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- GLUCOSE HOMEOSTASTIS IN THE NEWBORN -.

Hyooglycaemla is extremely coumon in the newborn ot most
mhmmalxan -species, 1nclud1ng man (155) This is a reflection of their
. 1nablllty to regulate the blood glucose concentrauion, a factor which

"_s Llnely and precl ely controlled in the adult Any alteration of the

conceqtratlon of gl cose in the blood in the adult anlmal is coupensated

-

r

- for by a8 orOmgt and aporoPrlate change in hepatlc glucose nroductlon and

oerloheral utlllzatlon (Tb)

.

The apoareut absence of a glucose regulatory mechanism in the _
B newborn maygbe due elcher to a- lack of sensit1v1ty to hypoglycaemla as

& stimlis or to the inability to respond to that stimuius by incre331ng

hepatic glucose productlon.‘ . o ) ' ‘

. Varma et sl {181) ﬁemons*rated that in.response to hypoxis,

.the pup 1s capable bf 1ncreased gluco§e productlon, at least in the
short. teruu with a resultant elevatlon of the. nlasma glugcose concentratlon.
Thus it apoears that all the necessary enzymlc machlnery reoui*ed for
glucose production: 13 }ully overatlve from blrth

Towardéfthe ‘end of gestation, the foetus' of all mammalian -
speciee; so far investiguted_rapiﬂly synthesize‘an@_étore glycogen in the

'liver,'heart and skeletal muscle (154). However muscle glycogen is only - .

.
.-,

, avéilableJlocally providing‘glucose’for the #Brking ﬁissue.;'?he hepatic
glycogen concentration at term is approximately twice thet .of the_post-
absorptive adult aad this glxo?gen is rapidly deplfted after birth. (154).

- This lacklof glycogen combined with an’;gtremely low dietaf&
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glucose intake threaten glucose homeOStasis Ln the newborn.. . .

.

Ir the newborn mammal is to be capable of” mainta;nlng aay

constant and suztable‘level of gluCOSe‘ln théublood, it has to rely‘on oo
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" PATHWAYS -OAF"C;LUEONEOGE.IHE;_S&S AND THETR CONTROL,

.fGlecbheosenesie.is defined-by Krebs’es,the:pew'fo;Eaiion of
-!carbbhydrate from hon caibohyﬁréte'soerces (98).. In recent)years.there‘*'
-iq§s been 8 resurgence ‘of- biochemical interest in the process of_gluco-

{;'neogenesis ing the mammallan liver and kldney, in,the quantit at;ve_

51gn1f1cance of glucOSe synthe51s in the 1ntact animal snd in the coutrol
of glucose synthe51s. The develOpment of the process during foetal life’

-

has been.exten51vely studled an& it has been shown both io vitro and .

B

- ; Qin vivo that the capac1ty for gluconeogenesia in the rat liver is acquirea

-onlv after blrth the foetal llver being relaulvely 1nact1ve in thl§

syntheuic system (8, g, 1k2;, 200). Recently the synthetic pathwayé have :
. . . . - - ‘

-been elucida.ted. : S B _— ‘

Fig. 1 shows the sequence'by which Iactate nvruvate, glycerol

- ~
and the major am%no acids_are converted to glucose in the liver aad

L n LA

kidney cortex. Nearly all invesﬁige;ion in this ares has been into’ the
enzymes and the metabollc pathways they form mn uhe adult animsl. Until.
more detalled knowledge is forthcowing it is assumed that the metabolic
sequences and the enzymes which regulate them are the seme in the newborn.
Many of the glucogenic reactions.aee identical with those of.

glycolysis; such reactions are always close to equilibrium so that the °

rete and direction of flow of residues can be changed by variations in

the concenération of subetrates and/or products of thesalreactions.
" On the othe;ahand, certain key reactions of glycolysis are non

equilibrium reactions, enabling net conversion of glucose to pyruvate or
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-net formation of glucose from glucOneogenic precursors fo occur at auy
;tioe.r These reactions are pred0minautly unidirectional, it being |
éueruod&namically unfavourablecyor their. reversal ( a7, 81). .
The important glycolytic reactions'yhich Es;e‘éo be bypsssed‘
in the'slucoueogenetic pathw&ylare those reactions catsiyzed oy hexo-'.,

‘kinase, phosuhofructokinase, and pyruvate kinase,

-

The reacﬁipns catalyzed by hexokinase and phosphofructokinase .
\ Q

are both bypassed by E&ﬂrolx&__dcleavsge of thé phosphate ester bond.
Glucose 6—PbOsphate is hydroly'ed to glucose and inorganic phosphate, a
reaction catalyzed by glucose—é—phosphatase. The activity of this enTyme - . ol

increases markedly at birfh_(33, 10} aq& its activity is increased oy

AN LY

l.glucocofticoids, disbetes and fasting. Howeuer its importance_ss s major -
control Site in gluconeogeneszs is doubtful. . Fructose lﬁ6 diuhOSPhste
is hydrolyzed to fructose—G-bhosohate and inorganic phosphate, this
reactiou being-cataly-ed by fructose 1:6 diohosphatase. AdenOSine_

A
_ monophosphife (AMP) in low concentration and the substrate fructOSe 1:6

.diphosnhate are negative allosteric modifiers of the enzyme (171,131)

This iuhibition can be removed by accumulation of the nrecursors of

gluconeogenesis such as lactate,malate or the <L -oxoacids arising from
amino acids-which all accelerate synthesis oi ATP and’ hence remove AMP (98).
Control of glucocenogenesis through this reaction is also exercised by
inhibition of the regulator§ antagonist glycolytic enzyme phosphofructe-

. Lo~ .
kinase. The allosteric modification of this enzyme has been discussed

extensively by Mansopr (120). ) ' )



The pyruvate kinase bypass consists of two, separate reactions.

Pyruvate is first carboxylated to oxaloacetete in a reactlon involving

ATP hydrolysxs and catalyzed by*pyruvate carboxylase.‘ Acetyl CoA is an
allosterlc activator of this enzyme and Utter et al al hsve argued.thst
regulatlon of gluconeOgene51s can effectively be exerted at this stsge
Wlth acetyl COA as a:controlling factor { 176 177). Support for' this
hypotbesls has come from tPe work’ o{-Krebs et al (99 }. Hepatic acesyl'
CoA level is 1ncreased in waay 51uuat10cs associated wlth enhanced
'gluconeogenesis, such as starvatlon; insulln deflclency and corticosser01d y
treatment (103).. Slmllarly it has been suggested that the observed
: sﬁimmlatidn of gluconeogenesis by'lpng chain fatty aclids is also brought
-about by increased amounts of'scesyl CoA derivatives sffecting'pyruvate
“carboxylase {(100). However many otﬁgr effectors in addition to acetyl
'CdA hsve been;reported to 1nfluence.pyruvate.carboxylase in vitro. These . _ ;
inelﬁde ADP, ATP, cal, Mg2t, pyruvale, aspartate and various CoA esters:x\ -

It is difficult hcwever to resolve the extent to which, if any, these are

1nfluentla.l in vivo (153}.

The second siep in the bypass of the nyruvaue kinase’ reactlon
is the.conve*siOn of cxaloacetate'to nhosphoenolpyruvate which involves
a decarboxylation and phosphate transfer from either G.T.P. or I.T.P.  °
‘and whlch is catalyzed by nhosphoenolnyruvatc ca:boxyklnase (P.E P.C.K. ).
Exton et al al suggesteajgegulatlon of this enzyme elther directly or
indirectly by eyelic 3'5'- Adenosinemouophoscbate (caMP) (41 ) but there

have been no renorts that this enzyme exists in 1nterconve*tible forms,

capable of allosteric modification. The act;vity of this enZyme is’

-
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increabed by glucocorticoids, glucagon, ‘lactate sad fastlng (159)
-The effects of glucagon are abollshed by ;ieuts which block protein
synthesms (132) It is thus genexally assumed that coutrel of uhlS
eq;yme is-wrought by its de novo synthesis. . ' -
Altéfhdtivel&:ﬁyruvate can enter thé.glu;oneogenetié pathway

via its conver51on to acetyl CoA. This reaction is chtaly:ed by the

regulatory allosteric en.yme pyruvate dehydrogenaqe (lhh). Regulaﬁioh

of gluconeogene51s by this enuyme is achieved by coupetl ion for

‘ 'oyruvat.e Wlu’h nyruvate carboxyla.se.

*

o All uhese regulatory enzymes are sensitive to a wide range of

-

'L.intracellular metabolite;; thus prov1d1ng;a/pqmgighenslve 1ntegrated

mode of control - of the glyco}yt;c and gluconeogenetic pathways.

>
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. GLUCONEOGENESIS FROM GLYCEROL

E&rly in this century Cremer ;nd Luthae reoorted that exogenous
glvcerol increases the glycosur;a of dlabetic dogs ( 31 116) ‘Sub-
sequently it was shown~that admlnlstra ion of glycerol causes hyperglycaemia
( 187, 55), ‘increases the liver glycogen content (Qh ) and counteracts-

-

i lnsulln—lnduced hypoglycaemla, as ranldly and 8s efLectively as glucose
(180). . _ : _ -
| .These éarly Studie;_in&iéaﬁea that the adull mammal is able'ﬁo
convert_ glycerol intg glucose and glycogén.' More'recently using radio-
acﬁivély labelled glycerol this hss beenigonfirded in vivo'in the adults
. : ~

o B .
of a variety of mammalian species including man (197, 133, 18 ). It is

generally regafded that glycercl-C is a ninor contributor to de novo ‘

glucose synthesis {*44). However carbon, capable of being converted

™~

to glﬁcose can be stored in the form of glyce;ol—c in friglycefide, tius
émﬂding an imquta.m‘; homeostatic C reserve. ’ ’
teele ev al fpuqd that in the grown dog the fraction of'glucose-

C derived from glycerol is related to the concentration of glycerol <n
the plasma, within the physiolOg;Eal range (196). This relationship also
exists in éﬁn (18 ). During fasting iu the adult man or dog lipolysis ~
incfeases and glyﬁe;gl becomes guantitatively of more iﬁPQrtance as a
glucOgenic precur;or (166, 18, 138).

The enzyme glycefokiﬁasé which catalyzes the phosphorylation

of glycerol to glycerol—l?phosphate is apparently induced after birth

e



" by the appearance of’'a

fficient cohégdtraﬁio-n of its sqb,strAte glycerol -
' (192). | | |
,\Dﬁrihg gestgtion triglyceride accumnlates in adipose: tissue,
"and at.térm approxima elyﬁS% of the body weight is éccounte@ for‘bf
fat.leT)._ After birt the.neohéﬁe fapidly‘mobilizeﬁ éhis'stored

. - N
. triglyceride, releasing ero) and free fatty acids into the. plasma™

. / .

-

(10, 179, 13k). -
' This high rate of lipolysis combined with a high dietary fat
intake providé a considerable amount of glycerol available for gluconeo-

genesis.,




GLUCONEOGENESIS FROM LACTATE AND OTHER TRICARBON UNTITS

In 1931 Cori demonstrated thatflactate-deri#ed from glucosé‘

catabolism in extrahepat:c tissues coutributes to hepatlc glucose '

synthesis (27 ); thus fbrmlng a cycle which now bears his name. It is

.now reallzed that recycllng of carbon unlts originating as glucose-C

retura to glucose not ‘cnly via lactate but also uhrOugh other urlcarbon
1ntermed1aries such as pyruvate and alanlne.

Dunn et al al using 3H$o-glucose szmultancously with U-lhc-
glncose have v-t=_~por*t;ezc‘i tha‘ 20 -l25%‘0f uotgl glucose production in rats
occurs via such recycled-tricarbqn units (38 ). In sheep, howeier,'oﬁly

5 - 1% of glucose production arises from recycled tricarbon compounds

~and no dl’Ierence is found between fed and fasted animals (13 ).

Issekutz et al found in dogs that 304 of the glucose product;on could be
accounted for by carbon recycled th:ough these 1ntermedlates, this flgure
rising to 67% after treatment with methyl prednisolone { 83). In man.
it appears ‘that recycling of g is greatly increased during starvation

(éou). ‘ ' : | ‘

The extent 6 recyeling of carbon via the Cori cycle in the

newborn has not been evaluated quentitatively. However injected lactate

lkc reéult; in the rapid appearance of labelled carbon as circulating.

- glucose and in hepatic glycogen in the newbora rat (184) and lamb (193).

Eelmraeth et al determined in vitro .gluconeogenic rates from lactate 1n

liver tissue from pigs 1, 5 or 24 days old. They concluded that although



liver slices from l day old piglets possessed the cspabllity to convert

* lactate to gluCOSe, glucose was generated st only one thlrd of the rate

found in slices from older.plglets (73 ). Experiments,conducted by -

' ﬁartin et al ai coufirm these findings bdt.conclude that maximum development
iy

5 ) '

of gluconeogenlc canabllmty is prevented by metyrspone 1nduced cortisel
deficiency. (123) . i

Formation o: slscose csrbon from lactate csrbon alone via the
Cori c¢ycle constluutes a re-formation rather than a new ormatlon oi
glucossf Thus unless trisarbon anits participating in sucﬁ a‘;ysle are
-themselves dsrived from non carbohydrate sources, their conversion to
élucose-qan not represent a net gsinﬂof glucose-C foflthe asimal and
can not therefore be considefed as élucdneogenesis in theslight of the.

accepied definition.
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GLUCONEOGENESIS FROM AMINO ACIDS AND THE ALANINE CYCLE

Almost all amino scids are potentlally glucogendc although.
only alanlne, serine, threonlne and glyclne give rise to significant
amounts of glucose in the perfused liver (148). " Ia fact it is probable
‘that glddoneogenesislis the major.rdute of metabolism for these amino
acids. |

« There is much.evidence that aianine is the major amino acid

.involved in?giuconeogedgsis; In intact man administration of g
alanine is rdpidl& followed by iis recovery in blood glucose ( 51‘)

t is taken up by the splanchnlc bed in in vive ( L8) and by the perfused
liver in vitro (56, llS) to s greater extent than any other amino acid.

ts output f*Om muscle exceeds that of all other amino ac1ds,‘even
-uhough alanlne comprises less uhan 10% of he amino ac;d residues in
muscle protein (96"h9)f An important role has been assigned to auscle
“in the degradation of'br&nched.chain:amino acids-(valine, isoleucine),.
-whicﬁ form a cousiderable proportion of the amdno acid content of protein.

. \
These amino ac1ds are degraded uo glUu&mﬂtE which is either transaminated

to form £ ketogluuarate and ;lanlne or amlnated to fo;m glutamine (132).
. Thus mdsclg'tissues releese considerable amounts of boeth alanine and
giutamide. Alanine is tramnsported éo the .liver and in this way becomés'
available for de novo glucose synthesis (49 ). In marked c;ntrast-to
alanine, extrasction by the.gut'aQCOunts fdr a substantial portion of
spianchnic glutaminé uptake { 53 ), thereby reducing the.availability

of glut&mine.for.gluconeogenesié.
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Ebw actlvely such & catabollc process occurs 1n the newborn is
un#nown.. Although at blrth there is- ‘a definite red;strlbutlon in the
ratio of‘the combined plasma~conpentration of non-essential {glycine +
serine + glutamate + taurine) tp thﬁﬁ-pf.essehtial amino acid§ (leuﬁgne +.
-isoleﬁcine + valine +‘methiOnine).(125). Apparently this redistribution
* results in an increase in the relatife concentration of the glucogenid
amino acids, paralleiing the postnstal changes océu;ring in carbohydrate
and fat metabolisa (126). | |

Qahill has postulated the e*istence of & glucose-alanine cycle;
éﬁalogous to the Cori cycle for lactate (9). 1In, such a cycle. alanine
.would serve to convey amino. groups and carbon subsurate from muscle to
liver for cogfersiOn to urea and glucose respectlvely and would be
. resynthesized in muscle by transamination of pyruvate, derived from
glﬁcosé. ppefatipn ofﬂsuch a cycle however LOuld not résult in a net
. gain of newlglucose by the organism. Tﬁerefore unless alasnine is derived
from other aminé acids its conversion to glucOSé.does not represent
‘gluconeogenesis. In the normal human infant there appears to be no
shortage of circulating.plaSma alanine carbon available for conversion .

to glucose (109). Although the functioa or even the existence of the

glucose alanine cycle has not been egtablished.




ALANTNE AND GLUCONEOGENESTS. IN PROLONGED STARVATION
) M - - + . - ) - ' ‘ ' . . - . . ‘

The\classical studies of Benedict in 1915 revealed that

‘prolonged starvataon is characterized by a.progressive decllne in thé

rate of protein catsbolism (12 ) More recently Owen et al found that

' uriuary nitrogen feli’from 12 - 15 g/day durlng the_flrst week of fasting-

to less than 5 g/day after five to six weeks starvation (138).
‘In.proionged fasting the plasma concentrations of most amino
acids wltimately decline but the_rate and- magnitude of the decrease

in’alanine concentration exceeds that of the other amino scids, falling .

to 70% of its original value after a five to- six week fast u82).  relig

et al retorted that in man, after s fast of this length, uhe output of

alsnine ‘rOm miscle fell cou31derably, whlle still ‘remaining the- major

amiuo acid released. They therefore attributed this.lack of circulatiug

alanine to diminished output from muscle (€3 ). Fractional extraction

by the splanchnic bed,- however, continues at rates comparable %o the

postabsorptive state (L8 ).
_Conservationof protein limits substrate (alanine) availability

and hence would be expected +o reduce gluconeogenesis. Coucomitant with

. this sparing action of protein in urolonged fasted man the glucose .

turnover is markedly‘curtailed 041 54). Similarly in the .dog, Cowan et al
reported a reduction in the rate of glucoée turnover o 654 of the post-
gbsorptive value after a prolonged fast (29 ).

Apparently despite reduction in plasma.insulin and an elevation

s
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in plasma glucagon, gluéqheoggnesis.frqm é}anihe is limited during ?’H
$ta}va£ion-by lack of avgiiable substrate,-rééulﬁing in a diminution in

- v -~ h

the raté'of glucose syﬁthesis. o
Studies byiiindblad in human babies, both in those small for

geétﬁtionél age and those.in lcwgf soéio-econOmic gTroups of.a refugee .

ares in Kaééchi, found th#t at four hours gf_aée there was a-éignif;cagt -

increase of the slsnine levels compared &itﬁ normsals of.thg sa&é‘age

(1105. Similarly, studies dn-starﬁftion either by experimental

:éétriction of prﬁteinlor in the clinical syndrome kwashiorkcr alsé:sﬁow ,‘

signifieadtly higher levelsqu plesma alanine than normal (80, 1, 6,

161, 169 ). However Kwashiorkor is usually associated with a - .

“relatively high dietary carbohydrate intake and such simulated conditioas

in the adult also result in high ciréuiating levels of alanine. Evidence
éoncerning alanine and glucqgeogenesis in starvation iu the newbora is
lacking.and the area is stil; largely unresearqhed.

Until more quantitative app¥oaches are applied to this prleém,
it is extremely difficult to differentiate peéweén possible causes of .
e reduction'in plasma alanine cbn;éntration; whether it-is primarily due

to lack of glucose for operation of the glucose alanine cycle or whether

* in fact the reduction can be wholly accounted for by diminisHed protein

turnover.

-As, death occurs in severe malnutrition after loss of one.
third to one half of total body protein (635, it is certainly advantageous
thet man's adaptive ;echanisms should be predoﬁinant;y concerned with

minimizing dissolution of total body protein stores.

-
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'_ :' HORMONES AND gwéo'usocm-:‘sgg
. i.. Lo - . .

Many diverse hpr:nopes,' 'including glucoéox_-ticoid‘s,' catechol-
amines and growth‘hormoﬁe exert E-powerful ac£iqp on méts?oiism in
‘gene;al and glﬁcoheogenesié'in‘particu;ai. Two of the most important
metabolically active_hormones ar; the pancreatic hormones insglin and
glucsagon, secreted'by_the;éran&io<cells fgsbéégively. The action .
and control of insulin and glucagon are comgieﬁly and idextricablfm
linked and there follows here a brief review of their known actions

specifically on gluconeogenesis in both the adult aad newborn animal.

Insulin snd Gluconeogenesis

The overall metabolis effect Qf insulic is that of an anabolic -
hormone,since.it doég under appropriaté copditioﬁ:!stimulate g;ycogen
syﬁthesis;lipqgenesis and protein\syﬁthesis-froa glucose end ;ﬁino acids
(61 ). Moreover, in the absence oflhypoglycae$iaa insulin suppresses
glucogenesis from all glﬁconeogenic precursors and ;Iso inhibits giyqogeﬁ-

olysis. e |
| | Insuliﬁ Qppears to limit gluconeogenesis from glycerol, largely
by decreasiﬁg substrate availability. Iﬁtra#énoﬁs infusion of insulin
into éﬁéesthetizea rats causé#ja decline in plasma glycerol concentration
(78). This reduction in circulatihg glycerol is a ieflecti;n of reduced

lipoiysis and increased formation.of triglyceride in adipose tissue (107),

probably mediated by a direct effect of insulin on the adipocyte (61 j. q

Long before the demonstration of a stimmlating effect of

_ insulin on protein synthesis by Forker et al in 1951 (58 ), it was well

]
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“by augmented intracellulsr production and release of this amino acid.
¥y aug z :

reéogni:ed that in;u;in loweréd the amino-N concenﬁ?&tion in bloed.
(115). If'hypoglycaeﬁia ié.gllowed to déyelop,.the exéfetion‘qf ures
§6T).or'theconcenﬁra£ion of ufea'iq the blood of neéhrectoﬁi:éﬁ
anima;s_incféases (l@?) indicating‘ﬁﬁ increased rate of gluconeogeneéis.
‘Stimulation of endogenous insulin secretionrﬁy eiéher ofal

or 1nvravenouq adm;qistratlon of glucose results in. hypoaminoac1demla,

ts ef:ect bghng most c0nsp1cuous on the concentratlon ‘of esseatial

I
am;no aclids (ll;, 35) Alanlne-ls unique, belns the only amino acid

for Whlch the nlasma concentration dOes not show & coasistent decline
and which, in fact, may even iancrease under the iafluence of insulin

(53). This anomalous behaviour of alesnine is attributed to stimulation

" of its periphergl formation. The sugmented synthesis of alanine.is

a consequence of the effect of insulin on glucose derived pyruvate
for transamination (16C; 23). The teadency for insulin to increase

the uptake of circulating slanine by muscle is thus counterbalanced

No attempt has yet been made to validate this concept by

measurement of alanine turnover during insulin-induced hypoglycaemia.
The  hypoaminocacidemie of insulin, coupléd with the difficulty

in'demonstraﬁing a direct action of insulin leed to the rotion that

lnsulln re&ula es gluconeogeneszs by influencing the availability eof

précursor substrates.
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reduction 'of cAMP in the adipocyte (21, 89, 11G), and the hepatocyte

Since insulin does not decrease net availability of circulating
A . . . .

alanine, the~manner whereby insulin reduceS'hepatic gluconeogenesis

mnst ‘depend on a hepatlc rather than a peripheral effect., More recent

‘work wlth perfused llver as well as studies in lptact man suggest such

a direct hepatlc effect ( 127 ). Felig and wahren (52 ) calculated

'in man thai .endogenously released 1nsulln caused & 30 - 60% reductlon

in che.splhnchnic uptake -of élqnine and ‘other amino acids.
ther‘evidencecto support the direct_inhibitofy effect of ‘

insulin on hepatic.alanine uptake-has been'provided by studies in | .

perfused liver by Rudorff et ‘Al (151) | o l. - I
The mechanlsm.whereby'lnsulln reduces gluconeogene51s ‘at the

cellular level is poorly understood However the first step does appear

+to involve interaction of imsulin with the cell membrane (22 ).

Cuatrecasas has characterized specific insulln receptcrs on both the:

adipocyte and the henatocyte (32). |

| © It is argued that the overall metabollc effects of insulin

are mediated by & reduction in CAMP levels in target tissues. The

tceatment of rats with insulin.actisefum results in an increassed hepatic

dontent of cyclic AMP which is counteracted by tce.additicn of insulin

- . . : -

to the perfusate (132). Insulin can also reverse the rise in hepatic

cAMP produced by glucagon ( kb ). Several groups have also reported

P

{Ls, '81+). Whetker this reduction is brought about by inhibition of ‘
adenylate cyclese (139) or by increasing the activity of the antagonist

cyclie nuclectide phosphodiesterase ( 4 ) remains unresolved.
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in vivo has yet to be presented. Chiasson et al, however, reported

R - GLUCAGON AND Gmcomocmsxs "

‘Glucaéqn-ievels hévejbeen_shc#n to be increased during ;
fasting, exercise (175), starQation.(3) and @ypoglycﬁemi& (173)3. w
conditions‘assbciated with:pax;mél stimulatiop.of glucoheogenesis.

It is wideiy.acc?pted that élucagon.stimulates-géuconebéeﬁesis
frOm‘amino acids in the perfused*liver, g finding éonfirmed mahy times
bm.:.l mst“f“rqugntly ia rat l‘live’r (L1, -l&2,lh7, 162). |

. Glgcagon stim;laﬁion of gluconeogen;sié_howeve:‘cou}d not be
deﬁoﬁstrated-in perfusgd-moﬁse (7) or guines pig liver (163). It is
pbsgiblef%bap species differences exist with respéct‘to the di?ect

hepatic effect of glucagon. Evidence COdcerﬁing.the role of glucagen

,in stimulating gluconeogenesis in the -dog is conflicting.

tudies by Linésay‘énd Madisorn in the Intact dog

sugge;t thafngucagon does not stimulate gluconeogepesis from émino
acids (lllj. They point out that viréually all of the evidence for the .
gluconeogenic action’'of glucagon has.been obtained in‘in v{tro systems
and that definitive evidéncé that glucagén is & glucouébgenic-hormone
that infusion of glucagoa in anaestﬁetized degs, which raised the glucaga¢
level to the upper limit of the physioiogical.range did stimolate
gl@coneogengsis from alanine (26).

Examination of the effects of glucagon oﬁ individﬁal-gmiqo

acids in intect man apparently substantiates the important role of




alanlae as 2 blLCOgen‘c o:ecurso rwot only is iﬁ‘claimed'that glucose
'D“OduCulOQ :rom alanine is stlmulated by glucaggn (62). but 1ts uptake .

by liver is increassed to w grester extent :han tbat of all other amlno _
‘acids (ll9j.' imilarly in‘postabsorptive_(52),and prolonged fasted
1maﬁ‘(lzl) the_magnitude of'the.dealine in cirCula£ing alanine exceeﬁs
that of all other am;ny'acids.' I+ is.presumed that the h&poalanin#emic
eflect o:.glucagon reflects stimulation of hepatic utiliiatioﬁ of thi§  .
. anino acid for gldeoneogeneéis,isiﬁce such a decline is aot observed

in ?gtient; with ascute viral hepatitis and impaired glucose homeosiasis

(32) A reciprocal effect of alanine oa glucagon 1é}els also spparently -

PR

exists as alaqlne is & ncwer’ul sulmulanv of 5lucagoq sec*eulon (130)

. Clucagon has been shown to be a llDOl} ic agent (lOo) and-
so would be expécted to increase gluconeogenesis from glycerél‘by
iqcreésing substra£e_supply. .

1(,—6&qsigon‘injecti0n in the aewborn rat nastens the normal
postnatal systhesis of phosphoéyruva te carbexylase (201) and ‘Yeung and
Cliver have shown that it is the postaatal synthesis of this key |
regulatery eanzyme whﬁch coanleves the "hepatic glaccaeogea‘c systen {(199).
Moreover administ atlon of glncagon causes uhe nvecoc*ous.aooearance
of +his enzyme in foetal 1ife (202, 201) gimilarly intreperitonesal
injecfion of~glucagon leads to the premature appearance of glucose-B-
phosphétase (68). 1In view of this evidence G*eeaba*d has hyﬁc»ne51zed.
that glucagon is the agent which qauses development of these enzymes

postnatally.

+ appears that the mode of action of glucagon at the cellular

v




¢
. levei,'whioh :egults iq the observed phyéiblogi¢al §henomena are;
zedisted via cyclic AVMP. |
. All the ,actior)_.; t;fg glucagon’ inc}gdiﬁg,thbsg im'oljving de novo
L enzyme synthesi; can be mimicked,bf cycii;‘AMP'(SS). Glucagoﬁ'incrégsés
the CAMP content of the éerfused live; and on removal of glucagon from
the‘péffﬁsétg the cAMP contenf returns rapidly to the basal ievel (h3):
ihu§'it'is generally accepted thaﬁ the ﬁetabolic actions of:glﬁcagon

are-medizted by an increase in the cAMP content of the target organs.

In a coavincing series of experiments Rodbell has demoustrated

v

-

. the existence of distinect receptors, specific fo

1

glucagon on the rat
Bepetocyﬁe mecbrane (th,.lhé). gé suggests that the. primary event
which eventually resulis in £he typical'ﬁetabolic'ﬁanifestations Of 
glucagon is binding of this hormone to its receptﬁrs, followed byi
§ti vlation of the membrane bound adenyiate eyclase with the résultant
elevation of the. intracellular ¢AMP conteant {1k5).

Sour¢e of Circulating Glucagzon

Until recegtly glucagon hes been regarded solely as the product
of the pancreatic ©~ cells and it was generally considered therefore
that-total"paﬁéreatectOmy deﬁrives mammels of glucagop.

écwever,_it was found by Vranic et al that tofally depancreat¥
ized dOgs had normal, or in the absence of exogenously administéred‘
insulin, eievated levels of immunoreactive glucagon (IRG) in plasma
(188).' The ant%sergm used in the assay system wes specific for panéreétic

N

N L ™, . Iy ]
glucagon, end this finding was confirmed using three other specific .

-antisera. . ' . ‘_ | : ‘
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'It is éuggested_therefore that there is an extra paacreatic
source pf.iRG'and fhrthétmoré'than ihc;ease& gldcagoé prodUctioﬁ"from'
this source caa cow@ens&te‘for panc:eatic;‘ .cell failure..

- "Subh 8 system would gxpla;n the dif ficulty in demonstratlng
élucégon deficiency in laboratory aniﬁais and the re rity of cllnlcal ‘
discrder attributﬁble to glucagon'laék. | _ I o .

. " In 10uL8 éutherldn@ and de Duve (168) found that eﬁ;racté'
of the upper two-thirds of tﬁeAstOmach of the dog have glycogenélytic
activity-but less was found in the duodenum and ﬁleum. Valverde et al
separuted the glucagoullke 1mmunoreacl1v1u3 of the extracts fr&m the
dog gagtrOLntestlnal trac into two fractions (peak I and neak II) and

they 1mnlzec that neak IT was the hyperglycaemlc factor of gut (1:8)

Several *ebea*chers hqve 1nd1cated that cells slmllar or

-

identical to paﬁcreatic oalcells can be found in the mucosa of the
gastrointestinal tra;t in man and other:mammalian,s;ecies and have
suggeéted that these cells might‘seérete either glucagon or.glucagon-
like material (59,/52,3183 . ; ;{. |
Morita et él in an attempt to locate the extréhpancréatic'
source of glucégon assayed ti;sue gxtracts from normal and depancreatized,
insulin deprived dogs, using an‘adtiserum which_waé highly specifié for
pancreatic glucegon. IRG was undetectable in heart, kidney, liver and
bgain extracts and only small amounts were found in extractslerm
the nyloric region of the stomach, duodenum, jéjunum, iieum,‘colon,

sigma and rectum in both groups of dogs. ignificant amcunts of TRG were

however found in stomach furtius extrécts,.similar amounts being found in




L

. the'g¥tracts‘from the dgp§ncréati:éd, inéulin deprived'dpgs_tlSQ).

U It thus appéars iikely.ﬁhat a poséible candidafé for the
extrs pancreatic source oflcirCu;ating IRG is the éut and specifiéal;y
the fundic region‘oflthé stomach. - Further investigation in'this'éréa,
however 1is réquired beforg it ‘can be stated‘uneQuivoc&ll& that any \‘
épgan producés & hormone, functionally and structurélly indistinguish-

able,‘frOm'pancreatic X cell-glutagon;
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- CONTROL .OF GLUCAGON SECRETION

In the past few years much has been learned about the precise
' “égulatlon of the sec*etlon of pancreatic o cells in the grown animal,
_ Electron microscopic studies indicate uhat paqcreaulc o< aqq{ﬂ? cells )
commu11caté at the membrane level through juqctlonal comnle\es (137).
The precise mechan;sm of 1nt:acellular’synthe31s and release

of glucagon has not been eiaborated but it has been suggested that &

microtubular microfilameuntous system is involved in the process of .

glucagon secretion (105, 40) analsgous to that in the 3 cell.

Ia vivo blood glyfagon levels are raised ia response to

s

ypoglyesenia (173), ste vation; a protein meal, and infusions of
amino acids sucH &S alan;ne.(lSO) and arginine (90, 94) and by the
intraduodenal administration-of fat (37).

| ,Although arginine infusion has a direct S£imulatory effect
on the pancreatic o< cells (00) 1glycerlde chylomicra do noi act
directly.on the pancreas (19). It is therefore postulated by Unger
thaﬁ glucagon secretion in response to a fat meal is the result of &a
‘enteric signal to the islei cells, released during fat absorption (37).
The identity of this hormone is as yet unknown althpggh both Eancreozyh
min and gastric-inhibitory peptide (174) are poésible candidates.
Thé'secretion of glﬁcagon is decreased by insulin and or

glucose. Insulin apparently promotes the entry of glucose into o cells

blocking gluéagoa release, Such could be the mechanism underlying the

e
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wéll‘known-suppression‘of glucagondéeleﬁse éuring hyperglycaemia -

- (138). Proteiﬁlstimulated'glucagoﬁ‘sécfetioﬁ is subpressed b& intra- :
venous (129) pr_orall(IQLJ admThistration of glugosé. éimilaryy |
‘intravenous;y‘adﬁiniéterenglucose abdliéhgs the rise. in glucagon
 §ecreti6n in resp0nse.to a'fét meal;

The physiolégical significgncé Qf changes‘in bloed gluéagoq
concentration wzll deoend on .he nrevalllng 1nsullq concentration or
what ‘has been called the insulin; glucagon mola“ ratio (°O;) %' o _ -
cdnditions Xnown %o be associated‘with reduced insulin production such
as Tasting and S£arvﬁt10n, the caﬁaﬁolic effects of glucagon can
predominate witbOuf a majér rise in gluéagon,pro@uctiOﬁ. Conversely
when the concéntratioﬁ of insulin is high after = meal‘the anabolic
'effecfs of insﬁlih.%ill previal; For this reascn it has.been_propoéed-
that the o 2nd ﬂg-cells be .viewed as -2 single bicelluler, bifunctiona;'
unit.

The concentration of gluéagon reaches 2 peak on ﬁhe 20th day
of gestaticn (66). As maternal glucegon does not cross the placenta
the foetus must be capabie of glucagon production. However contrel of
glucagon production in thé rat foetus differs fro# that in the adglﬁ
animal, as it is neither suppressed by hyperglycaemié, nor increaseé by
maternal *nsul;n induced nypoglycaemia (66).

During-the first few ‘hours of 11;e in the human infant
glucaéon coacentfation is not depressed by an intravenously administered

glucose load (l 7). However infusion of insulin and glucose together

does suppress glucagon secretlon in bebies, less than 2k hours old (12k).




Not only'cifculgtiné catgchol&ﬁiﬁes'buz glsb #irect glectrical
.stémulatidnr$f adrgng%gicfnerves markédly idc;gasg_glpcagdﬁ release
in fhe gdult,dogj(l22). Stimulation of the peripheral ends of both
sﬁl&nphrip nerves.causés an immediate incresse in §l&3ma g}ucagon
.conéentr&tion in»tﬁe'adrenaiectbmi:gd‘calf three to-Tive weeks after
b;rth.  Duriqg.the first 2k hours of life however this response is | ®
absént (17).

In view_bf'this evidence it appears that duriﬁg the immediate
necnatal period althoughﬂglucégcn is présent in the'plaﬁma, the

control of glucagon release is different from that in the adult.

e
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* . . AIMS OF THE INVESPIGATIONS

The purpﬁse of the investigatioas‘to be réported was toi-
Quantitatively examine in newbora and adult dogs, both in the

postabsorptive state and during fasting, the extent of gliconec

'genesis from_glycerol. In this investigation a compartmental

rwodel was formulated to calculate the irreversiple disposal rate

‘of glycerol, the turnover rate of glucose, compartment sizes and.

the rates aqd‘amouptS of Earbqn transférxed between compartments..

' . . .
Quantitatively examine the transport of carbon atoms between alanine
'andrglgcose'and calculate the turnover rate of glanine in newborn
ana adult dogs.

Quaﬁtify, in pups, the reincorporation of carbon into newly formed
glucose, axue* cycllng through t*lcarbon 11ue*medza“1es, by
determlnlng the ratio of the glucose turnover rates, calculated u51ng
3H—2-gluco§e and lLC-U-glucose as glucose tracer?._

Becéuse of the relative insensitivity of the newbora o' insulin és
reflected by the glycaemic regponse in pups (86).and in view of

the importance of alanine as 2 glucogenic precursor in the adult
animal, the effect of 1nsulln-1nduced hynoglycaemla on the concen-
tration of alanine in plasma and amlno-nltvogen 1n blocd of newbovn'
dogs was examined. .

Experiments were cérfied out t¢ examine the effects of age,‘fasting,

spontaneous and insuvlin-induced hypoglycaemia on the plasme glucagon

concentration in newborn and adult .dogs.
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MATERTALS AND METHODS

[

Five diffe}ent types of.experimpnts were carried out, as
previousl& outlired. Very few methods were common o all experiments.
Therefore the methods and materisls employed for each type will be

described separately.

Tracer methods and data analysis, however, will be described

.

'in & separate section.




MATERTALS AND METHODS I

-

These experiﬁentsiwefe cgrried oﬁt in ordef to deterﬁine the
exténflof glhcpneogenesis from glycero; in newborn and adult'dogs‘iﬁ -
- the po#tabsorptive state gnd during'fastiﬁg. . |
. Animals . o | e | ’

_The experiments were berformed on 30 inbred pups from 12

: lltters of inbred beagles. The age of the pups ranged from 7 hours to

30 dayb anq their weights from 0.19 to 1.415 Xg. Control exper1ment§ ,
were carried out on 10 adult dogs {5. 5 - 10.5 kg.), 1nclud1ng three'
mothers of litters used at least three weeks after the last pup had been
removed. One adulf dqg was subjected to two eéxperiments, once under
ansesthesia and once unanaesthetised. The ekpériments were perforﬁedlon'F L
lanima.ls either ia Lhe postabsorptive staté (first group) or during ' ‘

fasting {second group).

Tn experiments of the first group, food wag withdrawn i6.- 18
hours prior to the experiment‘frOm adult dogs. Pups were taken from
tpeir ﬁothers 2.5 - 5 hours prior to the experiment,'de?epding oo their
age. -~ - | , | ‘ f”""“).

In the §econ§ group adults were fasted for 7 days and aliowed
eccess to wﬁter. Pups .2 days of age or less were fasted for 2k ho;rs and
older pups for 48 hours. During fasting the pups were kept-wérm ina
heated box znd water ?aé proviéed_freéuently from & small feeding.
~ bottle. |

All animals were ansesthetised with Nembutal (30 mg/kg.). This



injottion was given intraperitoneelly'in pups and intravénouslj to

aézlts-via.the cephalic veio.
A polyethylene cannula (PESO PE6O or PEl90. Becto;
chklnson & Co. ) was 1nserted 1nto the left cdrotid artery of pups or
into the inferior vena'cava (vna the left saphenous ve1n) of adultsf
Thls cannula was used both for the 1njectlon of tracer and withdrawal
of blood samples. Blood volume was malntafhed by renl&c1ng blood
removed,with an equsal volume of 1soton1c saline. Throughout the

experiments rectal temperature was monitored aad maintained st

37 t 0.3°C. To prevent aomoxis, the_pufs bresthed s mixture of 95%

A I I

0p + 5% COp and room air (182).

-xoerlmﬁntal Deszgn

PN

Trace amounts of glycerol unlformly labelled with ll“c and
‘3Hr2-gluc03e (Amersham Searle) were administered 51multaneously,1n a
single 1n3ectlon (20 Uc1kg‘l) _ ‘ N

Blood samples were withdrawn ‘rom pups O-U days old at - 2, b,

7, 12, 20, 30, 40, 60 minutes: 5-11 days at 2, 4, 6, 10, 15, 20, 30,

Lo, 60 minutes: 12-30 déxg.at 2;_h, 6, 10,15, 20, 25, 30, 40, €0
minutes and ia adults at 2, L, 6, 8; io, 12, 15, 20, 20, ko, 60, 90
minutes. ?our pups and one adult dog received a single injéction of
3H-2-glucose and lkC-Ufglucose (Amersham Searle) simultaneocusly. Blood
samples were withdrawn at 2, 4, 8, 12, 20, 30, 40, 60, 80 minutes from

' pups ond 2, 4, 6, 10, 15, 20, 30, ko, 50, 60, 90, 110 oinutes from the
adult. Blood was withdrawn imto dry sterile disposal plastic syringes o
(1 ml pups, 5 ml adults) and transferred into small glass tubes contain-"

ing heparin. These tubes were cooled and within 10 minutes centtlfuged.



v
All chemiéal'determinatibns were made from 2 maximum of 0.05
ml. plasme. In 0o pup did the total volume of dlood rqmerﬂ exceed

2.8 ml.

Anslytical Methods

Plasma Glucose Assay

~

Glucose was determined en:ymically from 0.02 ml. plasms on &ll
samples  where sufficient plasma-was available, using & Beckman Glucose

Analyzer. -

 Glucose Isclation -

Glucose was lsolated as gluco;e'peﬁtaacetate (6.P.A.){(83)
prepéred, in &uplicate,'frOm 8 deproteinized filtrate equ{valent

" to 0.05 ml.‘plasma{

The radiocactivity in a known weight of.G,P.A. dissolved in
Brays solution was determined by a double label counting teéhnique in a
iiquid scintillation spectrometer (Nuclear Chicago Mark II).

Samples wére'each cdunted-for 20 minutéﬁ; 'Counting efficiency
was determined b& using interhal'standaras KQ.; ml. lhd toluene 49.4 X
10_3 dpz and 0.1 ml. 3§ toluene 277.5 X 103 dpm (Amersham Seafle)).
Spillover of l“c into the 3H channel was determined by preparing two
samples of G,P.A, from 100 mg. carrier glucose and O 0l mi. lkc -u- glucose
containing approximately 222-X 103 dpm.

_ A cﬁmputer programme was used ﬁa calculate the specific

activity (S.A.) dpm mg~L of glucose, the tracer cpncentration.(c*) dpm
21-L and c* as e fraction of the original dose (M¥) dpm. , This program

was executed by & Wang 600 computer.



Plasma Glyce ol Assay

Glycerol concéntratlon was determlned en.ymlcally frOm the
'first and every alternate sample“un to 4O minutes and from last sample-
from 0.05 nl. plasma in pups and 0.1 ml. in adults. All glycerol
samples were assayed, using a kit (Boerhxnger Chem Co ) wlthin 20 |
minutes of withdrawal.

‘e

Isolation of Glycerol

Glycerol was isolated from 0.05 ml. plasma, from samblesltahen
betueen 0 and 40 minutes, us;ng an adantatlon of the descendlng paper
chromatographlc technique of De?reltas (30) Instead of eluting Lhg
© glycerol f*oa the chromavogranm, the strln coutalulng glycerol was cul
out, made lnto a pellet and ox1d1aed to COo in a Packard Sample
Oxidizer. The 1k002 liversted was trapped in ethanolamine and dissolved

in a methanol-toluene based sc1ntlllat10n fluld and counved in a llquld

scint: tion spectrometer. Three blank pieces of Whatman Ko. 1
chromatOgraphy-paper; equal in dimension to the sample'(h; X 2") were
burned in the Oxidizer #nd used to determine background radicactivity. .
Counting efficiency was-éscertained‘uﬁing 0.1 ml. lhp toluene Lg.L x 103
dpm) as an internal standﬁrd.r 88.9 - 1.09 of glyceroi'lhc Qgs recovered
from the chromatogram. A factor correcting for this loss was introduced
into the computer programme, used to calcﬁlate the S.A. of glycerol.
lhc was lost during tbé burning process., When the S.A. of
plasma glycerol was determined after an injection of th-U glucose a
correctlon factor was introduced into the calculations to¢ allow for the

0.41 * 0.03% of glucose contaminating the glycerol strip.



| MATERTALS AND METHODS IT

Experiments to be_deécribed ia this section were AQéigned to
iAvestigate—the-hinetics of tﬁe.glucoge:‘ alanine system in heﬁbofn
and adult dogs in ihe postabsorftive:sfate.

Animals
\ The.expefiﬁenﬁs were performed on 1k pups from 5 litters af
inbred besgles. Their ages ranged from L to 60 days; and their weights

erm 0.266 to 2.85 kg. bontrol éxperiménts were pe:férmed on 5 aéult

besgles which were mothers of lifﬁers used at least 4 weeks after the

-
-
-
-~

last pup had béén removed.
Food was withdrawn froa the adult dégs 16 - 18 hours prior to

~ the experiment. DPups were taken from thelr mothers 3 - 5 hours before-

‘hand.

| Anaesthesia, temﬁe;ature control, prevehtioa of anoxis and

cannulation procedures were as described ia section I.

Experimentgl Design _

Trace amounts of alanine uniformly labell;d with lhc (New
| England Nucleaf) and 3H—2—glucosg'(Amers£am Searle) were administered in
a s-ingie inje;ction simuitaneously. '

Blood samples were wit?f;afg'froﬁ pups O-b days old et 3, 6, E{-
12, 20, %0, 60,‘ 80, 90, 120 minutes: S5-11 days at 3, 6, '12, 20, Lo, ; (\}ié‘ .

©A

60, 90, 110, 120 micutes: 12-30 days et 3, 6, 9, 12, 20, 30, k0, €0, R
80, 100, 120, 140 minutes: and £rom edults at 3, 6, 9, 12, 20, 25, 30,
f+o, €0, 80, 100, 120, 1&6, 'iao, 210 minutes.

Withdrawal and'separation of plasma wes &s previously described.
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: All chemzcal determinations wcre made from a max;mnm?bf 0. OTS
N
. C

L,

“ml. plasma.

XS

Analytlcal Methods

Dlasma Glucose Assav

H

Glucoae concentratlon was asJLyed enzymically *rOm 0.02 ml
plasma on all samples where suff1c;ent plasma was available using &
Beckmsn Glucose Analyser. . ' -

‘Glucose Tsolation

Glucose was isolsbted by preparation of G.P.A. as previously
described..

Plasma'Alanine Assay .

~

Alanine was &ssayed enaymlcally (lyg in the first and diternate

samples up to 60 mlnutes from 0.05 wml. plasma. in pups and 0.1l ml. in-

older pups and adults. . , . ‘

Tsolation of Alanlne

Alanlne, together wi*h other amino acids, was 1solated by ion
exchange ch:omatography by an adaptatiocn of thelmetpod of Stein and
ﬁoore‘(x§§.- It w;s further separated from bther amino acids by
conversion'to nyruvate catalyzed by glu.amaue, pyruvete transaminase
(G P.T.). The phenyl hydrazzne derivative of pyruvate was prenared (86)
dlssolved in Brays solutlon and the radloacu1v1ty determined by & double
label counting technique in a liguid sclntlllatxon svectromeler.

Ho'alnnihe wasllost £rom the column. Approximately 504, of .
alanine l’b'c was 1"nac:ow.v'ered from the phenyl hydrazone and the independent |
‘ recovery for each sample was determined using a second tracer (3H 2- 3

alanine).
T3

S '?
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. The reagéhts and procedures employed. are described in |
nyalidation of Methods". - -
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- MATERIALS AND METEDDS IIT _ - : .

>

——tt,

In this section experiments willtge dgscrlbed that were
deszgned to examine the effects of lnsultn induced hypoglycaemla on
the concentration of alanine in plasma and <#\am1no nltrogen in blood N - .
of newborn and adult dogs,m N | ' o
Animals . '- . | ' o E .{. ' | N

| These expcrimenté were carried out on 18 pups‘frnm-T.litters
of ipbred besgles, ranging in age from.0.3 to 25 days. Experinenxs

werelperfo;med on sduit dogs, 4 of which weré'mothers.of,litters. Qne

adult dog was subjected to two experiments. Pups were fasted 3 - 6

-

PR YNTRY

r

hours and adults 16 ~ 16 hours prier to the experiment. - _ . B ..
Infusions were given via a polyethylene cannula (FES0, 60, o %:

190 Becton chklnson Co.) tled into the cenhallc ‘vein of adults and the

left Jugula; veln Qf pups. In pups, samples were taken via a cannula

inserted into the carotid artery. In adults, the sampling cannuls was

fbrwarded into the xnferlor vena cava. via the saphenous velin.
Details of the procedures ef malntalnlng the anlmals throughout
the experimeni were as previously described.

Egpgrinental Design

' After two, or in smaller nups, one blood sample of Q.hS ml.
was wlthdrawn, ‘an infus1on of 2.5 o kg l-min -1 jnsulin (Crystalliné
Insulin Toronto) in sallne or, in control- experiments saline alone
was 1nfnsed for 120 q;nutes. - Flow rates were O. 0285 ml. min~+ in puns
and 0.153 ml. min~l in adults.

In adult coutrolldogs’no saline infusion was given. In pups



R

blood sau-:ple's of'o‘ 15 - 0.5 'm:L. were:withdra.wt;z at. 30 .60, 90, : 120 minutes.
In pups older than 7 days &an additlona.l sa.uple st 105 mnutes wa.s also .
tal:en. In adults, samples vere taken at 30 60, %0, 105 and 120 minutes
during the 1nfusion. :

04 amino-nitrogen Conteunt of Blood

Blood was w;thdrawn and cooled 1:nmed1ately 0.2 ml was
‘denrotélnlaed -as described by Fraume et al (60) and the concentratlon of
« apino-N &as determlaed according to the method of Rublnsteln and
Price (1L8). The rest of the blood was centrifuged immedistely.

‘Plasme Glucose and Alanine Determination

Glucose was assay‘ed from 0.02 ml. plasme as pi-eviously
de:sc*ibed; Alan:_ne was assayed ﬁom O 05 ml. plasma in younger pups

and 0.1 m.'L. pla.sma in older pups and adults.
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'MATERTALS AND METHODS IV

-

.In this sectmon, exnerlments were de31gned to examine thet
glucagon concentratlon in pups in the DOStabsorptlve state and the
.effec»s of fasting 1nsu11n-induced hypoglytaem;a and spontaneous
hypoglytaemla_on glucagon congentratlon.
Animais
These experiments were carfied oﬁt on & ‘total of 28 pups from
10 lltters of inbred beagles and two adult female beagles. The DQpS
in the postabsorptlve state were taken from their mothers 2} -5 g 3 ?
hours_prlor to the experlment. »Of these pups, four received insulin |
injectipns (012v kg™+) ama t?g received a 2 hour'insulin infusion
(2.5 nﬂ'min'lkg"l) Seven pups of four days old or less were f&SuEd
for 1 day and five older pups for 2 days prior to the etperlment ‘
The two adult dogs were fasted for 7 - 8 days before 1nvest1ggthu.

Experiﬁedtal protocol was as described in previous sections.’

. Exnerlmen»al Deslgn

Tn all dogs in hoth the POSu&bSOfPthE state and after fastlng
one blood sample of 1.0 .mi. Wwas withdrawn for analysis. In those animzls
recelving either insulin injection or infusion, one sample was taken

befcre-insalin and a”second-sample (2 ml.), thirty minutes after'injection

or efter two hours of infusion.

- ‘ o . £

Anelytical Methods . . - _ ' ‘

Plasma Glucose Concentration

a Plasma glucose concentration was determlned from Q. 02 ml

plasma using the Beckman qlucose Analyzer.



Glucagon Determ;qatiOn '

CALY glucabon assays were performed in the laboratovy 6:

Dr. M. Vranlc in the Dept. of Physxology at the Un;ver51ty of Toronto.

L Blood for glucagon determinatlon wes collected in tubes |
containing trasylol (50 Ul/zl blood) + EDTA (50 Ul/ml blood) end
immediately centrifuged. The -haemotocrit_ was determined and recorded.
The serum was stored at -209?.

- Serum levels of im%unoreactive glucagon were>dete;mined in |

duplicaté by & radioimmunogé%ay using the highly-specific antiglucagon
serum. 30K (supplied by Novo ﬁesearch Inst., Coﬁenhagen, Depmark).

A correculon facuor

110 -. Heematocrit (&)

Uncorrec.,ecx value X -
100 - Haematocrit (%)

was applied to allow for the Trasylol-EDTA dilution.
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* MATERTALS AND METHODS V

In thislsectién exneriments were designed to assess-the '
relncornoratlon of carbon 1nto newly formed glucose by determlnlng
'the glucose (RE) as calculated uslng 3H a-glucose and lhc-U-glucose
as tracers.‘ '

Animals .

,.?hese‘exp;;iments have been carried out on 13.§ups frgﬂ?S
litters of iobred beagles. The pups were taken from their wmothers
‘2§'7 S hours ﬁriér‘to the experimént. .Exﬁerimental protocql'wés as
previously descrgbed. |

Exnerlmental Design -

o ' In T pups 25 30 pc; each, of the two tracers was 1n3ecued
simultaneously inoto z cannuls in the left carotid artery from wkich

'samples were withdrawn over the nex* 120 min. In the remaining 6

. Dups followlng the simnltane#us injection of the tracers (2. 5 pei 3H-

2-glucose and 2 el 14 ij-glucose) the.tracers were infused intc the
jugaler vein (0.1l Jei min™' snd 0.1 pei min™t
~ mext hour blood samplés were withdrawn from the carotid artery.

Analytical Methods

Plasma Glucose Concentration

Plasma glucose concentration wgs determined enzymically as
_ previously described.

Glucose Isclation

Glucose was isolated from a deproteinized plasma flltrate

4

respectively). During the

7
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équivalent to 0.05 ml. by preparation of G.P.A. The radicactivity iz

a kn&rn weight of G.P.A, was determined by dissolving in Bfays soluti&n.

\J\
frcy
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DATA- ANALYSIS

1. o - THE GLYCEROL;GLUCOSE SYSTEM

Development of a Model of the Glycerol:Glucose System

After the simultaneous single injectlon of ;gc-u-glycerol and

. 3E~2<gluc05e the concentration (dpﬁ.ml'; plasma) of 14 labelled glycercl>

and glucose vere calculated at each sampling ulme as a fraction of the

initial dose of’tr&cer (M%) injected at t =0 whlch had been normallged

"with respect to body'weaght (dnm mi~ lfdpm.Kg— = Kg ml ).

The tracer data were analy~ed with the aid of the SAAM-26
compute* modelllng program (lh ). Glucose-glycerol-klnetics were
concepuuallzed as & multlcOmoartmental system descrlbed by a set of
51multaneous linear &if ferentlal equatlons. By an iterative process
least square estimates of the rate constanis Ly j (minfl) and plasma
equlvalent volumes V;(ml. xg-1) are calculated. (The plasma equivalent
volume 1s defined as the hynothetlcal volume in whlch a mass would be i
distributed wefe it evenlyrgistributed thrOughout the system at =z
coccentration equal to that ino the plasma. ) Usiné these values togetheri
wiﬁh steady state piasca gluc05e and glycerol concentratioas the rates
of T-elea.se of glycerol-C (U;) and of glucose-C (U3 + Ry y = qo 3) into
the system and rates of ¢ C;cnsnort of C-a tOms between compartments (R:L j)
.e*e calcula ed mg C.min™1 kg™ -l steady state solutions for compertmental
masses, Mj(mg c.Kg l) were also obtained. .

Nodelling waes carried out on avevaged data for each group and

evdeaid



a set of paramete*s of the model for each age group wa% established.

Dogs in the po«tabsorptlve state were allotted 0 four groups, accordlng

‘\ to age: i) 0-L days, ii) Tfll days, iii) 12-30;%§¥s, and .iv)
‘aqult. - - IO N

\. ' The tracer conceantration in niasma §ersus time data for -

lhc U—glycerol and 3H-2-sluc03e could each be Titted by sSums ;f two

exponent;als Fig. 2 . "Thus a two cowpartmeqt model was nroposed for

'each subsystem. To determine the conversion frOm glycerol to glucose

the model shown in Fig. 3 was tested against the data. All/;a*a

lncludlng the lkC glucose versus tlmc curve were smmultaneously fitted

LAV P

' to the model %0 ensure that the same rate constants anply to the 3g
and 14C labels. Since JH attached to the second carbon atom of glucose
is. not re-incbrporated into circulating glucose, whereas lie gtoms are; . e i‘

in.the calculation Ly 5 was multiplied dy a2 factor to correct for this =
. 3 . . .

difference. The factor 1.3 was chosen for ﬁups(p}l3) as well as adult

-

viedwnd

dogs (83 ).

Initially the‘retufn of C-atoms from glucose tolgiyce;ol was
considered. The data however could not resolve such a pathwq},ltherefore
a'separate series of experiments were carried out on seven dogs inciuding
some from each #ge groﬁp by injecting'th‘U‘gluCOSE and following the
appearahce of lhC in plasme glycercl. XNo appreéiaﬁly detectable aﬁpunt
(p 82) of Lo was found to appear in plasma giycerol. |

Altérnative pathways between the glyce;oz and glucose subsystems

were also explored ALl further changes in the model led to slower than

the experlmentally observed apnearance of lhC in the glucose subsystem.

)
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Fig. 3
" compartmental Noﬁei of the Glycerol-Glucose system
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Thus uathway R3 1 was both necessary and su:*ic1ent to fit the data.

~Once the model had been established and 1ts parameters (rate

S e

constants, c0mpartmental slzes, rates and plasma equivalent volumes)
calculated from the averaged data of each sroup, data frOm 1nd1vidual
. anlmals were run separately on the established model.

Amorxg, the rates ca.lculated ‘from the model Uy represem:q the
rate of lnflow of unlabelled glyterol-c into the glycerol subsystem- it
| renresents, meinly glyeerol relessed by lipolysis. In a steady state
Uy 1s equal to the rate at which glycerol-c leaves the subsystem ( l‘+

Rq Slmce the lhC label mAYy recvcle to glvcerol—c via varlous . S i~
l -

ctoasntt b

mﬁu&bOllC intermediates Ul is equal to the irreversible dlsnosal rate of

glycerol. Ro, 3 is vhe rate of dlsapoearance of glucose and thus in = - ol
.steady state equal to the glucose turnover rate. Because of the choice

of 3&—2—glucose as the tracer U3 does not 1nclude the carbon stoms recycled

*
-~

via the Cori cycle into glucose.




2. . THE ALANINE:GLUCOSE SYSTEM

O

A4 Calculation of Turnover R#tesl(RTj 6f Alanlué and'GluCosé
fhe turnove* rates of alanlne and gluCOSe in nlasma were
determlned emn10y1ng the method of tracer 1nject10n (198) Thlb method .
has been shown to be V&lld in normal dogs in & steady sta te with
respect to the Dlasma glucose concentration (28). The calcul#tions
emnlov the s*ewart-hamllton eqpatlon (167) which when applied to She

specific activity-time curve of a labelled pool gives the production

rete (Ra) for the tracee regardiess of the source of the externally

‘derived input (158). 1In a steady state Ra = Rd (the rate of disappearsaace)

= RT. The form of the equation used was:-

RT = M*
fSA.dt
wheré
ME = “the injected dose of tracer {dpm)

SA = specific activity (dpm mg™1).
Double exponential functions were lluved to the SArtlme curves for
lbp-y-alanine and 3E-2-~glucose using an iterative,program which also

performed the inteération and was executed by a Wang 600 COmputerf

ii Caleulation of the F*actlon of Alanine Carbon which is Transferred
To Glucose o .

In a linear system the tracer concentration-time curve or the
unit impulse response function W(t) will predict the cutput C*(t),
corresponding to any desired input R*(t).

The relation is

c*(t) =\f'§z(t) R% (£ -.7)d7> -

" the convolution integral.

ER
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If, as iﬁ £he'alanine-gluco§e sfstem the.unit impulée re5poése fﬁnctioﬁl
;1 e. the ‘tracer. concentrationrtime curve for 3H—2—glucose, and the
output C*(t) i.e. the tracer concentratlon-tlme'curve for the appearanée
‘of-lhc in glucOSe, are koown then R*(t) the- input of tracer to glucose
from slanine can be calculated by the proceqs of deconvolutlon.

| The unit 1mnulse reaponse functlon is in the general form

‘-'Wt = Ae"Pit + pe~P2t.
rand the output is in the general form
cx(t ) = D[: b3t - e'bh€] |

The coavoluted input “*(t) in this case is given by

R*(t) %'[}: e 03% & ghe” g + e 5] 100

SR

TN I

I

[ R

wheré El = K(bl - b.%) (bg ) ‘ ) L
_. (h'b3)(b5 3) Lo . . “
Ey = K(bl - bh)(b; < byl :
(b3 - bu)(sz = bu) T
B4 = K(by - bg)(b, - be) ‘ ,
: (b3 - bS}(bh - b.)

5 -

and X = D(by, - b3)
A+ B

b5 =‘Ab2.+ Bbl
A + B

The data are uo“mallzed so that R¥(t) is the percentage of
the injected dose transferred per min. Thus 1ntegrat1ng the R*(t) -time
curve gives the total percentage of the 1njected tracer arriv1ng in

.glucose. Fig. 4. .
The Aerivation and function fitting were performed‘b}

LY

Dr. B. Pagurek, Dept. of Systems ‘Engineering, carleton University.

\
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iii calculation of the Fraction of Newly F‘ormed Glucose Carbon
) Ansmg_"‘rom Alanine - - | “

T |

»

- In.the lelowina_system:-

Alanine | —R22 "5 |glucose '
8 e - = - »
. . .
. ) ‘ . Ro,b : .
" whére Rb,a = rate of transfer from a to' D
. - o
Ro,b = rate of transfer out of b . ‘ " .\5\\

‘ b [~ g : 0.
I R t = TTsANdt.
R _/O_SA“3 Ro’b_/.o Apd

In a steady state the rate of loss of aioms from b equals the
_nmet rate of total input whick includes atoms from a and those.not from

a. S0 substituting for Ro,b in the preceeding eguation and rearranging,

the equation becomes:

L=
=ty :
< o : o
= FRb,a . = fraction of b from a.
e . Total net rate to b : ‘
R t ‘ N 7 .
T e Shat _ - B S ‘ . 8

Applying this ratio of 1nuegrals {158) to the alaqlne.glucose system
gives the -ractlon of newly formed glucose carbon which arises from
plasme alanlne.j

iv . Development of The Model of the Alanlne‘Glucose Svstem

_ After a simultaneous injection of 3H-2—glucq;e and‘luC—U-
alahine; the tracer éoncentration (dpm.hl’; plasma) of 1kc-mlenine,
lLC glucose and 3hr2-glucose were calculated, normalized and averaged as

-described in the foregoing description of the glyce*ol-glucoae system. =~

f
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~ _MODEL OF THE ALANINE: GLUCOSE SYSTEM
'TRANSIENT” ALANINE APLASMA ALANINE.  “SLOW" ALANINE

H GLucose



Using the 5AAM'26 computer modeling_pfogra;.an attemptlfas
m;de-to formulate.a cOmnartmehtai mddel of the aiﬁhiﬁe-c:éiuﬁose;c‘
system uSLng the normall"ed tracer concentratlon data (rlgs. 5 and 6)
and uhe steady state plasma concentrations of alanlne and glucose.
Calculation of rates and percentage conversions derived frOm such &
' model have tﬁe advantage that they do not depend on extrapolétion of the

+

dﬁta as do the previously described methods of data'andlysis.
b
The modél which best Tits the data is shown in Fig. 7. A
three-compartmen; system was neceésary for the algnine subsystem to fit
1the l“C-U-alanine tracer concentratlon versus ulme ‘data.

As in the glycerol:glucose systiem the glucose subsysiem .

could b%’iggﬂuately deseribed by two c0mnar£hents.

When simuitaneously fitt 1ng all three sets of &
was immediitely‘appareﬁt {hat the time course of'the.disappearance of
1ke-y-alanine snd thé éppearance of I%C in glucose did not satisfx 2
classicel precursor-prbduét reiationship (15). A proportion of e
. injectea as %c-U-alanine appeared extremely rapidly in élucose. To
allow for this rapid "dumnzng “of lhC label in 5lﬁcose, it required that
some..of ihe slanine tracer be an°CuEd directly into a "transient™
alanlne comna*tmenu (comna tment 5) frOm where the carbon was rapidly

transferred into gluCOSe via L3 5

The remainder of the 1“c U-alanlne injected was in comnartmenu

6. ,Compartmentsiﬁ and & are however both components of plesma alanine

© viewed singly inl'ﬁigig' ?

.

The later portien of the lhc glucore appearance curve required

AYTNTE.

-
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~

that T°C comtinue to appear by means of slower @athways..

A delay ccmpartmept'(cbmpartment 11) was introduced between

compartments-S and 4 which slowed down the appearance of th in plaSms:

glucose from the "transient" alanine component. This pathway together -

" with InEY 5 and Ly, §.were necessary and sufficient to fit the date.
> > . - i

This model has been validated when tested with our data and

tracer dai&qugm similar experiments.in man (15). However further
. ! ) .

experimental validation 1s required befo;e‘this_model could be validly

-employed to calculate physioiogical parameters.

[ VN
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3. " CATCULATION OF GIUCOSE TURNOVER IN PUPS

-~

In seven pgp§ the glucose Rf was ﬁalculaﬁed by ‘a éingle gnjéctiOn
-method using the form or iﬁe.Stewart-Hémilﬁon eduatiqn glready‘deséfibed.:-‘
: In six hdéeveg a primed iafusion trgéer methpd was usedlempldying tﬁe -
éQuation derived by Stgele‘gg_gé _(162;‘16S)._ |
 Re = R -TM SAp - SAy . . 2
. B T SA TSR

where R¥

rate of infusion of tracer dpm min k.

i

M ‘mass of glucose in the sysﬁem caleulated as & péodutt of

Tplasma glucosé concenﬁ%ation and the size ofqﬁhe appaéent

- distribution spece of glucose. mg. (M =IV-C)

) = the pool fraction of the central coﬁpartmént, taken to de
T 0.65 (30). -

SA = specific activity of glucose dpm mg'l.é

¢t

=  time min. .

' The injection end infusion ﬁgéno@s for the calculation of turngfer rates
are equivalent procedures agd.pence yield i&enticai results, The .
validatiéh of such methods has béen.exhaustively discussed by Hetenyi and
Norwich elsewhere (77).




Ce e 'RESULTS
L . PART I
] ' 'THE EFFECTS OF AGZ AND FASTING

ON GLUCONEOGENESIS FROM GLYCEROL ’

.

. : _ 4 -
 The response data ia-all animals which received e simultaneous

. e e e R P . 2. :
single injection of ~“C-yU-glycercl and O 2-glucose are shown on Tables

b

- 21 inclusive. Resulis are expressed as Traction of the injected

-

" . ; - L ' o
dose in one ml, plasma (min~l X 10%).  These data were further

normelized and aversged within age groups as previously described (p ki)
anéd incorporated into the model describing the steady state kinetlces

of the glyvcercl:zlucose system. Table 22 shows the fraction of the dose

N

injected as th—U-gluccse appearing in glycerol in one mi. plasme

‘-{min‘l X 106).‘ The latter data were use o resolve the existence of

ig. 3)

5

3 (
]
-

‘

The steady state average concentration of glucose and glycercl
for pups of different age groups and for adults in the postabsorptive
state and fasted are shown on Table 23. In pups in the%b:gbrptive

3
ALS

&

state the plaéma level of giycerol decreased withhage,;reachi
lowest vﬁlues in adults. Apart from‘the low glucose level in the
youngest pups the concentration of glucose in plasma did not éhange
with age. Fasting decreased both the plasma glycerol (¢ = 3.12

p< 0.023) 2nd glucose levels in the youngest pups (t = 3.55, p<;0.0l),

but increased glycerol levels in older animals. The plasma glycerol

levels in pups 5-19 days 6? age was not significantly below that observed

.




in the postabsorptive state in pups 5-11 dafs old (t = 2.00, p} 0.03)
ahé_those in‘the 15-30 day old group (t = 1.87, ﬁ; 0.05).

o Table 24 gives the calcul#ted rate édnstants“(Li,ﬁ) expressed
aé'miﬁ;l for.the-modelcof-tﬁé glycera;&glucose system shown on Fig. 3.
values for all pups Qnd'adglt dbgs are givén for the fespective age

groups.
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Total Dlasma equzvalent volumes,fo* the glycerol subqystem

(Vl + V,) and the glucoqe subsystem (Vq + Vh) t0gether with comnarumental
- carbon, masses (Ml) and trensports’ (Ul or Rj j) are shown on Table 25.

\\ i ) . . ‘
All rates have been expressed per kg. body welght.,-COmparlng the

. . R . L . . . "
respective groups of Tasted with non fasted pups, it is evident that

the plasma equivalent volume of the qucerol suﬁsystem was increased by

Ly

fastiag. No sugh difference was found in adul* dogs.

As sﬁﬁip on Taﬁlé 25, Uy, the irreversible dispossl rate -of

glycerol deéreﬁfes with age. - Fasting increases Ul except in the
N - FL— -
youngest‘nuns in which the average Ul was decreased to gbout one-third
. ,
of the value calculated 1n the nosuabqorpulve state. The conversicn of

- .

glvcerol to glucose’ defined as e trans“er of C-atoms from the glycerol,
to the glucose_subs}stemk 33,1 was.increase;xbyﬂfastlng ;n adult dogs
but significantly'deéreaéed_in‘pups l;ss than U days of age. Thé
tproover rate of glucose wﬁs decreased by fasting'in ell age groaps..

| 'The relationship between the ‘concentration of glyce;ol in .

'

_plaama and Uy for 11d1v1dual animals in all age nguus aqd both
nutr;glonal states is shown on rig. B. The llnear eguation Ul = T72.L45, c
;”0.088 (r = 0.88) was fitted to the data. The spread arOund the
calcuiated regression liﬁe is larger at plasme concentrations épovF
0;5 mg/100 ml. T§is is due entirely to.sqhe values obtained in pups.
Fitting the best linea? egquation 1o in& the data from adult dogs.

= bs.2¢ - 0.033 (r ='O.90){ The intercept of neitﬁer equation

differed significahtiy from zero.

.




'Fig,S_
e .1
K
N
o
2
T 0.7
£
=
i
N0 0.5
.
5
' 0.3
0.1

. d L : ' . ‘ )
The irreversible disposal rate of Glycerol
Uy (mgC-Min“IKg-1) plotted against the plasma
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The pgfcéntagé of glucose-¢ derived from‘glycerol and the
perceritage of glycerol-C ‘converted to glucose afé.giveﬁ‘in Table 26.

The percentage of glucose-C derived from glycerol was calculated as

: -(RS.l/Ul).lOO.i in the postabsprptive é;ate‘a higher pé}centage ot -
tlucose-C originates from glycerol in the youngest puﬁ?“g?an at anay i
later age. Fasting decreases thisfpercentage in the your

- . . - v
_increases it in older animals, About one ha

1f of tne glye
o . ! o
_atoms was converied into zlucose’in the POStaPQQ:PtiVE state in all

©  groups.. In fasting this percentage decreased in adults and ‘the youngest

- -

ut was maintefned By the intermediate age group.

t
[=)

- . pup
Table 27 shows some of the parameters which were calculated

-
- .

for the only unanaesthetized dog L3GMI. Both Uy and’RO,B were in thq'
- ", ) o, M ’ .

upper part of the range for the anaesthetized dogs. The. percentage of
glucose-C arising frogjglycerol was very close to the mean value S

calculated for the ten ansesthetized dogs in the postabsorptive state.

Table 28 shows. the values-of the physiblogid&ll§“mqst

-iﬁportént pargma:érs of the glycerol:glucose system &s calculated from ‘
».the3avefaged date Eor eﬁch age group and as the'éverage of thg'valuaé
calculated. for the individuel animel. The former gives ine7£3§€2¥?f.
estimate of the meaﬁ;fpr,th& group and the latter the belter estimate
of the mean of the scatter‘wiéhih the parameter. fhe cofreséﬁh@ing
. .magnitudes are expecteé to diffgr. However, in-ﬁos%‘;nstaéces the
aiscrepaACy is small.

' . -
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- ‘ TARLE 26

/_\

Percentage of glucose-C derived from glycerol and percentage
comversion of glycevol-C to ylucose. . Percentages calceulated
from averaged data of ecach age group. -

Age. Nambor 6f Glucese-C from Glyccfol—c to
(days) Animals . glycerol % glucose %
Al Postabsorptive
0-4 § 13.8 46.89
7-11 5 : 6.2 49.3
12-30 > ‘ 4.5 50.1
Adult 10 . 6.1 48.8
3. Fasted s . '
0-4 6 " 3.4 22.6
5-19 5 10.3 331 ‘
Adult 2 13.3 30.1

’ —°
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1)

PART IT . | 2

THE EFFECT 'OF AGE ON THE ALANINE:GLUCOSE SYSTEM

- .

- e . - ..
The response data. from all animals which received a single

s . T : N . AW : -
sxmultaneous injection of th-U-alanlne and*YH-2-glucose are ‘shown

on Tables 29 ~ L0 inclusive.  This is the basic data from which all
parameters were calculated and the model of the alanine:glucose systenm
. . : } .o . e

constru cted

[

Table L1 shows the rate constants tLi,j) expressed as min +

calculated for the model Fig. T. However this model, requiring Surther

validation, has not been used to calculate any of the bh"slologlcal

" parameters given in this section. ' . .

teady state plasma concentraticns of alsnine and glucose,

-—«»\)—Q

. N - - ' - - l : ’ ) -
together with the alanine and glucose turnover rates andé the percentage

~

interconversions are givgn in Table L2,

£
Bdth rates of turnover are highest in the youngest age
. ' tr.. o
group and decline the lowest level in aduxu,,: Tn all pups the -
L .

-:"n

“cenuratloq of alenine in lagma was slightly lc%e* thzs;.-1 in adults,

# Ca oA .
(v = 1.97, 0.2> p>0.05) no dltfe:ence being found be "eéh older and
younger pups. In theze animals there wa:z no change in plasma glicose
- R

The pe*ceqtage .of gluco ;e carbon o*iglnab_ng from plasme -

conceniration with ‘age.
alanine was highegt in the yoquect pups, older pupsc deriving the same

percentage of glucoseﬁs.frOm alanine as adult dogs. . Thece’ differences

-~ . . 4

-
&




‘jﬁere nrob;bly not Q£atisticaliy.significaﬁt because the calculaﬁidn
‘method employed relied upon extrapolation of the data (SA vs timf)

Iq both the younbest puns and adult dogs the same oercentabe
’ of'alanine—cras calculated by a,deconvolgtion was transfer:ﬁd to

circulating glucose. S .
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TABLE 42

Paramcters Calculated for the Alanine-Glucose Svstem
~in Adult DOgs and Pup§

Mean L S.E.M. .

. Age S 0-5 |- 6-60 Adult
Days - o (=7) |7 (==9)  (a=5)
Alsnige (RTmgCmin™ kg™1) /'IF\ 1.0 0.61 |- .
' el t0.25 fo.08 +0.13 S
Glucose RTmgCmin™t kg™ 3.36 2.92 1.2 :
. o : to.25 .36 | . to.i6 e
‘ ¥ ' .
_ Alanine plasma concentration 2.36 2.81 . " 3.5
g% ‘ t0.38 0.4k : t0.22
Glucose plasma concentration | 95.2 108.6 . 10L.1- » - -
mg% *10.34 9.1 . *1.89 ‘
< . 4
4 of Glucose C originating \ 18. h6/" 10.8 10.77 3
‘frou plasma Alanine 1122 ) 42,5 2.6 *3.3 .
¢ of Alanine C transferred 30.1 - : 28.7
to Glucose -
(calculated from averaged data)

.
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THE EFFECT OF TNSULIN-INDUCED HYPOGLYCAEMIA ON PLASMA
- ALANINE AND BLQOD AMINO-N cowcwrmxor:

Figure 9. shows the hanges in the concentration of glucose
" in nlaqm" durlng the infusion oﬂ~1nsulmn. Althouéh the initisl fall
is less.iq pups than it 1s in adul+ after &0 minutes, the sameé low
ievel is reached in both pups.apd adults, No changes in plasma glucose
were oObserved in control‘animals. |
As shown on Figure 10 the amino-N concentration decreased
durin5,§he'infusi0n of insulin in both pups and adult dogs. A sliéht
;ncréase during the infusion of saline'ﬁas observed in pups.. Analy#is
-of variance revealed both the rise (?<0.025) and the decrease (p<0.01)
+0 be significant. The slight decrease seen in adult dogs wés also
found to be siénificant‘(p< 0.05). No amino-N determinat£6ns were
carried out on control adultﬁ.
Tigure 11 shows the percéntage qhanges in the c0ncéntrati9n
~of plasma ;laniné during the infusion of insulin., This presentation was
chosen to focus on any changes with age and to eliminate the variations
in coﬁcentrapion between animals. Analysisiéf variance carried out
§i£h the orlglnal data, i.e. the concentrations in plasma, showed that

in pups both the intersnimel variation and the decreese of concentration

is highly significant (p< 0.01l). In adult dogs only the interanimel

variation wes significant (p< 0.01) but not the decrease in concentration

-

(p<0.05). No trend in the concentraticn of plasma, alanine with time

was observed in control animals.
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BIELEES
PART IV -

RE- INCORPORATION OF CAREBON ATOMS INTO
PLASMA GLUCOSE IN NEWBORN DOGS ‘

~ Table 43 Sivesthé'glﬁcoﬁe ;urnOVEr-faté and the.i}reversiblg .
‘dispoéal rate calcul%téd for each pup.[ The pups have been diQided'into
three g*Ouns to show any differences which miéht occur in the first two
lday: of 1ife, beuheen three and e1gh+ days of age, or in older pups.
.Mean values ¥ §,E.M. are shown for-each age groun. The dlf’erences
between age groups were not statistically significant despite the low ~
mean'plasma gldcose concentration in the youngest pﬁps. The overall
ratio for all gréups ;ﬁs 1.35 with a standgrd deviation of ¥.0.28

end & standard error of the mean of O. 08

pl&sma glucose concentrations are also shcwn cn Lable L3,

Those pups less than 2 days old had coﬁsidérably'lowér plasms glucose’

conceatrations than either of the older groups.




_ Tﬁblg'§3, '

Glucose  Turnover iRi‘) in pups calculated using 3g-2-glucose’

and l4C-U-Glucose &S tracers. Mean ¥ S .E.M.

Experi- |Age | Plasms Glucose RT(3H) R‘_f:(ll‘_‘c) \ S
ment days | Concentration ng mnt kgt | dg minvd xg~t| Ratio
1sPlL 1 "2k 7.6 6.3 . 1.21 -
28Pl 1 37 8.k 6.3 1.33 .
1Sp2 1 " T7 6.3 6.2 1.02.
2sp2 1 Lo . 8.0 6.1 1.28
23P3 2 55 7.7 6.1 1.26
Mean . L8k - 7.6 . 6.2 1.22
S.E.M.E. 8.9 *0.35 Fo.04k +0.05
1GRC1 3 107 8.2 5.5 - 1.49
1sph 2 109 6.3 ‘5.9 1.07
1RCL b 185 11k 10.3 - 1.1
2GRC2 T 110 7.7 3.7 2.08
1GRC3 8- 121 7.7 6.0 1.28
Mesn 126.4 8.26 - 6.2{ 1.L0
s.E.M. X ‘tik.g . %0.85 1.1 +0.18

- 1ARCYI 22 103 8.8 5.8 1.52
1grch |28 139 6.6 5.3 1.25
1RC2 133 - 1k3 6.8 k.2 1.62
Mean 128.3 7oL 5.1 1.46
S.E.M. X 12,72 +0.702 T0.47 +0.11

Overall Mean 1.35
* S.E.M. *0.08
b




THE EFFECTS OF AGE AND FASTING
ON PLASMA GLUCAGON CONCENTRATION

Table:hhA gives ﬁhe plasma gl;qagon.(pg;ml_l) and élﬁcoée-“ oo

(ms/loo nl) poncenﬁratiqn for puﬁs in the postabsorﬁtiée state. High
glucagon concéﬁtratioﬁs were found in pupg‘less than 4 days old. 'In
-older.pups tﬁe mean concentfgtian has practically reached that found
_in adilt dogs (188). The mean plasma glucose concentration was Lower
;n the youngest age group.

. The conéentratiéns found in fasted pups and adult dogs aré_ .
shown iA'Table hhs; Lofgr glucagon concenﬁrations wére'found in fasted
Dups, less th#n four days 0ld than in their counﬁerpa¥ts in the post-
absorptive state (ﬁ = 2.5 DL 0.05:&0.02). Significant differences were
2lso found in glucagon and glucose coﬁcentyatiou between fastéd pups,

less then four days old and older fasted pups.

The relationship beiween the concentratioas of giucagon‘ami b
glucose in plasma for individuel animals in both nutritional states -
is shown on Figure 12. A multiple linear regfeésiou IﬁG = -L.95.8ge
1.497.Glucose C + 495.17 was fitted to ;he deta for the pups in the
postabsorptive state. The linear regression coefficients were not

significant but the variables were significantly correlated. r (age:C

glucose) = 0.72 p £0.01, r (age:IRG) = -0.569 p< 0.0l r (C glucose:

glucagon) = ~0.581 pc<%§%EE;Eiiiing the best linear equation to only
) * \ . ’ .
| | /



}'..f 115:_~_

the data from faqted pups glucagon C 1. 27 gluc0qe C+ 2L9 8 (r=0.71).
.. Om Table ks blucagou concentrationq {mean ¥ S.E M.) are glven
for pups in the UOSuabSOTPthE state and those with suontaneous hypo-
. blycaem;a, 1nsu11n-1nduced hypoblycaemla ana fabtlng—lnduced hypo
glycaemia. Basal values are given for all pups with glucose concent“atlons
abové566‘mg/loo ml. plasma.' The values in pups-can de compared "to the’
valueﬁ obtalned in the same pups before insulin treat meﬂtA the diffe“énce
not being 315n1f1cant. Pups with spoutaneous hypoglycaemia had h:gher .
glucegon levels than'the%r counterpa:ts in the pqstabsojptive‘state
£ = l.ﬁ p«ip.l);, The differencé.ﬁetgeed glucagon -levels in pupé with
fastiﬁg-induced hypoglycaemia.and those in spoﬁtaneéus hypoglycaemia

was highly significant (t = 3.9, p<0.01).




TABLE 4k S o R ' ‘ g
Plasma Glucagon'a&d Glucose Concentration
. in pups in the postabsorptive state and pups ’
and adult dogs during fasting  Mean ¥ S.E.M.

\) mg =l o _ og %

L

Age - 1 Glucagon &I.R;G.)' - Glucose

T

A: Postabsorptive

o-k - 3ah T LS.k 9.3 7 a.1
(a = 1%) AT -

. 1 ¢ = 3.25, p¢.C.0L
older pups Tl 18 * 26.8 132.2 T 2.7
(a = 10) .

o-L 209.5 T 12.2 35.8 T u.2
(n = 6) * ‘

: t = L.i, pL 0.01

’ - -

older puss 131.Lk ¥ 10.2 8u.4 1 6.9
(n=5)
Adult 1 75 - 109

2 .

103 ' o 117

Normal value for adult dogs in the postabsorptive state is

13k ¥ 33 pg ml™t (188).
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rig
PLASMA GLUCOSE CONCENTRATION
: AND TS RELAT[ONSHIP TO |
PLASMA GLUCAGON CONCENTRATION
A - Postabsorptive chrud
'_ 0_-4 daovys a A
. a 5.33days e - - o
600~ . - S a Adul . g
<. 500 o
9'? . . A A a -
S 400 o . -
T o300 * se
—§1 AA A e
a 200 - A L o L .
100K . T 'éa.ua..’
1 | i I
0 10 50 100 " 150

‘Glucose Concentration mg%
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- DISCUSSION : PR o

GLYCEROL METABOLISM _ L S _ , :

lecerol Sub vsiem .

In auult dogs the total nlasma equlvalenu volume of distri- .
bution for glycerol wes 66.5% of body welght or 008 ol kg 1 s flguﬁé'
suggesting even distribution‘of glyeero;,'throughogt total body water.
.This is,éktr?mely close to the value_of.éso =l kgL, calculated';

originelly by.La:seﬁ-id cats (104) and which has since been employed
- by othérs in their calcula£ion of glycerol tufnover'#n dogSj(Tl; 100},
?upnles ender 11 days of age had plasme equlvalen* glvcérol‘
- volumes at least twice'that orf the adults (Table 25) Cbvicusly in “.. .

these ‘puppies glycerol capable of exchanglpg‘wluh the tracer must be

mere concent eted in some *eglOn(s) other than plasme

The neonates of most mammelisn species possess significant
o - ' _ < '
amounts of brown adipose tissue which in a temperate climate diminishes
'wluh age (108). This tissue contains glycerokina§é,and is the;efore
capable of glycérol uptake as wel; as its release into the circulation.
.Rapid exchaqge o” glycerol with the glvcerol stored in brcwq adipose.
tissue could the;efore account for the incregsed glycerol mass and
larger volume of,distribﬁtioi in the younger anizels. By the time the :
puppies *reach the 12-320 day age range, the plasme euulvaleng volume’ ‘o*

glycerol has almost declired to the adult value.

Glycerol Metszbolism in the Postabsorptive Stete and During Festing

‘In the early neonatal period (O-i deys) the high rate of



.appearancé'of glycerol-in the plasms together with the elevatéd plasma

glycerol concentration is indicstive of rapid vreakdown of gestation-

S

ally deposited triglyceride; whether the site of this increased lipolysis

i;wiééated in white or brown aiipose tissue is uaknown.
) DiQOly;is in brown adipOse-tiésué might‘Bé initiatéd by the " Lo
temperature dro§ experienced by thé neonate at birth (TO).'IThe
regulation of lipolysis in neonatal white adiﬁose tissue is poorly -
" understood but it does'appeaf to bé.different'frOm that-in'adglts (139).
Apparently the rate of.glyéerol ﬁu;nover Uy is related
lineafly:to thé concentfatidn.of glycerol in rlasms within 0.0615 gnd
0.01% g ml-l; ‘The:efore.within these limits the metabolic clearance
rate of glyceroi‘(ul/c) remzins constant. Such a relationship has
. . ‘

been reported to exist in the grown dog {166, 197), rabbit (79)

and man.{18). At relatively high levels of glycerol concentration

CL 2
however the :elationshi:p devj.ates_f‘rorn linearity because of a few ' ‘
.higﬁ rates of Uy observed in some pups. This might suggest that other

" mechanisms of glycerol release are opérative in these particular
animals. ' ' ' o >f

In ﬁrematures (143) and péssibly those smali for-gestational
age the pe;centage of brown fg£ to total fat is greater than in those
born-at term. Any rate of glycerol tufﬁoVer in this tiésue #ouid not

result in the expected, i.e. those predicted from rig. 8, levels of

'glycerol in plasma due to- utilization of glycercl in the tissue itself.
' w

Exposure to cold (3&) or hypoxia (108) would accelerate glycerol turn-



~over in brown adipose tissue, -Despite the lact that measures were -
taken to prevent both conditions, some sensitive animals may have

L - - . ' N "‘
fresponded to minor deviations. : : o ‘ o -

-

After a seven day fast the mean rate of glycerol release in’

adult dogs rose from 0.13 mg C»minfl kg'l te 0.25 mg € min™+ kg'l.

A similar percentage incresase in glycerol turnover in lean men, subjected
g . : .

ﬁo a lengthy periﬁd of fasting-has.been repcrted.by Bor£: et 8l (18).
In‘gontraﬁt pups less than b days_oid, aot only we;e-ihcapablg by
maintaining their alreddy'high glycefol turnover but exhibited a
considerablg decline both in Ul'é;d in the plasmélpbpcentrﬁtioq‘of
glycerol in response to a i'- 2 dey fast. The concéqtration of FFA iﬂ
plasma was not_follééed in our studies. However ex?eriéents carried
dut on newborn pups fasted in 2 warm environment (195} show a marked
decline in plaéma‘FFA conéen;ration. A similar decrease was also found
in fasted newborn rabbits‘(Tz),'rat ;(69), and pigs (170). Humen
-babies less than 36 hours old also fail to‘resgond'to fasting with an
- elevetion of plasma FFA or ketonemis as do older infants (93).
| The.ﬁost likely explanation fof_this decrease in‘both plasma
glycerol énd FFA is a‘reduct;on‘in lipolysis. Accummlation of mono or
iglycerides in adipose tissue might also account for this cuservation
(152). However without knowing the plasma glycercl}??h ratio‘one cannot
differentiate between the two. Nevertheless, it appears’tinat during the
first few days of life, in many méﬁmalian species concentratiohs'of 5ch
glycerol and FFA are reduced by fasting.

. .
Pups older than . days did not increase glycerol turnover in




.

résp@qse tb Tasting but maintained it st the rate obqerved ia the

postabéofptive state. The dlfference between these two agé groups

cannop be accdunﬁed for by the §mall aQOuht of fat in the newbor:

beagle, and lts *anld increase kluhin the first day of life. Accordiﬁg o

to Shen and Fugglns (lpf), in a beagle WElbhinb 230 £m, h 05% of body

=

weight, i.e. 11.© gm. can be accounted for by lipids. In a pup of ’ .

500 gm. the lipids sccount for 7.1% of body weight, corresponding to

()

-

5.5 gm. So in a n;n o” 250 gm., the_amounf of Tat catatolized duriﬁgl .
1 dﬁy‘of fasting at the rate calculatéd for the postabéorptive stste
;s'estimatéd'tﬁ améunt to 8.43 gm; or st the rate calculated for the .
end o; the fasting peried to h.Sq gm, (2ssuming lO%lof neutrsl fat
is relegsed.as glycerol). The calculated amounts may be fegardéd as
zaximil or minimil agouats of fat rﬁo‘oilized. Thus overdll availabil:_‘.tyih \‘
o* substra e does qob.annear to he uhe T-zan...,e limiting step in lipolysis \
at this age. '
In older nups weighing 500 gm., the émaunt of fat utilized
would be 17. l go. durlqg a 2 day fast ébcut one half of the estim&teé
fat content of the body at that weight. Agéia'ihe absence of an increase
) ig the raté‘of‘glycgrol release cannot be due to a lack of substrete.
In these experiments approximately 50 of glycerol-C was
) converted to glucoge in the ?ostabsorpﬁive state independent of age. In
the postebsorptive state at glycerol copcentratioﬁs between 0.93 and 0.3 mM

Basso et.al reported that e maximum of 70% of gljcexol is extracted by‘the

iiver (11). In the youngest pups if hepatic b;ood is estimated fo be one-



\-123-_ . . .

PO ‘ . - -~ . . - -

third of"the cafdiac output (5),'.1.5.' zz'ml.:ﬁin‘l tr@_ﬁ 22 X.0.015 = 0.33
ﬁg‘of glyéefdl is ééming to the‘iiver every minute. A TO% éxﬁracﬁion would
lead to 0.7 k'0.33'=‘0.23 ng ;a}bon extracﬁed from the circulation every

- minute. IIn an averége 300 gm. puplthg value éalc@latéd frdm the 50%

_ conversion of glycerol at the iowép raﬁgslpﬁ glycerol turnover in these
apimalS‘is 0.5 X 0;3_x'1.7 = 0.26. Thus it ;s'éossiblg that all glyée;&},
extracted by the liver is couvgrtéd to glucose. Even at higher rates'
of-heéatic glycerol eﬁtraction, quoted by others (lé?) very little

glycercl will be available in the liver for dirget oxidation, coaversion

rom glycerol is determined by.
 substrate 1 i gulation being ‘exerted at the
level éf iipolysis. It can be'statqd thet in all adult dogs and most
"pups the concentratién of gl&cerol in the piasma ié a good 1ndex of
the extent of glucogeogenésis from glyégroi;
During fasting, adult dogs conferted about_the same smouns

of.glycerol-c to glucose-C per minute-pér-kg. vody weight (joi).
However a larger fractionm of glycerol-C was utilizedfby'other processes,
presumably iﬁcluding increased oxidation to CO,.
_ Pups 5-19 deys old contioued O coavert approximately half
of the aveilable glycerol-C to glucose.

Under h,déys only 22.6% of glycerol-C appeared as glucose and

the fraction utilized by other processes increased considerably.




'Apﬁérently,in the early néoaatal‘pefiod;_enérgy prodﬁcﬁion
ror the contlnuaqce of bas al ac»1v1tles takes precedence over maintenance
the plasma gluco*e concent atlon whlch is more n*ec:selw requlated
in the adult (76)- Lo o

'ADANTNE METABOLISM

Alanine Subsystem

The model shown én Fig. T is cf heuristic'va;ue only
hlghl"gh ing some ancmalies in thé clagsxcal precursor product relation-
ship betwee;-alanine?c and glucose-C. It draws attentibn tc_the'
-possibility'éhat-the three éarbon atoms of alanine éfe not equally
distriéuted between-the three'compartmeh;s ¢ the. alanine SUbSYSuem.

rthéf developmeﬁt and elucidation of the systeﬁ will necessitate
experiments with different énecifically iabelleﬁ types of = lanlqé
together with a knowledge of differentia 1 labelling of the resultant
glucose molecule | ' | . .

Alenine Metabolism in the postabsorptive state

Judged_by the plasme level and turqover rate ﬁf.alaningj
.during the neonatal period there appears to be no shortage of glanine
availaple for glﬁcéneogénesis. The theoretical difficulty in comparing
mebauollc rates beuweep newborn and grown animals is well known (h6)
However, as with. glyce*ol or glucose the turnover rate on a body
welght bas;s is highest in the youngest pups and the percentage difference

between pups and adults is nearly equal €O thet of the lucose RT.

The mean velue of 0.61 I 0.13 mg.C xz~+ min™l turned over by

\
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A

adults is in reasonable egreementleitp'tﬁe'ohly other known siudy in
dogs where yaiues from 0.?5 - 0.8 mg.C.kg;} were repoffed using lhé
alanine as-tracer‘(lé). Similar'valueS'within tﬁe range: of %ﬁese
"resul s were obtained using 3Hr2~ alanine aqd deuterated &laqlne
(aLA - Dh)' The turnover rate of alanlne will probably be c;oselv
annroxlmated usxng JF-«-alanlne as tracer because the JH label att acbed
to the third C-atom is expected to be lost in the reverse Embden .
Meyerhbflﬁathﬁay‘(39) thus oﬁviating any component. of the alanine:glucose
cyele; | |

Iz both the.youngest pups sad sduls degs one-third of
the plasma alaniqe carbon appeafeiin glucose. Mosz, if not 'all the
conversion of slanine-C to glucose Qill have't&ken place in liver,
renal blooa flow in pups belﬂg extremely low {87). Thus in an average

pup less thaz four days ola with Qﬂ&‘uhlrc of the cardiac ouuunu of

72.5 =i (5) going to the liver 72.5 X 0.3 X O. 0096 = O.Ql‘mg alanine-c
are oresented to the liver each minute! Actual_glucose-c producticn
is 1.02 g C min %, so 20.5% of glucose-C préduced was originally
plasma alanine-C. This value is in agreement with that calculated by
the ratio of integrals. Thus it appears thet all glenine-c extracted
by the liver is converted into glucose.: However, approximately 0.5
-mg alanine~C are eeing tﬁrnéd over per min, in a 300 gm. pup of which

0.21 mg is extfected by the liver. Therefore-in a steady state some



organs must be releasing more aleanine iato the circulation than they : ;
are removing from it. This is in keeping with the observation that
. : ' ) ' . . ’ . . . ey
. . . . . -5 e
negative arterovenous -differences are consistently found across

skeletal muscle both in man (49) and other species (150).

The Effects of Insulin-induced Hyvpoglycaemia

. The level of alaanine in adult anim&is is Xnown to remain
-unchanged or.efen iacrease during insulin admidistrgtioa (5&). In
our gréwn dOgs no significant decsggge in alanine concentration was
observed during'infusion of insulin, The p@ps howevegibecame markedly
hFPOalanihaeﬁic under the influence’ of :asulin. e
Alsnine is continuously released into and removed Trom the

circuletion. If the rate of release equals the rate of removal the

. extracelluler concentration of alanine remains steady, irfespective

of the magnitu&e 0¥ these rates., An unchanging net reste of felease‘

or uptake will not reveal ;hé mégnitude oI any equal simultaneous

change in the release'and uptake of alenine by the tissue. The decrease
in plasme alanine coacentratiOn'id'pups cleérly proves that during the
infusion of iasulin mofe alanine was removed from,” than released into,
the plasma, assuming & constant alanine "space":

Hypoglycaemia induced by insulin has been shown to inereasg'
the rete of hepatic glucose production in adult animais (76). This
increase is’probably due to glycogen breakdcwn; and to some extent to 
gluconeogenesis at the expense. of protein.(lhT), effects possibly
mediated‘by glucagon which has peén claimed to preferentially increase

hepatic alanine upteke (118). Thus glucose-C ' becomes evaiisble for
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translocation into musele where it is converted to =lanine-C, in which

form it re-enters the circulapion. Therefore in adult animals the

unchanged plasma alanine level is probably a reflection o paraliely
inereascd rates of removal and release of alanine. o
- As opposed te adults, newborn dogs do not react to hypo-

glyezemia with an jncreased rate of hepatic glucose relesse (75)

A

They arc also less sensitive 10 insulin as judged by the magnitude

of +he increase in the metabolic clearance of glucose (182)." Therefore

no increase in alealne turnover is EYDQCV d at low blood sugar level

»

induced by insulin

In the etpevlmequ reported the concentra ion of total amino- Y

in blood decreased during hypoglycsemla by the same modest extent in

g !

oups and adult dOgs. Ob»lo slv the.net'effect of insulin =t -any age
Y o

Ais to promete L ne rnmoval of amino acids from the blooa thus the

insensitivity to insulin of vhe glycaemic response 1s 1ot extended into

the area of-pro

jzation of qeveloamenu + the metabolic effects of insulin is

teleologically advantageous, permitting more of the circulating glucose

o be utilized by non insulin-dependent tilssues such as the rapidly

developing brain, while at the same time facilitating amino acid uptake

for protein systnesis and conseguent growth.

GLUCOSE METAZOLISM ’ . ' 4

glucose Subsysten

In the model used to anelyze the glycerol:glucose subsystem,

the glucose subsystem was adeguately represented by two interchanging

in metabolism in the neonate. This lack of syncarens

"N



LC

-cOmua:tmﬂqtq (Vq + Vh) yleldlnb a total plasma equlvalenx volume in
adult dogs 01.22% of body weight. The total mass of exchanqeable
3.blLC0\e c (gs + ML) and the plasma equlvaleqt volume of glucose per
kg body weight were aboul twice- as much in PuUpS &5 in adults. -rhis
may result from a larggr.prbportion éf body we;ght being representeé
in neonates by'thg livér‘(TO), an Qréan known. t0 contain glucose at
a high concentration together with glucose-6-P and glycogen. all of
which contribute to the exchangesble mass ot élucose~c. <A larger
“e;atlve plasma volume and oﬁal body wa er content in the newborn )
beagle (156) might also contribute to the higher plasma equivalénz
volumes aad total glucose vslues, Qbsefved in pups. |

N . 3, L
Sources of Circulating Glucose

Re-incorporation of Carbon Atoms into Plasme Glucose
Tn dogs (83), rats (7k, 91), rabbits (S1}, end man (180),

. . . . * . . - .
the steady state turnover of glucose calculated using “E-2-glucose

as tracer has been found to bte considerably higher than that caleulated
. i ' L : . . .

USING l“C-U-gluCOSe or l”c—l-glucose., In dogs the ratio of the

calculated apparent turnover rates amounted to 1.3 - 1.35 (83). The

difference has been attributed to the re-incorporation of the }hc label

into newly formed glucose via gbe Ccori cycle and other cyclical pathways.

t

Tritium, attached to the second carben atom of glucose s not re-incorp~

" orated into newly synthesized glucose to be relaesed by the liver; since
in the isomerization between glucose-6-P and fructose-&-P the 3E lebel

is detached and converted to water (7Lk). So the turnover -rate celculated



~

-

wlth 3H—2- lucosé-as theotracer very closely approximates the total

rate of qlucose *eleas;d by the liver regardless of wﬁether the glucose o .

arises rrom glycogen, gluconeogenesis or "futile" cycling.
In pups the ratio of the two rates was 1.35 ¥ 0.08,very
s5imilar to the: value reported by IS°eku‘" in grown dogs (83).. The
TN ‘
extent of recyecling of C through tricarboa 1nue#medﬂ sries apperenily
~does not vary with age despite the varistion in plasma glucose
-level. | At any sge, under basal conditions, epproximately 65% of glucose-'

T s

C released into the circulation has not passed through the <lucose
d - o o ;

ct

pool before. Presumably in the youngest pups 2 larger propertion of

~

-

spese C-atoms will have been supplied by gluconeogenesis, an increasing
F * i r

preportion being-supplied by glycogen as the hepsiic glycogen stores

regain their adult level.

Contribution From Glvcercl in the Posigbsorptive S te ané During Fasting q!'
\

Tt is possible that the proportion of glutose—c-deriwed-from
. . ’ \ -~ Tha -
glycerol might be underestimated Dy the excnange o ¢12 ror ke in
‘any glycerol arriving in glucose after passage througn lactate pyruvate

and 2lanine (197). However in the youngest animels in the postabsorpiive

7]

tate and. in older puppies and adults during fasting, the expected
high rate of oxidation of FFA should ersure that Tlux through the

Embden-Meyerhof pathway is towards glucose (132

L
.

In the postabsorptl {ve state the contribution of glycerol-C

. v o -
to glucose accounts for 6.1/0of total gluccse production. The value

4]

caleulated for the single unanaesthetized adult dog in these studies
¢

wes 6.37%. It was, therefore, very close to the mean value and it



does not appear.that gLucoﬁeOgénesis Froﬁ giycer§l is affecteg by the
Nembutal gngestheéia; 'A-similaf mean.value in gré&n'dogs was also

. «//;eported'by Winkler et al (197). “However we found that this pércenﬁage
faried over a wider range Irom 1.4 to 15.7%5. TIn man the variation

sppears to cover the same range, higher values being found in obese
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after birth, irrespective Qf
source or the stimuiusifor zlycerol release, it supplies 13.8% of
giucose-C En'thé postabsorptive -state, which is more than twice the
percenﬁaée of 5lﬁcose,arising from glycercl in the adult animal. ‘Thué
it appears thav the relativé contribution ?rOm.other glucogenic
precursors will ﬁe'less at.this time than laterli; life.¥,Cer£ainly the
repid depletion of hepatic glycogen at birth (1sk), wiil éevefly

curtail the coantributio
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411 older pups relied on glyvcerol-C to provide the same
fractién of rnewly forméd gluccse as -the adult dogs. At abouﬁ L days
of age the hepatic glycogen_donceﬁtratioﬁ in the dog nds practically.
reached %he adult velue {15&) ané becomes available to form a 5réater
proportion of the zlucose produced.

In all age groups the . glucose turnover réate fell by about
the same extent during fasting. In-adult dogs it fell to 37% o the
rate measured in the postabsorptive‘state. Cowen et al found a2
decrease to 65% of basal in dogs after 2 7 day fast (29). Similarly
ié men, after a 5 - 6 weel fast the rate of glucose production falis
o 6Q%, 2 reduction attributed to é,decreased~availabilitf of giucogenic

amino acids (54).




In the adul* dogs *he ne“ceqtabe of gluCObE‘C ariqlwg from

blycerol rose to a. mean of 13.3%. This-increase was accomnllshed by
increased glgce“ol v“Od ction and by the conversion of more glycerol‘

to glucosé together‘with the reduction in the total glucose production. |

In the intermediate age group the contribution of clycercl-C to glucose,

e,

was ot increased atter o 2 day fast but it now aceounted for 10.3
o the diminished glucose preduction,

Because of the severe redu tion in lipolysis and 3?nsequent

H
{0

lacklcf circulating glycerol-C in pups less than 4 days o%g: 2Tve
1 - 2 day fast only 3.4% of glﬁcosé—c can be sccounted for by transport
of glycerol. |

This reductibn in available glycerol for gluconeogenesis

and the concomittant lack of FFA and ketone bodies (195) will severely

handicap the newborn in iz

L]

ability to withstand more than 2 relatively

short period without feeding.

contribution from Alanine

An 1 important feature bearing on the interpretation 6? the
+racer data is that oxsloacetate is an intermediary COmﬁon‘npt oaly
o the gluconeogenetic kreverse glveolysis) oaun'Q" but also to ihe
pathway of respiration (lé%).

The oxaloaéeta;e pool from which Soth C-atoms of carbon
diox 'dé are generated duri ng'One turn of the ¥Xrebs cycle becomes

lapelled when a gluconeogenic substrate such as alaq*qe is labelled.

Equiiibration of isotope via the dicarboxylic acid shuttle occurs about




o

_four times as rast-as does direct phosphorylation of pyruvate (172).
Heace alanine carboq atomQ\can Dart&ke in the h:ebq cycle and suppiy

.cawboq atoms of resnl*atlon although on balance all.alanxne trans- .

i

{;ginated O pyruvare may be converted into glucdse.a d all respir ory
carbon dioxide may be derived from oxaloactate.
3c there is what has been termed by Krebs (101) a "crossing

-

‘over" of carbon atoms froum alanine, pyruvate and lactate to cardbon

.

- dioxide in exchange for carbon-atoms ”vOn espiratory substrates such

as acetoacetate. Iﬁceec Lorber et sl al (112) estlmauec ‘rom the
distributien of isotope in glycogen, resulting from the administration

of labelled lacv“ve. that less than one sixth of the lactate entered

slycogen directly by reversal of the reactions of glycolysis.. They

B
W

'8

stulated that the bulk of laciate had passed through “eaculoqs of

~

the Xrets cycle resulting in randomizaticn of isotope in alpha dnd
beta carbon gtoms tefore belng 1ncorno*atec into glyéogen.

- Beczuse of this crossing over and subsecuent randomizaticn

Yo

ot the lhc ilabel it is impossible from the tracer data to distinguish

L

between true 'synthesis of .glucose, resulting.in‘a peﬁ p o ' glusose~C
for the‘animal and metabolic incorporation (101) of the isot ore.
| In adult dogs and pups older than four days, 10.84 of glu

C tarned over hac orlgln ted from ulasma alpnine ca?oou.
in pups less than four days old this percentage plgh? be sﬁightly

_higher. However it appears that in the immediate neonatelj period pups

are as capable as their mothers in deriving glucose carbon) alaq*qe.

A



Glucason and its Role in Neonatal Metabolism

Kizh plasma glucagon levels were found'in this in?estigaﬁion

“r

in pups; the mean’value in the O-4 day group being &% least Tive time
that measured in normal adult dogs (lSSYjT Similar high glucagon

. r"‘ . . .
- levels have been oObserved in newbora human babies (52) snd lambs .

(57). However these high values have been reported incidentally, and
no comment has been made as o their possible significance in neonatal

In these studies plasma glucose and glucagon concentratlions

were found to be inversely related (Fig. .12). Glucose concentrations

oF around 83 mg/l0C ml. have been reported in cord blood of human

infants (10) and Villeé fouad = mean value T $.Z.M. of 110 T 5.4 mg/100
. . . X 4

7

. plesma in the human roetus when the maternsl plasms glucose

. -+ — -
concentration was 117 I L.k mg/100 . (185). The stimulus, therefore

for these exceptionally high neonetal glucagon levels is probably the.

fo

brupt withdrawal of the maternzl glucose supply at birth. As there

is some evidence to suggest ihat neonétes do not resnond;to amino aéid
infusion with increased‘glucagon;production‘(57), continued high levels
are provably maintained by the high dietery fat intake in addition to
hypoglyqéemia. |

Injection of glucagon via aq'umbilical catheter to the human

»

newborn, 3 hours after delivery, considerably raised the tlood glucose

f

concentration (82). Such a rise in the plasma glucose concentration
.has not been observed in adult dogs.due to the balance of the opposing

.
.
“

Y




- . -
-

effects of .insulin and glucegon (25). A similar balaace of the -
antagonistic'effects-of the two hormones is not likely to be achieved

in uhe ﬂuOnave whose seasitivity to insulia '$ (18“ | The insulin:
glacabOn molar ratio (“OJ) ce lculapéa cor normel adult dogs from the

+ data of Vrdnic et al (‘QS) is 3.0 wher cas that calculated for three

é three days old and less was 1.72 T o.7h., Bowever even-if identical -
zoler tdtibs of insulgn gnd glucagonlwére reacked in the newborn she

functional ratio would be shifted in.favour of glucagon, the physio-’

légicel effects of which would predominate.

In view of the lipolytic sction of glucsgen (106) it.is

. N . ) L)
* tempting to speculdte that it is this normone which is the agent
résponsible, at least in part, for the high retes of lipolysis and
E

cluconeogenesis ‘observed in newborn pups in tbe f
L

During fasting in the youngest pups, the glucegon levels Tell from

P~

- - ' -1 -
30L ¥ LB pr oml 1o 209.5 t 12.2 g 11 wrobably contributing to
JJ -z_‘,: - i~

the obzerved, severe hyposglycaemla and lack of gluconeogenesis Irom

glycercl. o ' _ : -

-TA spontaneocus hvnogl“caemla tre glucagon concentration was
{ . : .
r=i56d whereas hypoglyveaemia induced by insulin left it unchanged.

The latter effect might be due to insulin fecilitated entry of glucose

into the of_ cell, suppressing glucagon release. (136). ' Thus hypo- -
zlycaemia in itsell is 1ot responsbile for’ the .low zlucazon levels

.observed in fasted pups O-L days old. Unless the cost of-glucagon
. :‘ V . ) .
nroduction in terms of energy expenditure becomes TCO niph in fasting,

appareatly some dletary component such as gmino acids or fat, providing
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|4
d continuous "enteric signal” (37) is required in the early neonatal
pericd to maintain basal clucagon levels.: Turthermore the abs

o such.2 signsl would override the effects or hyno l\cagmla

The h;pothesis that the .control of blvcaboq “elea“e has no*

yet matured, in vhe younzest pups, to the adult norm is further
streagihened by the cbservetion that somatostatin, = h;?othalgmic
‘peptide (20) capeble of suppressiag glucagen secretion both in vitro

(¢k) and in vivo, in man (65) and diverse other specles 2%y {iacluding
~ . . ‘ .

ogs {189) does not reduce glucagon levels in pups (190).

[o7]

Tn adult dogs mean glucagdn levels in the postabsorptive

{3

st

I

te, have been measured by Vranic et =l (188). In Tasting thére is

o

slight but signiticant fell in plasma glucagon concentratien. This

< 1

is in cdn;rést t0 the widely held as;umptidh-that zlucagon levels are
ele&ated'in fasﬁing. Jue to the diminuticn of the rate of ins ulin
secretion in fasting (22), long Fegarced as a2 mejor adaptation, the
effects of glucagdn predominate. Thus it appears that it is the
ability to m&intain.piasmg glucagon concentraticns, close to the
po;tabsorptive level which ensbles the mature z2nimal to withstand

relatively long pericds of fasiing. mhis ability is missing in the

*

neonate, p*eventhg it from meintaining glucose homeostasis cu*ldg

evern & relatively shori period of fasting.



SUMMARY AND CONCILUSIONS:
The watio of the total turnover rate of glucose, calculated

using “H-2-glucose as tracer, and the irreversible disposal rate of

v : . . . !.l ) . B . N
slucose, calculated with l“CTU-glucosg tracer, in pups, in the
postabsorptive state, was Tound 1o be 1.35 ¥ 0.08. Thus the same

percentagé of newly formed glucose-C released into the circulation

N

“has come from recycled C in both pups and adults,

However pups less than four days old rely 1o a greater

5

extent then do older pups or adults, -on gluconeogenesis rom glycercl;
13.5% of newly formed glucose coming from this source as Opposed Lo

6.1 in adults. Irrespective oF age 50% oY glycerol-C was converted

Pups in the youngest age group ere as capable as adult dogs

in deriving glucose carbon from alanine and 30% of alanine-C appears

H
o
ted
l_ll
(<:
[
[#]

plasma glucose in both age groups. ‘¥Whether this coatribution

-

to glucose from alanine represents net Alucoseé synthesis or is due to

"

metabolic incorporation of the tracer due tc "erossing over” can not De
resolved.

Under the influence of insulin Amino-XN concentration declined
; - L - PR ke A R TR P el mnd
by the same modest extent In DOLL pUDS &0 2duli dogs, indicating thav

the net effect of insulin at .any 2age is to remove amino acids from The

[y
3
w

blood. TPlasma alanine concentration’ dult domz did not decline,

- presumebly due to gn increased rate of operation ol the glucose ;alanine



S

b

cycle, "Before this can be stated detfinitively hcweve_, getunl alanine"
. - . . :

turnover rates mu:u be calcula tea.. The lack of gluﬂo“egqlato*v

Processes, involming glucoaedgenesis, in response to‘insulin—induced

hyoogiycaenia in pups was *e*lected by a coqtlnually decllnlﬂb plasha
slanine concentration during an-insulin in \Tusion. Thus the absence of
such regulatory mechanisms leaves the effect of insulin on protein

synthesis unopposed. o i . -

;1

During fasting adult degs maintained glucose homecstasis

Ly reducing glucose turnover and iacreasing lipolysis. Consegueatly
glycerel became guantitatively a more imperiant gluCOfe Drecursor,

12.3% of glucose-C cowing'frOm this source. ©Oider pups showed some

’

hypoglycaemia when: fasted. They too, *enuoed the rate o7 glucose
urnover so that although glycerol turnover was qou increased carbon

o "

roz glycerol formed 10.3% of the newly_formed giucose.

Ii»J

Pups of four days old or less also reduced glucose Turnover

when fasted, but because glycerol turnover was markedly reduced,

gluconeogenesis was severely curtailed and they were totally unable to

maintain glucose homeostasis.

v

High glucagon levels were found, in Dups in the

postabserptive state, which declined with age. During fasting pups

DT TR

exhibited a marked decline in plasma glucagon levels, despite hypo- '
glyceemia., Tt appears therefore from this and other diccussed evidence
that the control of glucagon release’ mg different in the neonate from

the adult. ‘It is suggested that the effects of glucagon preddminate

in the postabsorptive state in +he neonatal period and that glucagon



might Le the agent responsible for the high rates of lipelysis and
" gluconeogenesis observed in pups in the postabsorptive state.
“Moreover, the lack of maintainance of basal glucagon levels during

fasting explains the inability of the newborn to withutand even &

Y

elatively short period of Tasting.
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VALIDATION OF METHODS

-
w

. . } : . . * ' -
Ixperiments designed to determine the extent or gluconeogenesis
from either glycerol or alanine aecessitated the erfficient separation
of the precursors both from glucose and other compounds in which the

radicactive label would be incorporated. Similarly it was required that

glucose be isolated.

1. Isolation of glucose .

' Glucose was isolated by preparstion of glucose pentaacetate
(G.P.A.)} .(85) a white crystalline compound, soluble in Brays solutien

with negligible’quenéhing. The basic reacticén is
' LT | 1

HOCH ] AcOCH |
I S ' | i
HCOH . _ _ " HCOQAc
i - - i}
HOCH - O acocE O - ‘
i “Acetic anhydride l : :
HCCH ‘ HCOAC :
[ - Sodium acetate ;
i . . !
H —— - HC )
L | |
CEQE : . | CHoOAC -
Glucose ‘Glucose Pentzacetate

i Separatiocn from glycerol

“ M - I3 - - -
Ln aliguot of lL-C-‘u'-glg,:'c:erc:!l solution containing approx-
imately 555 X 103 dpm.was added to 1 ml. of 10% glucose solution and

the pentaacetate prepared according to the method (85). The recovery

of lhc in the G.P.A. was determined and corrected to_allcw Tor total

recovery of the 100 mg. carrier glucose to G.P.A, A second series of
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expefiménts was also carried outtgith phdrough washing of the-filteredk‘
G.P.A. qrystals with cold distiiled water, togéthEr‘with onerecriﬁpaisf
i::at;‘.on. followed by Surther washing. '

The dpm ke recﬁvered in the crystaiﬁ corregted for total
conve .alOn 10 G.P.A. were etnressec as a oerceqtagc of the total ﬁane“
of l‘*C‘clpm originally added. The elfects of reqrystalli:ation on the.
welght of G.P.A. formed.kgs also investigated.  The resulis are éhowﬁ in

_Table I.

(//*ﬁl.

ii Separaiion Trom Alznine and Lactate

Two series of experiments were carried out simultaneously.
G.P.A. was-preparéd with thorough washing and one recrystallization Irom
1 ml. 109 glucose solution (100 mg. glucese) ‘andj

1. 0.02 =l l“C~U-alanin¢ appreximately eguivelent to 111 X 10° dpm

1h ,., i . . - -
2. 0.02 ml ~~C-U-Na2. Lactate approx uely equivalent to 111 X 105 dom.
The results shown in Table II are expressed as the d of the original

number of dpm lic recovered from G.-.A. corrected o lOO conversicn of

the carrier glucose. .. ’ -

t wes corcludea from the above expe*lmeius in . sections (1)

1. Recrystallization of G.P.L. reduced the yield by at least.S30%.

2. Contamination of G.P.A. DY 1bo-y-glycerol was so slight as to be
. ~

.qéglzgl .

3. Contaminatioh of G.P.A. both by alanine and lactate althcugh only

approximate ly 3% would be si gQ1f1caqu when correcteéd to 1009 *ecove“y

.

of carrier lucoee.



TABLE I .

Separation of Glucose from glycerol-y-idc .
o : % of dpm in glycerol -
Lo recovered and corr-
I g | ected for 100%
c-u~- Wt. G.P.A, formed | conversion of glucose
Experi- , Glycerol og. -1 to G,P.A, .
ment | Sample| Added - _ | lst pre- Recrys—- | 1lst pre- Recryd®
# - dpm x 1072 | paration | tallized| paraticn tallized
1 1 555 . | 117.4 1.007
2 585 . 123.1 L. L4 -
3 555 132.7 7.8 0.18
L 555 120.2 - 8.8 " 0.2
© 2 1 | 1128.3 140.3 L.21
2 1128.3 121.¢ 0,995
3 1128.3 | 125.1 1.09
L 1128.3 120.3 0.883 o
5 . 1128.3 128.8 85.6 0.185™
6 1126.3 | 118.0 5L b 0.179
3 1 skl | 169.0 | =~ 151
2 564.1 | 121.8 1.he
3 564, 1 123.4 78.3 0.208
b 564.1 107.3 . 73.5 0.17k
=== =
L 1 - 56k 121.5 1.07
2 s6L 86.2 - 1.18
3 564 115.0 68.1 0.271
b 56k 108.7 56.3 0.289
5 1 © 555 %.5 | - 1.4
2 555 not 83.0 . 0.17 -
measured '
Mean © 117,75 70.87 1.20 0.206
s.e.M. t | ra.8 | t3.68 |fTo.o6k |to.owks.
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PABLE IT J

Sevaration oF Glucose from Alenine and Lactate

Experiment | Sample e gadeq Wt. G.P.A.. gi4c dom
# # dpm x 10°3 e IS '~ in GPA
1. L 79.8 Ql.s 3.9L
2 ey~ 0.0 - 3,60
3 Alsnine 8Lk.o 3.2
4 82.0 3.10
b 82.5 3.7

2 kY L.k 73.5 2.36
2 ke y- 80.7 2,588
3 Alanine 73.0 2.55
L 88.1 2.71
5 G2.7 2.16
6 0.6 3.26
| MEAN T sEM 3.1370.16
N
3 L - 10Lk.L 64.3 3.18
2 hey- 7%.5 3.8
3 Na Lactate 66.0 3.03
L ‘ 68.7 2.86
5 63.3 - 3.09
6 74,6 3.68

MEAN * sEM | 3.27 £0.15.
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"It was therefore decided iﬁ all ia vivo experiments where
14¢;U~aianiné was administered fhatfa corrgctionlwoﬁld be made "in the |
caicﬁlatioﬁ-of.specif;c activity (dom agL) 55 ;hc.glucoge'for each .
sample - 30 ullo?:f&r this contamination; Further recryétalli:atian ol

‘-G.P.A. would reduée the yield and.thus lower Yhe s;;tistical atcurécy
. . -

during the counting procedure,

7

&



2. - . Isolation of Glycerol

Glycerol was isolated by a modification of the method of

. ' - I‘ ..‘ - '— : L . .
De Freitas (30} Idstead of eluting 3¢ glycercl from the. chromatogram

the glycerol containing siri

’rj

‘ R ‘i Thmn
was ¢ut out. and oxidiced to *hCOo in a

Packsrd Sample Oxiditer.

) ) ) 3 L) i --‘
Recovery of 1¥¢ Srom oxidizing l“C*U-glycerol in & Packard Sample

[

Oxidiczer

were appiied %o Whatman No. 1 chromatography paper. These pleces of

-~ - - L

The elfects ol paper

'J
1
11
%
m
e
11
I
17
7]
[g]
Uyl
171
47
o]
o
€
i1
(%
4
'_l
3
[
ct
e )
(14
r
f
[
[
]
ct
L)

£ ~EaE o - ~ il o
from difleri izes of paper,

The results expressed as percentage of the criginal counts

recovered as

LLCOQ are shown in Tatles TIII and IV.
From tnese experiments it was concluded thav: '
, 1L - ; . . - A .
1) The recovery of lFC62~fr0m L4C-U-glycerol waz Iindepencent oOr paper

L 3 3 k 3 ; - 1< s
2) Any loss of ~FC durinag the dDurning procecure was negliginle.

11, ' S . . .
Becovery of — C-U-glycerol from the chromatogram

'J-
[N

(2) 2 preliminary experiment was performed whereby 0.05 mil
. . -1 PR - ~
0 a solution of glycerol in plasme (& mg ml™=), coataining at least

four times. the physiological plasma glycerol concentration was run in

&

v

~




| TABLE. ITT

- .11;6 .‘.“

-

The ei“ect ot the melght of filter paper on the recovery

of L4%C0-~ from -‘-“‘C“U Glycerol .

Sample 1o y-Glycerol l Weight OF paper % recovery _i )
£ dpm x 1073 og of the 4
1 " 220 515 1014
2 = 515 .7
3 229 513 95;5
L 229 . 128 . 97.3
5 229 258 ©8.1
6 229 386 97.9

\t
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TABLE IV R A e : S
' Recovery of ¢ as 4000 from oxidizing : oo

_luC-U-Glygerol and L9C-U-Glucose in & Packard Sample Oxidizer

: , , _ Radioactivity .
Experiment | Sample " Applied dpm. - ¢ Recovery
o I x 1073 of L5cdz -
1 1 b7k oy~ 1024 =
2 Glycerol . %0, 5 —
3 in plasms ©105.3 :
L 1100.9
5 103.7
. 4 o
2 1 7.0 103.8
2 1kc-y-glicerol 99.7
3 in plasma Qc.0
L 102.3
S 100.4
) 8.5
7 103.1
8 - 99.5
) - 98.2
10 102.0
1 99.9¢
i2 101.6
e —
o3 1 2.29 oL.T
2 .. Xsc-r-glucose 8.5
3 in aqueous . 97.3
L. solution 8.1
5 a7.2
L 1 . 516.6 Q9. 7T
' ' th-U-Glycerol
in agueous .
- . solution
5 I Lo | 063
2 ihcoy-Glycerol 99.0
3 in agueous o k.3 .
N solution '
e —— —
MEAN 100.375
S.E.M. £ _ 3.13
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the #e;v;nt as described ia the meuhod (36) After drying, the'whqlé

~

chrOmﬂtogram.was spr&yed with,ammqniacal silver nitrste and the glycerol
detected. Wig. I shows a plotograph bf this chromatcogram after spraying.

From this it was determined that the glycerol containing strip

extended 1.1" towards the origin and 0.9" awey from it from the middle

.

of the guide. spov,-and 0.3" ¢ither side o the origicn.
- ~ . 1Lk . . o . ’ -
(b) 0.05 rl of a +"*C-y-glycercl 'plasma solution was applied
p - - B .
o the origin in a 3" stroak.
Guide spots on either side of the chromatogram were each
0. OO; ml. (L wg @l™iy glucerol solution.
' The chromatograms,were un by descending hromatog aphy
zceording to the method and;thé glycerol centeining stirip was cut ot
and burned in-the Packard Sample Oxidizer.. The results ar®-shown in

Table V. o . i : . :
) ’ . I . . .
t was coacluded ‘rom this experiment (b) that only 88.¢ T ]a.l-'vf.’;

the radiosctivity was recovered Trom the chromatogram and a2 correciicn’

factor would have to'be introduced to allow for this loss in the final

calculation of the spec i: ¢ activis m2 glycerol.

O
by
o
}._l
[

iii  Separation of glicerol Irom Clucose and 4acuaue

{2) A preliminary experiment-designed to determine the I

ives of glycero‘I and glucose was performed.

0.01 ml = pots of Dlasma COﬁu&‘ﬂ’ﬂS glycerol (L rg ml™) were
Ty . <
applied at the origin of uhe cqumabog*am wnich was then run in the

usual menner. ‘After drying, the whole chromatogrem wes sprayed with

e

AR )
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T why

Recovery of 14C-U-Glycerol from the chromatogram

-

-

o . -th-U-Glyceroi at
Experiment Sample . origin - )
_# b # i dpm 1079 _ % recovery
. .- v -‘._.
-1 AR 86.2 .5 |
2 . 88.38 \\
2 1 o 68.5 36.8
2 | N R.7T
3 : 2.8
3 1 _ 45.k 2.5
.2 §5.%
3 83.0
/’i_\g 88.9
5 - QlL.7
6 85.0°
" MEAN 88.89
S.E.M. £ 11,04




L

ammoniacal silver nitrate, This solution ¥ras prepared by adding
"~ ammonium chloride to 2 M silver nitrate carefully until the addition
of 1 drop dissolved the precipitate of silver chioride. The individual

glucose =nd glycerol spots were clearly delineated and the R.F
. Y . .

“ . . -

caleulated. The results are shown ia Table VI..

This experiment indicated .that there was suificient distance

{12 em) between the rcerol and glucose spots that contamination should
. gLue B : -

be minimal.

e

) L Y
(v) - Experiments designed to

LN

show the amount of glucose and

lactate present in the glycerol sirip were carried out in two series.
T . . A o,

1. 0.05 mi of l*c-d-glucose solution containing known emount of radio-

activity was applied at the origin.

;>§., 0.0

radicactivity was applied et the origin.

N

2l of lkg-y-lactate solution containing 2 known @mount of

u

- In both series, guide spots 0.005 ml glycerol solutic:n
(L mg mi™1) were used to identify the glycerol containing sirip. This

. ¥
strip was cut out, after ruaning and drying the chromatogram, and was

xidized in The sample oxidizer.

The radioactivity in this strip was determined and expressed 25

a percentage of the original amounﬁ at the origin. The résulté appear in

Table VII. - . ) - | ' -
It was coancluded from the experiments in section 2 that

1. Contamination of glycerol by glucose was negligible.

2. Contamination of glycercl by lactate was negiigib}e.

'chever,'it was realized that if in an in vivo experiment‘lhc glucose:

was administered in an attempt to determine the th éppearing in glycerol



then the.contamination of the glycerol strip could become appreciable

and & correction factor would be required.
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| TABLE VI
R.7. valdes of Glucose and Glycerol
Distance ' _ o
from origin -
cm *  Distance of solvent R.F. -
No. Glucose |Glvcerol | front {rom drigin c.m. Glucose | Glycerol
1 11.3 ok 4 : 43.6 - 0.26 |, 0.56-
2 12.2 25k | . 5.2 0.27 | - 0.56"
3 10.8 23.8 k3.3 0.25 0.55
L 10.9 24.0 ‘2.9 0.25 0.56
MEAN , 0.26 Q.55T
S.EM. T ) T0.008 | T 0.0025

&
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- TABLE VIT

Separation of glycerol.from lactate and glucose

: . 1% gt origin | - < recovery of e
Experiment Sample dpm x 102 : in glycerol strip
- ' ) . oL ) ' ’ -, * : ’ .
[ ) l“ . ' . .
b 1 k2.2 “7c-U-Na Lactate - 1.66
S B —

2 1 | 36.6 Yho-y-ractate | 1.08

MEAN o 1.37

s.E.M. % to.2¢9

&

50.0 Lc-y-glucose

o

[0 2RV, [ Sk UV A B S
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3. Isolation of Alanine

Tt was decided to ‘isolete alanine by ion exchange chromato-

u

‘sraphy on o sulphonated polystyrene resid,  The resin employed was .

.

Dowéx 50O ¥at 200-400 mesh, prepared by the method o Stein and Moore (128)

~

‘Because all determinstions had to be from & maximum of 0.1 ml plasma- .

ct
)
fer]
%)

]

t
3

od had to be modified coansiderably. : o

!

Class cclumns interanzl diameter .7 I.D. X 23 cm were used.

“These were calibrated s¢ that Z.ml of burfer could be added 1o the twop -

of the lb cm resin coluan,

Preliminary experiments were carried out to determine whether.
. ¢
2lenine could be retained by and eluted from the column and efficiently

separated from glucese, sodium lactate, and sodium pyruvate.

The design and resulis ¢f these experiments are summarized on

Table VIIT 2nd IX and ®igs. IT A - G and 71 nl.
N

~  Using a oH 4.% buffer, eminc acids other than alanine would
alsc be eluted from the column. A& further process separating alanine
“rom other amino acids was therefore required. ' It was decided teo coanvert

alanine t¢ pyruvate, using the enzyme glutamete

2 modification of the method of Jorfeldt (86 The velidation of this

method appears in section 2 (iii).
' Fowever the column eluate at pH L.l would be too low for the.
determination of alanine by the enzymic process and so the eluting buffer

was changed to M/15 phosphate buffer: pH-7.2(lhlL A1l subsequent

experiments were carried out using this buffer,

-
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Fg.o, IT Alanine Separation by Ioa.f-:xcha e Chromatography
R Rle N w2 I ZZlalanine
. 5 Zz.— o
: =B PH 3.&1 — —
Ty T = s ‘ ——Mic-u-
S0 S - EZ2Alanine
x . S e
£ lﬁ o R =—uGlucose
I‘n .- . p" 3.1‘1 : ) L
T30 " e o LlC-y-
o ; E?/] . . 71Alenine
— 20 L 2 0y ‘ el P
X o /?',1 N s
=10 S . tglucese
8‘ 3 7 Lo

-

AN

PH 2.2 pr——DH L.G e Briy ———n
T 60 . L ‘
2o ’ :
= o :
220 )7
56 y

PR E.G ¥ Brij—s

12 34 56 78 9101

2 13 14 15 6 17 18
Fraction As mis. .

210 7
:éo . ;Eﬁgcose
e -U-Na
%.0 - ﬂ-.'-.V/’—’] . S Tact_ltg
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‘:1 Foll : E ’ ’ ;/ lli»c_U-
~ 4 E/ slanine
18] - A R
» / - T 1lke we
20 2 iPyruveate
: | Y | L
=] 0 —_— - . .
e——— pH 2.2 — > DK 4.k + Brij y _
[+3] . , ) 7 . -
3 60 # //Alam_ne
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o= 20y, | | /77 igctate
Mo oliiEaT T / A -
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Fig: III - o

Recovery of ll‘(’:-U-FLls.m'.n@.- by Ion Exéhange Chromatography
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i nCCOVt‘V of lL'C—U alanlqe in & 3‘ml Sraction of column eluate

.

s - 0.2 ml of *4C-U 3laﬂlqe solu ien coqtalnlnb a8 Xnown ambuﬂt o'
S

radiosctivity was added to the resin eoluma and was adsorbed. This,

solution was made from 3 ©%F percho%ic acié deproteiniczed filtrate

npuﬁf;li:ed Qith potassium ﬁydfoxide, to remové/;égchlorate ions ]
and adjus;éé_with hqrmal HCL to le-.2.° - :
‘ ‘ T ol of pH 2.2 citrate bﬁfferCEB) was adde&li? 1Lml aliquoté. | -
o the top offt@g cclumn ?nd the e%uﬁte discarded. .
¢ =l of PH 7.2 ﬂ;psph%;e buffer was then put on the column -

“The amount of radicactivity recevered in this fraction was.

ca%gulatgd as a percentage of the emouht ‘originally at the origin. The

- »

results of these exne-lre ts are given in Teble X, - . -
. It was concluded from these exaerlneﬁvs )
.
1. Retention of alsaine and its elution using this resin end combination
o buifers was gﬁficient and reprodutible. . , - .

.

2. ?eccverf was sl*b~ tly variable for each new batch of DCwex Na¥ so

4

was decided to determine recovery fr0r each few. batch bef o'e evoerlﬁﬂqus

Fae
ct

(=5
-

Separation of alanine from glucose and pyruvete . :

- .

These experiments were conducted in two series.

1. 0. 2 ml deproteinized plasme pH 2.2 containing 2 known amount of

s ‘ ’

he-y-glicose at the origin. . )

: .o " =,
. A A 1L

2., 0.2 ml dED*OuEIQlZQG olaSma containing -2 known amount of *gc-u-Na .
pyruvate at the origin. =,
’ . ‘o . \ v, ( 4
. . . s . - A ~ .

Trhe columns were operated az in the previous experiments (i) and the .



S £ S ]

TABLE X h. - :
Recoverv of 1 C-U- alan*ne in & 3 ml fraction by
“ ion exchange chromatogranhy

F

| Experiment | Sample - lLLC--U -alanine;/0.2 ml l %, Recovery of l“c in
- # at orlgln. ‘dpm x 107 31" & 3 ml fraction
.1 1 18.1 < .- 83.03
. . . . 2 " . . 9h.05 .
> 3 - ! a7.13
2 Y 189.6 - - L q7.66 :
- 2 " 97 15
3 " 1 110.L . ' 100.6
& - " ' S G
3 T W 10k.s9 "
Ch 1 137k i 102.53
. 2 . mn . 99-56
5 1 o %6.9 ST 116.55
- 2. " ' : 1313.:
3 " 110.96
L " : 12.2.93
5 " L 1u7.28
6 1 18.45 ] . 109.29
.2 ‘ S ) ¢8.5
3 " 108.9
L "o I 105.88 -
7 1 . 12004 - ol T
2 Ll R . (1] 9h- 59
. 3 LAR 92.67
; L N 95 LQ
b5 " - 5.8
y 6 1 92 %
8 1 38.9 : 97.18
2 " . - Q4,11
VoLog . B (5
l L ' 4] . ) e 95 2
! : L .
9 | ¥ 153.9." _ 98.63
' 2 "  100.81
3 " 97. kb
L " S 101.23
MEAN ' 100. 9%
. S.E.M. | Ster
A
I ;
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3 ml fraction previously found to contein all the alanine was collected

and-the radidactivity in 1t dPterm*“td

'_l
ct

The re

177

ults are shown ia Table XI

e

It was coqclud** “rOﬂ these experiments that the alanine
Sractieen—waa~Q0t signiflicant y contaminat d_b' either glucose or pyruvate.

-

iii Jeparation of alaanine from ou“e* &nllO ac1“s

v .
Alanine was coaverted to pyruvate by 5.P.T. and syruvaze
’ ‘u

enyl .bara"ln» “derivotive (8€). This method has been

=

cgeaverted to ito D

~used on & macro scale by Krelsberger et al -L2ﬂbut it reguired considerable

modification for nmicro quantities.

1} Optimum volumes of reagents resulting in suflicient weight ¢f phenyl-
hydrazone to be welghed reliably. Because, pyruvale phenyihydrazine is

yvellow, excessive l} Wa*ge 2mounts wculc result .ia excessive guenching
and statistical ineccuracy in the counting procedure. |

T _ _ ‘«t .
2)  Recovery by weight aand of radiocactivity by conversion of carrier Na

pyruvate < hC J Na ny*uva*e after ccqve*31oq to u'1e Dheqylhyc*321ne

‘ &
derivative. . ‘ ' -

2) Recovery of ll‘C Ain the phenylhydrazone after corr}ersig of 11“C-U-

alenine + carrier glznine. .* ’ g
'_ 3 S ~ 3 ,
L} Recovery of 2H in the phenylhydrezone by coaversion of “H-2-3 = - .

alenine + carrier alanine.
I

In all experiments invol v1ng llould seintillation counting a

4

blank jample was nrenaved conta*nlng ne vadloachvyty. ‘



.

Separation of Alanine rrom Pyruvate and Glucose

.

Radioactivity in

SOE.M. t )

Experiment | Sample| -0.2 ml at origin % ef rédioaétivity_in'
L & Cdpm x 1073 3 ml "elanine” fraction.

1 1 .28 . 0.22

2 l”C—UrGlucose 0.13

ST | 0.15

L 0.13

MEAN 0.158

S.ELM. L + 0.021

-

2 1 l 390.6 0.095

| 2 12c-y-Na pyruvate 0.118

MEAKR 0.107




- : . A RV
2} Although the recovery of —LC from e

v

-k - T -

 These experiments are summarized in Tables XIT and XV.

t yas‘coﬁciudgd fr0g thesé experiments:- : "“1
1) The opﬁihum volumes of reagents Qere;,_-
O;l @i Na pyruvate
‘0.& ml phenylhydrazine hydrochloride
5 ml phosphate buffer ?H 7.2 Uﬁl)containiﬁg o{ketogluﬁa}ate
('1146 mg/100 ml) - RS Lo
25 units G.P.T. -

The blank contained 8 ml bufer to allew Tor 3

4-4s

ther alanine th-U—hlanine cr

il

“C-U-pyruvate was consistent within batches, there could be considerable

variation between batches. Therefore the individual recovery in each

sample was determined by the use of a second itracer 3'-2e3 alanine.

Lad

conversion.
.'—h . . L]

. e . Y , . 1 . ) - ,
iv  Estimation of recovery of lLC from 1¥C-U-alanine, coaverted to the

adanal

pyvruvate phenylhydrazine derivative s
™
The basic‘reactions'are: .
: ‘ G.P.T.
1. . CHpNHpCHpCOOH + CHp-CO-COOH-CHyCO0E ——— CHp- CHINH,COOK- CHyCOOE ~
Llanine o(Kenglutaric acid . Glutamic acid
CH,CO-COCH - . :

Pyruvic acid

) It appeared that half 3¥ was lost from 35-2-3 alanine during *
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S = H20 +
Phenylhydracine - Pyruvic acid

during the conversion of alanine

I3

that the 3

>

i on the second carbon

Pyruvate phenylhydractone

to pyruvate it would be

atom would not appear ia -

D) te ‘or the eventual phenyliydrazine derivative.

]

foP

Experiments designe

SK-2-3 alsnine, compared with that of e

_ therefore carried oQut.

"Double labelled" phenvihydrszone was

Y T . . . L. .
or Iic-yj-alanine and 3H-2-3 zlanine in TH
The resulits are shown in Tables XVI A and

2) Phenylhydrazone was prepared Srom +4C-

v
cr

espectively.

The resulis are shown in Tables X¥VI A& and

Because of the cuenching by vhenylhydrazone,

o

contalining

: - . v . -
oth 2§ and ch was deterpined

Moarle T

Mal a4

counter (Nuclear Chicage
set to D250.

It was concluded from

3g-2-3 alanine was lost during

TO. assess the recovery of 2 from

l H ’ 3
from l*C-U-al&nlne were

prepared from varying mixtures

7.2 ?Og buffer.

puly !
’

U~alanine and JH-Z2-3 alanige

radicactivity ia precipitates

liguid scintillation

in the

) with the atienuvator oa channel B

these experiments that 504 of JH from

the conversion procedure.
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¥

Comperison of the recovery?ds pyruvate nhenylhyd:auonL

vor SH from SH-2-3

2lanine with the recovery of L4¢

from l‘*‘C-U alanine -

. w .
Al
E i , |% recovery -
Experiment Sampl% Counting Efficiency Spill—‘radioactivitv
& # | Radicactivity! th¢ SH over | ¥*¢ | 3m
- | - -
. . | . . '
1 L 3 ml contain-{ 38.7 Lo.s
2 | ing 1ke-y- 58.72" S1.0L
3 ! alanine 56,66 58.27
b olewm Yoo 5607 | ims. | L2 | 56.39026.1%
‘ | U-alagine’ // < ' “
S i1 ml 9F-2- 57.k3 |f 2L 1,075 55.6 {25.25
o : 3 alanine .
6 |2 m Jg-e- 55.57 21.68 1.0237 50.65(23.72
" 3 alanine . .
7 1 laml Ye-y- | O60.77 22.12 0.98 | 46.93]23.36
: alanine : ‘
8§ |3ml 3H-2-3 19.07 127.63
R alanine 21.26. 2L.09
| MEAN 52.63125.03 |
! T S.EM. t1.6 if0.67
1 i
! [}




- In -
'~
T‘,'}_BLE ‘\\'\{I- . Pl . 3 7 . v . ‘ I ‘ H -
Comparison o the rocovery os pyruvate ohen wlhyvdrazone
of 3K <rom Tﬁfﬁ-? alanine with the recoverv o ~5C
: rom +2C-U-alanine
3.
don recovereg G resovery
Txperimont] Sample _ ‘¢ | E L3¢ 38
i 4 Radioactivitv [ 10-3 {x 10-3 '
1 1 0.0z ml Yeu | 15.71 37.06
2 U-alanine 17.5% L1, 3¢
3 2.k x 103 15:17 42,85 -
. L |dpm in 3 ml 15. 74 37.12
» mh .
buffer pH 7.2
s {0.02 ol 3u-2-3 28.1 - 15.17
6 alanine 185 x- 31.L 17.02
T 103 dom 3 mi 33.2 17.96
8 <Py 23.8 18.27
bufer pH 7.2 . » _ .
MEAN . [39:5¢ | i7.1
& I Ss.EM. |*L.L& | f0.6¢
2 1 |o.02 m - | 20.31 L9116
2 U-alanine 18.6kL Lh.oak -
3 j41.5 = 103 16.0 . 38.63
L dpz/3 ml PO, LL kL
. fbufler pH 7.2
5  |0.02 mL 3x-2- 31.5 15.35
6 |3 alanine - " 30.7 14,67
7 |205.1 x 103/ 30.5L, 14.82
g 3 ml POL 3.7 15,92
‘ buffer pE 7.2
' ' MEAN Lk 29 15.51
= S.EM. [t2.16 $0.48
! ' ' - .
' Overall  MEAN k6.93 20.0LT
Recove*y S,.,_i il s Wiy a4 t1.26
| Table A4&3
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- Estimation of concentration of free ¢lyedrol in plasma . R

Tree glycerol if plasma was gftermined- . 0 ¢

cusing a kit purchased from the Boerhinger Chemicel CO. - The resctions @ . ° o ~.%
. . oL . B [ ‘ '

ocourring sre: BN

)

-

. : Glycerokinase, o -k/’zz o :
CEAOH- CHOR- CH20H ' ~—> CHAOH-CHOH CHAOP -
)
b

v . / Mg‘ﬁf‘“.\\ . -

- Glycerol ’ ,/f .+ % Glycerolrl-F

Phosphoenol > B¥TUVATC oz Tactate t
pyruvate SoMgTT /f{‘D?hFd;;E3“§Se -

s

. - . . . : -
The change in opiical density {C.D.) when NADH — NAD® is poasured.in 2

}1
s
3]
e
i
%3
0
8]
th
1
N
ct
}l
B
ct

Agueous solutions ¢ glycercl of Xxnown concentraticn were made”

1
ii  Reproducibility - '
The glycercl concentration in 10, 0.03 =t alijucts of dog )
. . i . . .
plasme was determined. . .
The results are given in Teble zy:IT 3. .
1ii  The effact of freezing dog plasma on the free glycerol concentratiem .
- : N
. . ' . . . : . S -
- The concentration of glycerol in plasma was measured from 0.0S5

ol aliguots of fresh dog plecma. The concentratiqiiii? measured in the

care sample the next day after freezing overnight. - '
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rom these-experiments:-
terms. of

S
Y
in

liable

was concluded,

~

-
Lw

The results -are shown in Table

-~

e
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. TABLE XVII
= Continued

L 175 -

Bﬂ ~Reproducibility of the Assay
i -3
. glycerol concentration ‘ MEAN
Sample me/ 100 ml - ' T 5.E.M.
T i
1 %0372 )
2 . 0.3u8 ) 0.319
3 ) 0.30C - s t 0.0%1
4 - - 0.300 '
3 . - - Q.300
-6 0.348
. 7 0.276
. 8 0.276
¢t Q 0.32k
10 . 0.3L48
< ;
i N <
2 -
Foead :
-y ,.%'—" .._
4. " - .“ v ' .
‘. Q' -
| T
. g T

o
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TABLE "XYVII.

Continued
, B
1 ! ‘- PR
. N M - 0w
C. .. The effects of freezing plasme
. on the concewmiration of free Glycerol s
N - . -'l . o *
o Cententration glyvcerol mg/ 100 ml .
Sample #, . . " Refore freezing . After freezing -
. .
1 0.348 ) . x.0T72
2 0.403 - Q.97T ¥
B 0.271 1.LY
oL - - . - ~
; 373 T3 o\ ~
5 0.7360 1.22 .
\
-
~
-
£
. . .
1
L
F4 . .
L Y .
\ ' - -
R ¢
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Eétimatiqg of the Joneceniration ¢l Alaznine in Plasme

PR
%
\‘.-

. o JThe concentration of alanine in plesdme i determined using™

—~

. 5 . : - . ALY . . [ S
the teehnique of Prlediderer (141) witl n Tris: HQ baffer pi 81

:
(114). , :
The reactionz odeyrring aro: ’
it e e e e AR Amme Dlutamate | S
CHL . CHEHATOOHE + CHACOQH, TRAC0. 200K ————— 0 CH.CO.T0CH
I Lo < ~ Pyruvate  aciveivnse
slanine Ketoglutarate " transaminase |5V 0 07 .
N ... s |+ COCH.CHn.CHn. CHVEA. c0OK
v L BNADH
/ 4 - o f
&acz&ae
Y - dohydrocenacn
ke : . - NAD e
. R . i
- : Rz CHOH, COOR
. . .

o nmer = ot it s
hen NADH Is oxidized

alanine was me¥tured before cath assay, A standardi curve of §,D, vs

(14

alanine concentretion was constructed and used to caleilate th

concentration of alanine in the plazme cample. Rlank zamples were

[
3]
3
1=
=
3
0
o]
]
L
’«J
&)
ct
[ B
}_‘
}-2
1
oA
¥

prepared by subs

3 ceter ecnal to the zemple
~ H ‘

volume, (' ' . : T e

i Effect:'of\éamnle volume oOn measured alanine concentration
The concentration of alanine wa: deacured in three 0.1 ml
.
: . S
»
r

i



1]
l,_l
o
v}
o
Q
£t
1
[9]

}_J
s

o

LA ' - . : -
¢ wolasma and comparsd with the conecentration meas:red in 0.0

Reproducibility
The alanine concaentrat™®n in 9, 0,1 ml and 7, 0.0% =l aliguotn
d¢s placm2 was determined. !
The results are shown in Table ¥WIIT B.
From these experiments it war conclgded: .
. . . ) . . oy - - ol ’ . “
That plasma 2lanine concentration could be determined reliably by : f
. - . . e - - .o -
iz terhnadaue frem either 0.0 or 0.1 ml plasze. -
- r
The acsay was redliable in Lerms oﬂ¥repro§ucib111t;. ’
» . ", ) .
. .
- L]
’
3
£Y
- ]
.
3
. = -r .
- -
- a:’,‘ ‘ i
: ¢ . ' '
- - / i



CTABLE XVIII

. A -
A Elfects of

Sample Volume on Measured alanine concentratiozm

-
— -« N
!
; v
‘. " * -
- , Volume of _ '
Semple | Ug alanine. . Plasma AOD . S
g stendarg - % ol - Blank Uc alanine
: : :
1. - - 0.005 -
2 | - | 0.0102" -
3 - 0.0157 A .
1
1 - - 0.08 0.01558 3.06
\ . -
- 2 - ; 0.05 0.01520 3.1 .
| ' .
L3 - 0.1 0.03233 6.35
. ; - R : T .
! L - 0.1 0.0323;2 ' c.z2
. -
T P .
L}
[
\\.
- ‘.\ c
’ ™~
- *



TABLE XVIII

- 1580 -

-

Continued L
B ' Reproducibility of the Alanine ‘Assay
» Volume -
sample Ug alanine of plasma AOD mg/100 ml
i staandard ml -Blank alanine

1 - 0.0325 -
2 - 0.055 -
3 - _0.0775. -

i T .

{ L - o+ 0.05 0.0395 3.08

= B N

L2 - 0.05 0. 0395 3.0

j 3 - 0.1 0.082 3.22

oy | - M 0.1 0.077 2.97

a !

l 5 - | 0.1 Q.077 2.97
-1 6 - ' '[ 0.1 0.077 2.97

! , _

| . ) )

T - ; 0.1 0.072 2.75
‘

1 8 - ! 0.1 0.0725 2.78
| o - o
9 - ' 0.1 0.08k4 33,

i ! ’ . -
110 - *_ 0.1, 0.076 2.9y

S U - ool ' 0.078 3.02

; { -

|

f MEAN 3.0

- t S.E.M t 0.049
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