith Triton I~100 troatnent, vertical lobe enzymep
vere stimulated 40 a slightly grooter extont than the opltic
lobes It io poosible thab not 2ll the small cells of the
vertical lobe wore disruptod, in spilbe of the vigerous
shearing action of the homogenisation, boccuse the clearance
van 04.005" or 0,008 ¢nm, vhercos moot of the cells in the
vertical lobe arc undor 5 ot in diomoters Uhis would zliso
«plain the grootor stinulating offect of the Tritone.
Differonces botween the octopus and the rat brain.
The difforcnces found betucen tho octopus and rat brain

moy sinilarly be sunnoriscd ond commented upone
1, The omallor sise of the cells in the octopus brain, and
the rolative pousscity of gliel cells, os found by
cirvcumntantial coleuwlabion ot the beginning of Chopter s
Though glicl cells are prescent in the octopus brain, they
aro not distribubed oo widely os dn the manmmolien brain,
but rother in corbain areces ( Horridpe, 1965 )» Cojel
(1917) pointed out that thore were no glicl types in the
octopun optie lobe corresponding to mommalieon microplia,
bub only to tho astrocytoss Forhops these ave the colle
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reforved to by Young (1962) as multipolar cells with many
dendrites in tho optic lobey ond they moy have been included
in his estimotion of the numbers of nerve cells (Young, 1965b)e
2« The higher levels of aspartote ond alemine in the

octopus broing ond the lower level of GABAs Tallan (1962)
pointed oul thet in genoral aspariete and alonine levels

are high in the invertobrate brain, contrary to the mommalian
brain, vhere glubemate has the highest concentration of ony
amino acides Also, the absonce of GADA seoms to bo characters-
istic of nolluscse. Huggins, Kerkut ond Rieck (11967) found

that spadl and mugsel broins incubated for 2 hours with
redioactive glutomote foiled to produce GABA, conbrary to

mouse ond cockroach braine Alse, no GABA was formed fron

v e glucose by Uhe sneil brain in vitro nor by gledono,

unlike {he locust ond the raf brein ( sce Pradford ob cle 1969 )
S5« The lover rabve of metaobolic transformations ond of
respivetion in the ooctopus brajn ( at 25° ) compared to the
rot brain ¢ 37° )u This was o be expected, ond wag olso
found in the locust and onoild brain, ( Bredford ot als 1969 )e
Aport from thlsy thoere wes the slowey metcbolism of glutanate
in tho octopus brain in vive, ond the Veeloch offect did nob
nanifost 4toelf in the octopus brain nearly as ropidly as in
the rats TPardier in this choptior, the rolative rotos of
diffusion of pubstroteo to,and of products from the comportment
in vhich a certain netobolic troncformotion takes place uas
civen as o posoible rezson for the difforences betweon
pattorns of specific activitice in the optic and vertical
lobos The same is true vhon comparing the rat with the
ochopus braine Recalling ¢ho results of incubation of
radioactive glucose with roet or octopus bLrain slices, the
opecific cctivities of the wxat brain omino ccids were all




170

in the somo ordery and there was more variation in the
values of those in the oclopus broine Presuncbly in the
rati, intercompartmental diffusion was not o liniting
factor, and after buo hours, the specific activity pattern
was a refloction of thoe onsymes presents In contrast in the
octiopus, the patbern vas the result dotormined portly by
intorcomportmentol diffusion, and it vould be impossible
to debtormine tho cxtient of this effects The incubation of
rat and octopus brain for difforent times would clarify i:hia,
s well oo the use of bomopenates, and seporabed collss
4,; The highor proportion of v”"“c glucooe converbed into
CO, by the rat brain, more than twice that in the octopus
broin, and the much greater convercion into aionine of
glucoso by the octopus brain, more thon 20 times thab by
the rat braine The oncdl ond the locust ave also like the ‘
octopus in thic respocl, ( Drodford et ole 1969 e |
Se "’Le reduction of 1, 0 Formation by oclbopus brain
eron UM glutenate and alamne,, coused by the cddition ‘
of non~lobelled glucosc, in contvast to the rat, vhere a
slight increase in %(102 formation occursy It 3o strange |
that in conbrast to the octopus, addition of g;lueoae ‘
doubled the formation of radionetive 00, from U e plutanave
by cneil and locust brain in vitre ( Brodford of ole 1969 )e
This is the only c¢ocse vhere the snoil differs from the
clLomisls
Gs The offect of pglucose in reducing aspartato formation
Lron L glutamate in the rat cortex was nol shown by
ogctopus brain slices, ( soe Table 254 Chaptor 5 ). The
some is $rue in the snail brain, bub the locust Drain
behoves like the rat in this reepect, ( sce Brodford et alay
1969 Je
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Pe % 02 vas not Lormed by octopus brain slices from
rodioactive GABA,. in contrast to the rab brain. This uns
interpreted as boing due bo the cbsence of the ongyne
GSADH in tho octopus brain, bub this cnzyme was not tostods
€« Ths uptoke of some omino acids by octopus broin in vitro
agoinss a concentration gradient did not occur for times
up (o four hours, in conbrast to the rat, vhere upbeke wes
found after ono hours On the other hand, Table 5 in
Chapter 1 showo thot diffusion did oecur from the vertical
Jobe cavily into the optic lobe.

9¢ Insyne octivitios in the ocbopus brain vere gcncmlly
cbout one £ifth those of the ret brein, wvith the cxception
of Trilonwunstimulatod AlowiATs Triton did nob stimulate
octopus brain Ale~AT, and this wes interpreted as tho
probability thoet this enzyme wos enbirely located in the
coluble froction of The cell. GAD levels were barely
debectable in the octopus brains This property has boen
observed previously ( Roberts and Simonsen, 1962 ). It

is inberesting Yo ccsmid@r the acbivities of some of the
enzymes olso in tho esnail and the locust here: thoush
onail brain, un ss*immuwai,eﬂ by Txiton, showed GDI ond AAT
activitics conperoble to the ret and much higher thon the
octopus brain, ond on Alo=AT acltiviby 5 times thai in the
octopus ond the rolb brain, GAD lovels weore barely meacsurables
The activity of GAD in the locust brein vos measurable
however, being half that of the rabs ( Table 49 ).

o it would soen thob generclly the sspects of the
netabolion of clonine ond GABA in the octopus thobt diffen
from the rot brain, are slso shoun by the snail brain,
another molluse, and not by gehisbocerca ( the insect,
locust Je
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ENZYIE ACTTVISINS IN HELIX, SCHISTOCERCA, RITDONE AID RAT BRATHN
Juallolop | substrobe convorted /mz protein/ hres

Helix® Tledone Sehistocorca® Rat
e Qubic lobo Verbical lobe. e e e—
GOH 0,95 (5) 0413 (7) 0415 (6) 1434 (5) De62 (5)
AAD 4,82 (B) 2402 (6)  0.95 (5) 8449 (3) 10466 (5)
Alo~AT
2427 (30 045 (B) 0431 (5) S5e65 (3) 0e39 (3)
GAD Graces Leoces traces 002 (3) 0404 (3)

GHS 0812 (3) 080 (&) 0.58 (3) 085 (6) 145 (3)

* Yolues fron Dradford ¢b cl. (1969)

Inzype activities were measured in hemogenates withoub
pretroataent with Priton %1006, as descmibed in Chopbor 2e
Results are vhe means of the nunbers ¢f euporinents in brockolss

Complications awising in interprebing data.

The difficuliies in conparing rosulis f£ron incubating
the brainc of two differont animols, not cvon of the same cless,
were discussed in Choplior 1y ond elso eaviior in this Chapler,
with regord to conpartmentobions Ions were shoun to affech
metebolic pattorns. S8ince two different incubabion media
wore used for the two animals, it may have been useful, bub
porhaps nisleading, Lo have compored the netabolic pattoerns
uging differont wedio, However, the saline used for incubation
of the octopus brain ( Hoyle, 195%) docs reseuble sea uaber
and octopus plasma in conpositiion ( Roberbson, 1964), in
having o high sodium and chloride content, ond a lov caleium,
pobassiun negnesiun ond aulph&to contonta.

In vicw of the effect thob glubtomate has on the mannolion
brain glice in vitro , cousing svelling end potassium
upbalze { Dourke and Tower, 1966), and tho depletion of
nucleotide phosphates { Uoodman & Hellwain, 4961), it may




have been better bto have used glutoncte ab o substrote
concentrovion of less than 4 ol 4 at 2 corzespondingly
bigher opecific activibys. Houever, ac is ofton the caso,
vhe procedures of obher workers were aubomutically followed
ali the bino.

it is alpo vorthuhile Gto conpare the occessibility of
ions end nutricnis to Ghe brains jin gilu. Briefly, the
namnelisn brain is uvell vascularised, and though thore is
no barrier to Hhe oxchange of amine acids bebucen She brain
and the blood, thoir nelb entzy is vestricted by the blood
brain borrier: Yhoro is however no restriction to tho enbry
0f glucest, under nornal conditionses The oplic lobes in the
octopus owe babthed in £14d which ic analogous Lo the
cerabrospinald £iuid in the reb brain in being 2 low probein
£iltrate of plepmis The vorbicel iche is bathed in
the pane £1uid, oloso contoining gelobinous connoctivoe Lisouce
The octopus brain also has an sbundont blood supply, and
capillary networko connect the venous and arborial syotcng,
as in the manmelion brain ( Horridge, 1965). The octopus
wes o blood sugar level of 20 ng § as ageinot 180 g ¢ in
the neanales IU wouldd be inteoresting bo Imow whebher glucose
is ubilised by tabal conversion inio GO, cud laucitabe lilke
the rat brain, but no studies on arteriovenous differcnces
seem to have boen reported for bthe octopus brain. Though
the resulis in Chapber 2 hoave shoun that radiocactivity
injeoted into Lhe verbtical lobe does pass quickly into the
opbic lobes ( Dable 5. )y presuncbly through the oplic
commissure, it is not Imown hou Loy Ghe oanlry of subshances
into the plosma Liltrate from the dlood ic reatricted in the
octopuss Lobertson (1964) statos Ghat the ocliopus skin does
control Yhoe passage of solubes bhrough it, oo it is not
unlikely thob a blood«brain barrier of a sort cxicts in the
Ocﬁapuﬁg »
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Bummary of notabolic differcnces bebueen the rat and octopus
broine

As for ap these exporiments shov, therc ic no ovidenco
to sugpest that there are netobolic pathways for the
interconversions of fhe anino pcids in the octopus brain
vhichk are dilferent fyrom the rat broine Howevoer, these
sbudies hove been of a limited noture. CGoddard ond fartin
(1966) hove revicwed the oxbeonsive studics on carbohydrabe
~nmetabolisn in nollusce, Other susars beside glucose are
ubiliscd, ecsge fructose and goloctosec. The presence of
enzymes of the glycolybic pothuay, the citric acid cyclo,
and Yhose cobolysing interconversions bebusen the Huo ( L.Ce
FEP corbozyhkinose, pyruvate hinose , end the molic ensyme )
bas been demonstroted in a wide range of nolluses. Howevery
the bisoues ozanined tend to be other than the brain, such
as the hepabopancrens, The only accomnts of cephalopod brain
enzynes o bo found were by Drulklor and Scha&é, (1964) who
denonstrated histochenically the presence of GOE and
isocitric dehydrogenase and some esterases in octopus opbic
lobe, and by Pascoo and Schaﬂé (1967), vho neasured
succinate dohydrogenose in the oplic lobe of gepig.

The noat important implication of {the work in that
concerning the mebobolion of alenine in both the octopus
and the rat braine To recaplbulate the results of Chapler 3,
the cddition of non-labolled glucese to U°C alenine as
oubstrate in vitro 4id not cause a dilubion of the specific
octiivities of the other anino acilds in octopus brein slices,
controry to the rat corbtoxy ( Table 31 )e This must surely
indicoto thot alenine may onber the eitric acid cycle
by o roule hy-~poassing pyruvabe and Acebyl Colds Tho eclue
to a posoible metobolic roubc may be obiained from the litor-
atures Alonine doec oppear o have an uwnusual metobolisn
in nollusess Stokes and Avopara (1965) showoed thet alanine
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and puccinate woere tho equinmolar ond-producto of glucose
mebabolion in the clamy ATP being formed in the PEP carboxy-
Iinngse reaction o oznloacetiobo, leading Yo the formabtion
of puccinatio boclkward through the citvwic acid cyclos thus
half the pyruvate is converted o alanine, tho ofher half
o suceinotey withoulb any net oxidation or reduction, bub
with the formobion of ATPe ILdiowmeb and lMoyse {(1963) pointed
out that alonine can bo mode by the aninabion of propionate
in sone organioms, and the converslon of propionabe into
succinatie is Imowm o oedur in molluses { Goddeord end Martin,
1966). Thorefore 4t io thoorobically possible for planine
4o be converted to succinale viz propionele, ond it only .
romaino for this pabhuay Uo be proved in the octopuss

The repults of the incubations of rat brain slices
with iahibitors may be understood if one coxonines Flgures
10 ond 12 ( peges 72 and 82 ), os well oo Teble 41 ( poges
42 Je The addibion of fluoracotabe as cosubstrabte to
slonine couses more of the slanine o onbor the cyclo by
conversion to pyruvabte or TPEP, not via acelyl Col, bub
by tho nelic enzyame, PEP carboxylkinase or pyruvabo
carboxylasce The addition of mulonabe, which inhibitso ab
the succinate stop, will prevent the flum of labol
backwards through the cycle past thab poinl, or 4 the
labelling of giutomabe will be inhibited, bub that of
asparbate vill not be, bubt will even bo o Little ophoncod.
Table 41 shous Uhis to bo 8o Coopoared with fiuoracetote a
aloney the specific activity of asporbatic is higher wvhen
nalonote is sdded o fluoyacetobe as inhibitor. I6 now
ronoing for the effoct of theso inhibitors to be Hestod on
the mebabolisn of alanine in the octopus brain jin vitro,
and differences found will ecerbainly give an answoer rveloting
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$o the direct conversion of alanine to succinate, withoub
pynuvate.

Cne night apsculaue with repgoard o the uptoke phenomenon
ond its sirmificanco. Since the anino ocids baken up may
have a physiologicel effect on the nerve cell menbrone,
cousing cnergy~ozponsive wepolarisation, porhaps upbake is
2 sofeby mechanisnm to move the subatance to tho inside of
the coll mombronce where it can do no horms Ih is possible
that tho lack of $his properby in the octopus brain may
be connected wiﬁL the high levels of the amino aelds’ in’ the
oninol ac a whols, and whoge presence is essential o the
survivel of all norine invertebrolies.

Conglusions end future of the work

The citric ocid cycle and the enzymes by which tha
anino oeids are connecled with the cyele ond with cach other
oeceur in the ochopus brain as well as the rat brain, and
nloo in the snoil and locust brain. There is & poscibility
that alonine is oxidised by an alternative roube in the
ochopus brain, withoud tronsasination to pyruvebe, which
is converted to lcetyl Cold ond citrate. The metebolism of
GABA in the cctopus brain, like the snail CHS , is
quontitatively insignificant, but nay be important where it
occurs. Obher pathways such as the fiming of €O,y Imown
to be of auantitotive imporbtance in the rat broin ( Dicklaes
ot all., 1969) hove not beon investipated in the octopus.

In Chapter 1, the evidence was discussed as to the
identity of the compartuents sugpgestod by Berl et ale (1961).
The question is, since Chapter & hos shoun that the Vaeloch
ecffeet also occurs in the octopus brain, vhat is the nature
of the compariuents in the octopus braine. Lt remains to
ssolote the individunl &ypes of nerve cells and deternine
$ho speclfic zetivities of their free anmino acids alter
introeranicl inJactian of Uﬂ ¢ plubanabe, in the sane way
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ag Rose (1969) did with the rab. The mebhod of Rose (1966)
for the bulk separation of nourons and glia was atbenpted in
the octopus brain ( unpublished resulis ), but it was not s
successful on account of the small size and denoiby of the
caells, vhich all passed throush the dense sucrose. Frosent
wozk in tho laborabory of hose is in vroprens o acparate
cells of differeni sizes and purface properbices by means of
& column of gluse beadse If thie tochnique is successifully
appliecd %o the octopus brain, zcconpanied by thorough CyLoe
lopgicel obudies, it will be posoidble to deternine whelhor
conpoartuentabion is an intracellular phenomenon.

The Lubure of Lhe worlk therefore seeums to lic in the
nere intensive investigabion of certain problenms, and in
the use of nore gpecialived techniques « 4 good exmuple of
the debuil vhich will hove o be used is the deterninabion
of Gho specific cetivitics of every single carboa abtom
in the frec enino ccids ( ond othor metabolites), as performed
by Hicklas et ale (1969), beecouse it ism the only woy o
obtain renlly sccurate information about the moleculer
nechanion of interconversions. The cxperivents deseribed
in tho foregeoing chapioPs heve been relatively crude, ond
wore corried oub to obboin an outline of differcnces and
generol siniloritics bebtueen tuwo very different aninmals.

lorl: io olso in progress in the luborabory of Rose o
investigate the incorporation of these omino acids inbo
protein, an inportoni agpect of théir mebtobolien wihich was
not exanined in this thesis on account of its conplexitye
T4 should be intoresbing Lo conpore protein synthesis and
mebobolisn in viyve during different learning situabions in
the oclopus, in {the different porls of the brain vhich ane
Imoum fyonm the work of Young to bave differcnl funclions in
learpninge The ocltopus brain promises o be o worthwhile Gopic
for fubure bicochenical and other rescurch for a long bine
o cono.

.
&)
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