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:\. :\íODEL OF THE FUEL-TENSTON REGULATORY SYSTEM 

ARSTRACT 

RAou RACOTrA • 

ALEXANDRU CIURES •• 

Thc model is a ske tch of a (theoretical) physical de,·ice contammg electric compo· 
nen1 s, and is chiefly focused on the maintainance of glycemic homeostasis. It is 
mainlv com posed of DC motor-generator groups. electric circu its and storage baueries. 
Thc model represents the actions and intcractions which regulate releasing, blood 
concentration ancl tissue utilizat ion of: a. The main energetic fucls (glucose and 
free fatty acids); b. Certain substances d irectly involved in the me tabolism of the 
former (triglycerides, glycerol, lacta te and amino acids) ; and c. Sorne h ormones 
whose actio11s are related to these regulation (insulin, glucagon, epinephrine, 
glucocorticoicls. growth hormo11e and ils releasing factor and corticol ropin and its 
relcasing factor). Kervous act ion is also indicated. 
Sorne clue intracellular transformations in liver, muscle and adipose tissue, together 
wit h synthesis and utilization oí storage ma terial (glycogen, storage protein and 
íat) a re modeled. 
In the endocrine o rga ns (endrocri11e pancreas, neuroendocrine h ypothalamus, part 
oí 1he atlenohypophysis, ad renal cortex and adrenal medulla) hormonal scnetion is 
modelcd. 
:-;crvous system is considered as a b!ack box whose inputs and outputs parlicipate 
in 1he cont rol of 1he system. 
The general input of the system is represented h y the sporadic ingestion of glucosc, 
triglycerides anti amino acids. The general output is represented by glucose and 
free fa1ty acid expend iture in muscle, a11d by glucose expendi turc in the nervous 
systcm. 
The modcl could be a vcry good mnemotcchnic device. Further , i t m ight be physi­
ca ll y rcproduced or be set up in an analog computer, and u;sed as a research devise 
10 obtain the trend in any of the variables when 01hers are changed. 
T he explanatory text, quoting an ample bibliogTaphy, is a t the same time a synthesis 
oí 1he modcrn data on the problem. 

RES UMEN 

El modelo representa e l esbozo de 1111 dispositivo físico (teórico) que contiene 
componentes eléctricos y que está enfocado sobre todo hacia la conservación de la 
h omeos1asis glucémica. Está compuesto principalmente por grupos de motores gene­
radores de corriente con tinua, circuitos eléctricos y acum uladores. 
En e l modelo se representan las acciones y las interacciones que regulan la li be· 
ración . la concentración sangu ínea y la utilización tisular de : a. Los principales 
combustibles energeucos (glucosa y .:.Ciclos grasos libres); b. Ciertas substancias 
d irectamen te in volucradas en el metabolismo de esos metabolitos (trig licéridos, gli­
cerol. lactato y amino.leidos); y c. Algunas hormonas relacionadas con estas regu · 
lacione (insulina, glucagón, adrenalina, glucoconicoides, hormona de crecimient•> 
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y su factor liberador y corticotrofina y su factor liberador). Est:i indicad a ta111bi1;11 
la acción nen iosa. 
Se modela n algunas transformaciones intracelulares claves en el h ígado, el m ía-,cu lo 
y el tej ido adiposo, j unto con la síntesis y la utilización del materia l de resen a 
(glucógeno, prote ínas de reserva y gra as) . 

Se modela la secreción hormona! de alg unos órganos endocrinos (p.íncreas endo· 
crino, hi potá lamo neuroendocrino, parte de la hi pófisis, corteza y méd u la upra­
n en al) . 
E l sistema nervioso se considera como un a caja negra, cuyas en tradas y sa lidas 
participan en el con trol del sistema. 
La entrada genera l del sistema consiste en la absorción esporád ica de gluco a. 
trig licéridos y a mino,icidos, y la sa lida general en e l consumo de glucosa y de 
:ícidos grasos l ibres por el m íasculo y de gl ucosa por e l sis tema nervioso. 
E l modelo p uede ser un excelente d ispositivo n emotécn ico. Adcm:ís, pod ría er 
reprod ucido por un modelo físico o bien int rod ucido en una computadora analógica 
y uti lizado como d ispositivo de investigación para reconocer la tendencia de t:i, 
dem;\s variables a l camb ia r e l ,alor de cualquier otra. 
E l texto explica tivo, que cita una bibliog rafía amplia representa, al mismo tiempo . 
una s íntesis de los da tos modernos acerca del problema. 

I NTRO D UCTl ON 

G lucosc, among the metabolites, p lays a 
very importan t parth both as raw ma­
terial and as fuel. H omeothermic verte­
bra tes have developed in the course of 
the ir evolution the capacity of main­
ta ining a more or less constan t leve! of 
glucose in their internal milieu. T his 
level can be d i((eren t accord ing to the 
metabolic pecul iarity of the species (Er· 
lenbach, 1939; Nersesian-Vasil iu, 1968; 
Zeln ícek, 1968). 

T he normal g lycem ic leve) most l ikely 
ensures good ·worki ng cond itions for the 
central nervous system, which can nor­
mally ut ilize only glucose as a fucl 
(Open haw ancl Bortz, 1968; U nger, 
1966) . T his normal glycemia is primarly 
assured by the existence of three pos­
sible glucose sources: ingested carbohy­
drates, gluconeogenesis ancl glycogen 
reserves. 

G lycogen reserves are rela tively scanty, 
ancl can theoretica lly last on ly a few 
hours as the u n ique energetic sources 
(Cahn, 1956) . Gluconeogenetic produc­
tivity being rather small, the organ ism 
can utilize in certa in concli t ions the lipid 
reserves, wh ich are m uch more abundan t. 
T he circulating a nd readily u ti lizable 

form of neutra l lipids are the free fatt y 
acids (FFA). lf mammals ca11 not di­
rectly transform FFA into gluco:.e, they 
can spare the latter u t ili21ing the former 
to fulfill the metabolic needs of muscle, 
which is the greatest consumer (R yan, 
1966) . 

In a genera l wa y, the mome11t LO mo­
ment regulation of íuel concen Lration 
necessary to Lhe good working- o[ the 
various consumers is ach ie\·ed by: a. 
act ion of the main {uels, gluco e and 
FFA, upon their own prod ucLion and 
utili zation ancl Lhat o f thc ot hcr; b. 
action o{ a series of hormone~. :111d; c. 
d irect or ind irect con trol o{ th e ncrvou 
system. 

To understa nd how the ,l"hole wstcm 
works is 110t easy due LO i t (Olll¡>lcxity, 
bu t perhaps also to the cou ntle.~~ unrc­
la ted experimemal data. Jn the last ten 
years sorne interesti ng cybernetic (Gold­
man, 1960; Me Lean, 196 l), or mathe­
matical (Ackerman et al. , 1965: Gate­
wood et al., 1968) models o{ the o- lycemic 
reg ulatio n were publishecl. 

vVe tr ied to design a some,l"hat dif­
ferent model, which should fulfi ll sorne 
basic condi tions: 
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1. The rnodel shoulcl be a ph ys ical 
one, so that it could be, in principie, 
testecl for its agreement with the origi­
nal. In this way, its use[ulness could be 
more than didactic. After severa! 
attempts to design a hydraulic, an elec­
Lronic ancl a different kincl of eleclric 
model, we carne to Lhe one we a re pre­
sen ting here. 

2. An essential parameter around 
which all the system is whirling must be 
chosen, in order to circumscribe the mo­
del between acceptable limits. This para­
meter carne out easily to be the nomrnl 
blood concen lration of glucose, and all 
the system should work in such a way 
to a.ssure it. 

3. We ough t to represent the mini­
mum indispensable phenomena necessary 
to the working of the system. 

In the design of the model we needed 
to take into account Lhe possible varia­
tions of the biological origina l, depend­
ing on the va rious conclitions that a re 

imposed Lo iL. Man y ex perimental data 
are obtainecl on animals (or humans) 
after a prolongecl ingest ion of deficien t 
diets, after inanition, or during obesity, 
diabetes, the lack of one or more enclo­
crine gla nds, etc. These da ta often re flecl 
a particular aspect of a c¡ualitative mo­
dification of the whole metabolic system, 
whi ch is due to enzymaLic resLruclura­
tions that cope with the new genera l 
conditions (Birkenhager and Tjabbes, 
1969; Braun et al., 1967; Onicescu ancl 
Radu, 1969; Szepesi and Freedland, 
1968). For instance, the different respon­
ses of perfusecl organs isolatecl from 
animals in normal or abnormal physio­
logical conclitions prove Lhe existence 
of adaptative mechanisms at Lhe cellular 
leve!. "\t\le Lhink tha t such local changes 
are interdependent with Lhe whole sys­
tem mocli[ication. Jn orcler to keep our 
model as simple as possible, we clid nol 
try to account for all the known abnor­
mal conditions, but only for the norm al 
meta bolic regulation. 

THE C01 TEr T OF THE MODEL 

The absolule need Lo simplify lead us 
to leave out orga ns ancl phenomena 
which do not seem to be quite esential 
LO the working of the system. "\!\fe present 
in brie[ what we are ancl what we are 
nol mocleli ng. 

1. Phen o111cna 

W e moclel the actions and in leractions 
ll"hich regulate releasing, blood concen­
Lration ancl t issue uti liza tion o[: a. The 
main energetic fuels (glucose ancl free 
fa tly acids) ; b. Cenain substances direc­
tly involved in the metabolism of the 
former (triglycerides, glycerol, lactale 
and aminoacids) ancl; c. Sorne hormones 
whose actions are related to this regu­
lation (insulin, glucagon, epinephrine, 
glucocorticoicls, growlh hormone and its 
releasing factor, and corticotropin ami 

its releasing factor). Nervous acLion 1~ 

a lso represen tecl. 
,ve consicler a living organism in nor­

mal physiological concl itions, having in­
termitent periocls of external ene rgetic 
suppl y (food ingestion), and being in 
rest or in moderate muscular activity. 

"\,Ve moclel some inLracelJular conver­
sions, but not enzymatic mechanisms in 
deta il. Only storage ma terial biosynthesis 
(glycogen, fat and storage protein), and 

only oxicla tion o[ glucose ancl fatty acicls 
in muscle and of glucose in the nervous 
system are modeled. \\ e did not include 
in the moclel the control o[ ingestion, 
the local aspects of intestinal absorption 
and correlated events. 

2. O rgans and glands, ancl their function 

Liver. We model glycogen procluction 
from glucose or from non glucidic pre-



58 RACOTTA. R. ANO CI URES, A. 

cursors as well as blood glucose produc­
tion from glycogen and the same precur­
sors; triglyceride production from gly­
cerol ami free fatty acids; the obligatory 
(portal) passing through the liver of 
ingested glucose and of the pancreatic 
hormones as well as the liver control 
upon the blood concentration of these 
hormones. 

W'e do not model : liver fa t ancl pro tein 
storage; biliary excretion of glucose ex­
cess; hepatic control upon the blood 
concentration of the other hormones; 
other hepatic functions. 

Muscle. W e model glucose storage as 
glycogen; blood lactate production; glu­
cose and free fatty acids combustion 
with production of mechanical work; 
protein storage a nd liberation of amino 
acids. 

, ,ve do not model specific muscular 
fat storage. 

Adipose tissue. '"'e model the storage 
of the triglycerides comming from the 
blood and of those locally synthetized; 
glycerol and free fa tty acid production 
from triglyceride reserves; fa tty acid re­
esterificatio n; glycogen storage. 

Nervous system. ·w e consider a black 

box in which three groups o [ activi ty are 
individualized: a. Secretion of corticotro. 
pin- and of growth hormone-re leasing 
l'actors; b. Control of epinephrine pro­
d uction, and; c. General control of fuel 
me tabolism. For simplicity sake, nervous 
action, in contrast with the rest of the 
model, has not an electric but a cyber­
netic representa tion. 

We model the nervous u til iza tion of 
glucose. All the o ther nervous actions 
a re not represented. 

En docrine pa11creas. ,Ne moclel insulin 
and glucagon production (not intestinal 
glucagon). 

H ypophysis. We model only cortico­
tropin and growth hormone production . 

Adrenal cortex. vVe model only gluco­
corticoicl production. 

A drenal medulla. We model only epi­
nephrine production. 

Generally speaking, hormone synthesis 
is not distinguished from secretion. As 
we did not model hormonal actions that 
do not seem to be directly correlatecl to 
the system, thyroicl was not introduced 
in the model. '"'e do not model rena l 
excre tion of glucose, as i t does not occur 
in physiological concl itions. 

T H E LOG IC OF THE MODEL 

T he model, through its logic, must 
ensure the fo llowing: 

l. The representa tion b y an aclequatc 
entity of the concentra tion of the fol­
lowing kinds of substances. • 

- type B1, B~ .. . .81 

-6 ci rcula ting metabolizable substances, i .e. glucose, free 
fatty acids, t riglycerides, amino acids, lactate ancl glycerol. 

- 2 non circulating metaboliza ble substances. i.e. glycogen 
a ncl protein. 

• T hc fo llowing a bbrcvia tions will be used throughout the work: am ino acids, AA; acctyl­
CoA, Ac; corticotropin , A C TH ; adcnosinc triphosphatc, A TP; glucocorticoids. Cs; corticotropin -rc­
leasing factor, C R F; epinephrine, E; fa u y acyl-CoA, FA; free fatty acids, FFA; glucose, G; glucagon, 
Gg; growth hormo nc, C H ; glycogen, Gin; glyccrol,Gol: glyceraldehydc phosphate, GJP ; glucosc 6· 
phospha te, G6P; glycero phosphate, GoP; grow th hormon e rcleasing factor, G R F; insulin , /ns; 
lacta te, L; p rotein . P; pyru vic acid, Py; trig lycerides, Tg. 
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-type ª1· :i ~ ... a; -7 clue non circulat ing intermed iary metabolites, i.e. g lu­
rose 6-phosph ate, g lyceraldehyde phosphate, pyruvic acicl, 
g lycero phosphate, .icetyl-CoA, fatty acyl-CoA and acleno­
sine t ri phosphate. 

- type n 1• r,~ .. . a1 - 8 circula t ing non meta bo l iza ble substa nces (hormones), 
i.e. insulin, g lucagon, e pinephrine, glucocorticoicls, cort i­
cotropin, g rowth hormone, cor ticotropin-releasing factor 
,111d growth hormone-releasing [actor. 

2. T he re \·ersible or non reversi L>le 
conversion o( one substance into a no­
ther, either direclly, fo llowing schemes 
of this k ind: 

as m Jiver: FFA ~ T g 

:is in muscle : G6P ~ G3P 

3. T he independent str uctural ma in­
ta inance of hormones so that. a con­
\·ersion of the general type: 

.\ ;~ A j 

a1 ~ aj 

. \ , ~ a; as in adipose t issue : FFA ~ FA, etc . 

or under the influence of sorne activa­
tory or inhibitory su bstances, fo llowing 
scheme of this kind : • 

a, 1 ¡2 /ns GH t l i 
A¡ :.=::-s¡ os i n muscl e AA p 

J t i i 
J 3 FFA es 

or as in pancreas 

* 
_l_ oollvotlon ; +.. lnhlb l tlon 

does not resul t in substances o( the type: 

T ; = a 1 + ª J or T¡ = 51 + a¡ 

4. T he storage of sorne metabol izable 
substances in specifi ca l stores, whose 
charge ancl d ischarge m ust be possible 
even aga imt a concentration gradie nt, 
uncler the in(luence of other substa nces. 

These cl rast ical concli t ions could b e 
achieved by a qu ite unaccustomed type 
of e lectrical model formed of electrical 
DC machines, devices, storage batteries 
a nd circuits, which can make va r ious 
system s whose functional logic is very 
closely connectecl with the fun ctiona l 
Iogic o( the or igina l system. 

In our m oclel each substance of type 
A1, B;, a1 ancl a 1 is represented by an 
electrical circu it, whose voltage repre­
sents the concentrat ion of the respective 
substance. T he e nzymatic conve rsions 
a re modelecl b y DC motor-generator 
groups (Fig. l a ancl b). If the conver­
sion is r eversible (Fig. 1 b) , the rotors 
of both machines are r igidly coupled 
to one another. In this case, the cha­
racter of motor or generator is not 
stable. v\Tithout changing the sp in, each 
of the two machines can be motor or 
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- 7 clue non circulating intermediary metabolites, i.e. glu­
cose 6-phosphate, glyceraldehyde phosphate, pyruvic acicl, 
glycero phosp hate, acetyl-CoA, fatty acyl-CoA and acleno­
sine tri phosphate. 

-8 circulating non metabolizable substa nces (hormones) , 
i.e. insulin, glucagon, e pinephrine, glucocorticoicls, cor ti­
cotropin, growth hormone, corticotropin-releasing factor 
and growth hormone-releasing fa ctor. 

2. T he re,·ersible or non reversi l>l,e 
conversion of one su bstance into ano­
ther, e ither clirectly, íollowi ng schemes 
of this kind : 

3. T he in clependent structural main­
ta inance of hormones so that. a con­
version of the general type: 

.-\1 ~ Aj as 111 li ver : FFA ~ T g 

ª 1 ~ ai as in muscle: G6P ~ G3P 
!-\¡ ~ a¡ as 111 ad ipose tissue : FFA ~ 

or un<le r the influence of some activa­
t0r y or inhib itory substances, following 
schemes of th is kincl: • 

ª1 a;; /ns GH i ¡- l i 
A¡ :;=::::-B¡ o s i n mus e I e AA p 

J t 1 t 
J 3 FFA es 

or as in pancreas 

* 
_J_ oct lvo tlon ; --!- lnh lbltl on 

FA, etc. 

does not result in substances of the type: 

T 1 = a 1 + ª i or T i = S1 + o.¡ 

4. T he storage of sorne metabolizab le 
su bstances in specifical stores, whose 
charge ancl d ischa rge must be possible 
even aga imt a concen trat ion gracl ient, 
uncler the in(iuence o[ other substances. 

T hese drastical cond itions could be 
achievecl by a quite unaccustomed type 
of electrical model formed o f electrical 
DC machines, devices, storage batter ies 
and circuits, which can make various 
systems whose functional Iogic is ve ry 
closely connected with the functi ona l 
logic o[ the origina l system. 

In o ur model each substance of type 
A1, Bi, a1 and U ¡ is represented by an 
electrica l circui t, whose voltage repre­
sents the concentra tion of the respective 
substance. The enzymatic conversions 
a re modeled by DC motor-generator 
groups (Fig. la. and b). If the conver­
sion is reversible (Fig. l b) , the rotors 
of both machines are r igiclly coupled 
to one another. In this case, the cha­
racte r of motor or genera tor is not 
stable. \ ,Vithout changing the spin, each 
of the two machines can be motor or 
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generator according to the torque ratio 
between them. If the conversion has 
only one sense, the two rotors are coup­
led trough a free-wheeling roller clutch, 
ancl only one machine can drive the 
other. The energy supplied by the cir­
cui t of the motor to the circuit of the 
generator represents the conversion of 
one substance into another. 

According to the manner in which 
the excitatory magnetic field is formed, 
there are many types of DC m achines. 
To make the model easier to understand, 
and to achieve sorne advantages presen­
ted below, all electrical machines, in 
our model, have in series self-excitation; 
that means the whole current passing 
through the machine forros the self­
excitatory magnetic fie ld. H owever, a 
special study made ad hoc (but which 
exceeds the pure qualita tive aspect of 
the presented model) can determine 
which type of excitation would be ade­
quate for each conversion. 

The action of substances of type A1 

or a1 on these conversions is modeled by 
one excitatory coil for each substance 
at each point of action (Fig. le and 
d) . According to the sense of the mag­
netic field produced (which can increase 
or decrease the main magnetic field 
produced by the series self-excita tion 
coil), the substance has an activatory 
or an inhibitory action. 

The biological substance stores are 
modeled by means of storage batteries 
whose charge or discharge is possible 
even against a tension gradient. This is 
achieved by small generators -boosters­
(Fig. l e) connected in series with the 

storage battery and i ts generator (which 
during discharge becomes motor), and 
rigidly coupled to the la tter. The voltage 
of the booster, ·only a part of the total 
battery voltage, has a variable value and 
sense, depending on the strength and the 
sense of its own excitatory magnetic 
field, which is produced by various sub-

stances. By changing the sense of the 
magnetic field in the booster one chan­
ges the sense of its voltage, and impli­
citely the battery passes from charge to 
discharge or vice-versa. By increasing or 
decreasing the magnetic field, the 
strength of the charging or discharging 
current varíes. In this manner, the 
action of mediator substances is modeled 
(Fig. 1 e and e'), without their being 

mixed, each circuit maintaining its inde­
pendence. In the absence of mediators, 
the booster voltage is zero, and the 
charging or clischarging action is subject 
only to the gradient existing a t each 
moment between the main supply (ge­
nerator) ancl the storage battery. 

The logic of the model adopted 
allowed us to realize sorne special cases 
as: 

a. Groups of two cross-excited coupled 
motors and one generator (i.e. the main 
cu1Tent of one motor passing through 
the main excitation coi! of the other 
motor), representing Tg production 
from FFA and Gol in liver and adipose 
tissue. Since the excitation is crossed, 
T g current is produced only if both 
constituents, FFA and Gol, are present, 
and only to the extent in which they 
are present in a determined r atio. 

b. Groups of one motor and two 
coupled generators, representing FFA 
and Gol production from Tg in adipose 
tissue, and Py and ATP production 
from GJP in muscle. As in the former 
type, the two generators are cross-excited 
by the main excitation coil of the other 
circuit. In this manner, the production 
of FFA and Gol, and of Py and ATP 
respectively, is simultaneous and in a 
determined ratio. 

c. Groups of two independent motors 
and one generator, representing GJP 
independent production from L or from 
AA in liver, and ATP independent pro­
duction from GJP or from Ac in mus­
cle. We encounter here the differentinl 
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gear effecL, characLerisLic for two DC 
motors with series excitaLion, connectecl 
t0 one another also in series. Each 
moLor increases iLs speed unti l it takes 
O\·er ils own part from the res istant 
wrq ue. ]( Lhe two rotors are rigitlly 
rnupletl , aml this is the case in our 
model, Lhe speed is common and each 
motor Lakes over its part in the general 
GJP or ATP production, propon ionally 
LO the amoun L o[ L and AA, or GJP 
and Ac respectively, ava ilable in the 
system. 

d. Generalor with low saturation leve! 
(fig. lf) , representing in adipose tissue 
the self-limiLed FA production. 

Carbon-pile resistors (Fig. l g and g') 
model Lhe variable facili tated passage o[ 
r;. across muscle, ad ipose and sorne 
ncrvous cell mem branes. T he sense o( 
n 1riaLion is represented by the sense in 
wh ich the lever acls, the carbon-pile 
decreasing its resistance by compression. 

Variable resistors (Fig. J /,) are located 
on Lhc fecd-back ci rcuits wh ich inEluenc-e 
the prod uction of pitui Lary hormone 
currents. A similar varia ble r-esiswr 
models (; expendiwre i.n Lhe nervous 
system. 

Two d iodes (Fig. 1 i) are used in 
adipose Lissue to d irecL the d ischarge 
of the Tg battery. 

13y solenoids i l was mocleled: 

a. The act ion o ( mediator curren ts 
II pon the levers of Lhe ca rbon-piJ.e resis-
1ors (Fig. lg a nd g') . 

b. The modification o[ the va lue of 
(; cxci tatory current in pa ncreas. T he 

Cs ancl GH solenoids ca n rolaLe Lhc 
pla ne of the G coil in Lhe lns ge nerator, 
varyi ng thus the vol tage proclucecl b) 
this generator, withouL changing the 
exci La tory field of the G coi l. 

c. The current expencliture represenL­
ing mechanical work by the plunger 
auracti ng solenoid in muscle (Fig. 1 j 
ancl k). 

Two Fe-H current regulators -amfJe­
rites- (Fig. 1 L) are in series on the lns 
ami Gg hepa tic derivat ions. T hey buffer 
Lhe changes in intensi ty o( Ins ancl Gg 
currents Lhat pass beyond the liver. 

O n sorne hormonal derivalions Lherc 
are series motor-genera lor groups, whosc 
motor is couplecl to a large fl y-wheel 
(Fig. l m). The generator can suppl) 

current only a(ter a certa in Lime, when 
the [l y-wheel ineni a has been overcom e. 
Th is a ttempLs to moclel the retarded 
hormonal effects Lhat are achievecl 
through incluction or repression of 
enzyme synthesis. 

Nervous action is simply represented 
by arrows (Fig. In ancl 11'): centrifuga! 
ones influencing the current "passage·· 
across a motor-generator group or the 
resistance value in the variable resiswrs, 
and cen tripeta l ones transmitting infor­
mations to the nervous system black box . 
Th is was done in order Lo avoid thc 
extreme complica Lion o ( the model tha l 
will resul t if differen t sensors (ammeters. 
strain gages, etc.) were in Lroclu ced ins­
teacl of the afferent arrows, ancl more 
effector coils instead of the efferent 
arrows . 

. \ . ºA LYSIS OF T H E MODEL 

.\ . Fue/ circ11 /atio11 

Fig. 2 shows the moclelecl circulati ng 
substances (of type A1 ancl a1), antl the 
organs from which they are produced 
or on wh ich they work. As it was already 

mentioned, three of Lhe circuits - G, TJ..!. 
and AA- are potentially connected lo 
three virtual externa! generators. Thi~ 
represents the penetration o( Lhese m e­
tabolites in the interna! milieu through 
intestinal absorpt ion. Jn the in terval of 
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Figure 2. General reprcsentat ion of the model, showing the organs as b lack boxes (AC, ad rcnal 
cortex; AM, adrena l medulla : A H , adenohy¡,ophysis). and thc fo llowing ge11eral ci rcui ts: F11cls: 
G, gl ucose; FFA , free fatty acids. M etabolites: AA , amino acids; T g . trigliccridcs; L, lactatc; 
Gol, glycerol. H onno11es: CRF, cor ticotropin -re leasing fac tor; GHF, growth hormonc-rc!casing 
facto r ; ACTH, corticotropin; CH . growth honnonc; Cs. gl ucocorticoids; E., cpinephrinc; Gg, gl uca­
gon; / ns, insulin. G,AA ami Tg circuits can havc an ex te rna! origin too, cventually shorth -ci rcuit­
ed. Arrow from a circuit to a black box shows tha t the substancc is subjcctcd to a coll\ ersio11 
in this particular organ . Arrow from a black box to a circui t shows that thc s11bsta11cc is pro­
duced in this parúcu lar organ. C ircuit entries wi thout arrows show that thc substancc has onl] 
activatory or inhibitory actio11s upo11 one or more convcrsions insidc th is panicular organ . 

no externa! current provision the three 
circuits are short-circuited at this leve!. 

G passes necessarilly through the liver 
(in series), being a fterwards distributed 
throughout the whole system (the sub­
sequent derivation in parallel through 
the hepatic artery was not represen tecl). 

G tension represents the consta ncy 
parameter of the system. lf and when 
exte rna} current production is large, this 
constancy is disturbed for a while, ten­
sion in G circuit increases uniformely 
throughout the system (Steele et al., 

J 968) which results in the cha rge o ( 

Gln storage batteries in the li ver, m uscle 
and ad ipose tissue. As their capacity is 
limited (clepending a lso on their d1arge 
at tha t moment), a simultaneous slower 
process of adipose T g battery charge can 
occur. Th is ba ttery can a lso be subse­
t¡uently charged at the expense of the 
adi pose G /11 battery (Shapiro, 1%5). 

vVhen G tension has re turned to 
normal, its maintainance is achieved 
mainly b y hepatic glycogenolysis ami 
gluconeogenesis, tha t supply thc G ex-
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penditure of muscle and nervous tissue. 
Muscular G consumption partly fur­
nishes L current which is transformed 
again in G at the hepatic level. In that 
way, in the interprandial period.s the 
unique G source is the liver. 

Tg current charges directly the adi­
pose Tg battery. When this discharges, 
it furnishes FFA and Gol currents in a 
constant proportion. FFA can either 
turn in the same tissue to recharge the 
battery, or pass into the FFA pool (cir­
cuit). The FFA circuit derivation going 
to muscle represents the main form of 
lipid utilization (Carlson, 1967; Ryan, 
1966; Shapiro, 1965). Another FFA de­
riva tion goes to liver where it couples 
with the Gol current to restore the Tg 
current. The FFA tension is normally 
50 times lower than the G tension, but 
it has a much wicler range of variation 
(Pa ul et al., 1966; Steffens, 1967) . 

All the Col current originating from 
adipose Tg battery discharge passes into 
the Gol circuit (Hagen and Hagen, 
1964; Shapiro, 1965), and is utilized in 
the liver (Bergman, 1968; Hagen and 
Hagen, 1964) where it formes G 
(through intermediary circuits) or Tg 
(in conjunction with FFA). H epatic 
formed Tg passes into the Tg circuit 
and charges the aclipose Tg battery. 

A small part of the AA current is 
clerived to the glands where it produces 
hormonal currents, but most of it goes 
to muscle where it charges the P battery. 
In interprandial periods the AA neces­
sity is covered by the discharge of this 
battery (AA production from other prc­
cursors was not modeled) . The hepatic 
derivation of the AA circuit furnishes 
finally G. 

Other metabolic circuit entries in Fig. 
2 represent regulatory derivations. The 
same figure shows hormonal circuits 
with their organ of origin and their regu­
la tory deriva tions. 

B. Endocrine pancreas 

A schematic representation of the 
events in our model of the endocrine 
pancreas (Fig. 3) is: 

AA 

and: 

G 

1 

E 

! 

AA 

+ ... 

AA 

+ 
., /ns 

Gg 

Islet cells normally secret !ns in direct 
proportion (Coore and Randle, 1964; 
Grodsky et al., 1967; Kanazawa et al., 
1968; Randle and Ashcroft, 1969) , and 
Gg in inverse proportion (Buchanan et 
al., 1969; Lawrence, 1966; Ohneda et a·l., 
1969) to blood G concentration. At least 
as far as !ns is concerned, there is a 
basal secretion until a certain glycemia 
is reached (Lacy et al., 1968; Vranic ancl 
Wrenshall, 1968). Variations of glycemia 
in one or the other sense would deter­
mine hypersecretion of one of the two 
hormones (Sokal, l 966a; U nger ancl 
Eisentrant, 1965; Vanee et al., 1968). 

Pancreatic hormones do not seem to 
exert a negative feed-back upon their 
own secretion (Colwell and Colwell, 
1966; Malaisse et al., l 967a), though the 
opposite view is also sustained (Sodoyez 
et al., 1969). There is but now duly 
proven in many species that Gg has an 
/ ns-secretory action (Campbell and Ras­
togi, 1966a; Deckert, 1968; Devrim and 
Recant, 1966; Grodsky et a.l., 1967; 
Samols et al., 1966; Simpson et al., 1966; 
Sussman and Vaughan, 1967; Turnei: 
and Me lntyre, 1966) . This action is 
likely immediate, as soon as Gg is secre­
ted from the alpha cells, considering the 
nearness of the two type of cells. 
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AA, at least sorne of them, enhance 
!ns and Gg secretion (Floyd et al., 1966; 
Ohneda et al., 1968). That is modeled 
by the AA coils; the AA genera tors re­
present l ns and Gg syn thesis. 

E stops in a persistent way l ns secre­
l ion a t any glycemic level (Altszuler et 
al., 1967; Coore and R andle, 1964; Her­
telendy et al. , J 966; Kansal ami Buse, 
1967; Kris et al., 1966; Porte et al., 1966; 
Senft et al., 1968; ·wright and Malaisse, 
1968) . On the other hand, if E has an y 
effecl upon Gg secretion, this seems to 
be ra ther a re flex one, through the cen­
tral nervous system (Ezdinli and Sokal, 
1966) . 

Malaisse et al., 1967c; Porte and Wil­
liarns, 1966; Sergeyeva, 1940), and upon 
Cg secre tion (Ezclinli and Sokal, 1966: 
Ezdinli et al., 1968) , though there are 
opposite results, too (Nelson et (V/ .. 
1967) . We consider, in the mo<le l, tha L 

ne rvous system influences, at least in 
sorne instances, pancreatic hormone se­
cretion th rough two centr ifugal anow~ 
acting upon the two genera lors .. 

C .. Liver 

A pa rt o f the transfon11ations in our 
Iiver moclel (Fig. 4) a re representecl by 
the following scheme: 

CH (Bouman ancl Bosboom, 1965; /ns ! ns es 
Campbell and R astogy, 1966b; Mala isse 1 1 ¡ 
et al. , 1968; Martín and Gagliarclino, , , , 
1967) as well as Cs (Campbell and R as- G ____ G6P~----,--- -Gln 
togi, 1968; Mala isse et al. , 1967b; Sutter j j t 
and Mialhe, 1968) have a positive action 63p 

69 
E 

upon ! ns secretion, bu t in a peculiar 
way. They seem to sensitize beta cells 
lo e, increasing thus l ns to e rat io. 
That is mode led by two e lectromagnets 
on these hormona l clerivations, rnocli fy­
ing the plane of the G coil at lns gene­
ra tor. These e ffects being clelayed, and 
persisting after hormonal returning to 
normal blood concentrat ion levels, a fly­
wheel motor-gene rator group is repre­
sented on the pancrea tic derivation of 
each of the two hormones. 

The part played by the nervous 
system in the control of pancrea tic hor­
mones secretion is less eviclent. The fact 
Lha t a transplanted pancreas succeecls in 
maintaining normal blood G levels (De 
J ode and H owarcl, 1966; Huguet et al., 
1969) spea ks in behalf of an indepen­
clence of the gla ncl. NevertheleS6, the 
existence of neu ro- insular complexes 
(Morgan ancl Lobl, 1968) as well as a 

series of physiological experiments are 
in favour of a nervous control u pon ! ns 
secretion (Daniel and H enclerson, 1967; 
Drzhevetskaya, 1965; Kaneto et al., 1967; 

Concerning G6P, we <lid not cake into 
account sorne recent works which ques­
tion the necessity of passing through G6P 
for Gin synthesis (Antony et al., 1969), 
or which suppose two or more cellular 
compartments for G6P (Threlfall ami 
Heath, 1968; Zakim a ncl Herman, 1967). 
These interpreta tions coulcl never theles · 
have a great irnporta nce in a more ela­
bora te stucly o f the hepatic glucoregu­
latory system. 

Experiments on isolated perfused l iver 
show that G pene tra tion into the liver 
cell is e nhanced by a high G concen­
tration in the perfusate (Dorner et al .. 
1968; Figueroa ancl Pfeifer , 1966) . The 
permeability o[ the hepa lOC) te íor G 
is very high (Park et al., 1 %8), the 
sense of its transfer clepencling on it 
rela tive concentra tion on the two sirles 
of the membrane, tha t is to say, on the 
relation between its phosphoryla tion 
and G6P hyclrolysis (Randle, 1963). 
Never theless, sorne da ta show that G 
hepa tic 011tpu t is not influenced b y a 
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Figure 4. Modcl o( thc liver. Genera l circui ts as in Fig. 2. Loca! ci rcui ts: Gl11, glycogen: 
GJP, glyceraldchydc phosphate; G6P, glucosc 6-phosphatc. 
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low concentration in the perfusate (So­
kal and Weintraub, 1966), and thus the 
opinion of a clirect regulation of G input 
and output by blood G concentration 
(Glinsman et al., 1969) is not so 

obvious. 
The factors that regulate glucose 6-

phosphatase activity are not well known. 
Since the group G6P-Gln is under a 
strong hormonal control, it results from 
the model that the input, but specially 
the output of G, could in fact be regu­
lated by G6P tension, itself dependent 
on the Gln battery tension and on the 
hormonal action upon i t. 

Concerning the hormonal act ion at 
the hepatic leve!, we have to mention 
(irst the necessary passage of the two 
pancreatic hormones through the liver, 
befare going into the gen,.ral circulation. 
Liver controls in a significant manner 
the suprahepatic level of these hormo­
nes (Mortimore et al., 1959; Sokal, 
I966a; Waddell and Sussman, 1967), 
partly by biliary removal (Daniel and 
Henderson, 1968; López-Quijada and 
Goni, 1967) . This fact could play a very 
important part in the general balance of 
the whole regulatory system, namely by 
an increase at sorne moments of the 
hepatic action of !ns and Gg in detri­
ment of their extrahepatic ones. Sorne 
data support this point of view (Steele 
el (l)l., 1968; Voyles et al., 1969). A 
similar phenomenon occurs experimen­
tally when E is injected into the portal 
vein (Rodríguez-Zendejas et al., 1968). 
vVe tried to model this liver action on 
lns and Gg by passing each of the 
hepatic circuits of these hormones thro­
ugh a Fe-H cunent regulator (amperite) 
in series. 

!ns does not seem to control G passing 
across the hepatic cell membrane 
(Williams el al., I968b), but rather to 
be indispensable for the induction (fly­
wheel motor in the model) of this 
enzyme (Niemeyer et a,l., 1967) . !ns coil 

at this level could not be very strong 
since other works show that G~G6P 
reaction can take place in the absence 
of !ns, perhaps by an inversion of the 
glucose 6-phosphatase reaction under 
blood G tension influence (Friedmann 
et al., 1967a; Nordlie et al., 1968). 

The booster of the Gln battery is 
controled by four coils. !ns and Cs 
enhance Gin synthesis (\.Veber et al. , 
1965). Concerning Cs, sorne authors 
think that this is their primary ancl 
specific hepatic effect (Oji and Shreeve. 
1966) . On the other hand, there are 
claims that the effect could not be a 
direct one since it <loes not occur in i11 
v itro preparations (Meiers et al., 1967; 
Staib et al. , 1967) . An explanation oE 
this contradictory results could consist 
in a reciproca! potentiatory action of 
the two hormones at this level (Fried­
mann et al., 1965; Kreutner and Gold­
berg, 1967), which was not represented 
in the model. 

The powerful and fast glycogenolytic 
action of Gg is well established (Ezdinli 
and Sokal, 1966; Lefebvre, 1968; Shoe­
maker et al., 1959; Weintraub et al., 
1969). Gg appears to be indispensable 
for G production from hepatic Gin 
(Sokal and Weintraub, 1966). 

E glycogenolytic effect (Craig and 
Honig, 1963; Northroi, 1968) could be 
obtained, according to sorne data, only 
by administrating unphysiological hor­
monal doses (Ezdinli and Sokal, 1966; 
Sokal el al., 1964). Though both Gg and 
E glycogenolytic effects are mediated 
through cyclic adenosine monophos­
phate, they seem to be independent 
(Sanbar, 1968), and to act through 
somewhat different ways (Bitensky el 

al., 1968). 
Mammals synthetize G from many pre­

cursors: other glucides, intermediary 
glycolytic metabolites, amino acids, gly­
cerol (Krebs et al., 1969; Ross et al .. 
1967 b; Weidemann and Krebs, 1969). 
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In the model, all sugars were included in 
the G current. Pyruvic acid is easily con­
vertible into lactic acid, which circula tes 
as L. Thus, we only represent L, AA 
and Gol as precursors of G, the three 
producing GJP as a common inte rme­
diary metaboli te. The scheme of this 
process, as represented in our model, is: 

Cs Gg FFA 

L ond AA i i ! rP~G6P 
1 

Gol 

J 
L~GJP and AA ~GJP conversions are 

represented by a special group contain­
ing two independent motors and one 
generator. Gluconeogenesis rate from 
A.A is directly dependent on the AA-and 
inversely dependent on the G-blood con­
centra tion (Herrera et al., 1966; Ruder­
man and Herrera, 1968). In the model, 
indeed, AA~G3P as well as L~GJP 
conversion will primarly clepend on the 
AA / G6P' ancl L / G6P respective tension 
rela tionsh i ps. 

FF A enhance gluconeogenesis a t the 
pyruvic acid leve} (Ashmore and 
Weber, 1968; Frieclmann et al., l 967b; 
J agow et al., 1968; Ross et al., 1967 b; 
Teufel et al., 1967). 

Ins inhibits gluconeogenesis (Shrago 
et al. , 1967; Weber et al., 1965) , but it 
seems to be rather an indirect effect 
through a fall of FFA- a ncl / or of AA­
tension (Sni pes, 1968) . 

Gg seems to be the most potent glu­
coneogenetic agent at the pyruvic level, 
ooo (Ashmore and \ •Veber, 1968; Exton 
and Park, 1966; Ezdinli and Sokal, 1966; 
Sokal, l 966b; Teufel et al., 1967) . Since 
its action a t this level appears only 
after Gln depletion (Ross et al., l967a), 
i ts Gln-acting coi] could be much 
stronger tha n the G3P-acting one. 

The mechanism of the Cs gluconeoge-

ne tic effect is a con troversial issue, 
mainly because it cloes not occur in a 
perfused liver which does not proceed 
from an animal previously treatecl with 
these hormones (Staib et al. , 1967) . This 
suggests that the main effect is due to 
enzymatic induction (Betheil et· al., 
1965; Ewald et al. , 1963; Greengard et 
al., 1963; H enning et al., 1964). As this 
action is delayed, we modeled it through 
a fly-wheel motor. On the other hand, 
Cs have a hepatic and muscular proteo­
lytic action (Bellamy, 1967; Bellamy et 
al. , 1968) which is represented in the 
muscle model. 

Gol tension is generally proportional 
to adipose lipolysis, and this substance 
is integrally utilized in the l iver (Berg­
man, 1968) . L enhances Gol~GJP con­
version (Ashmore and - Weber, 1968; 
Ross et al., 1967 b) Gol can produce 
mainly G6P (through GJP) and Tg. 
T he sense Gol takes could depend in 
sorne measure on the G tension itself. 
At a low G and !ns (and hence G6P) 
tensions, the gluconeogenetic sense 
coulcl prevail (Bergman et al. , 1968) , 
while in hyperglycemic conditions the 
blockade of gluconeogenesis woulcl orient 
Gol towards hepatic Tg production 
(Mackenzie et al., 1968). It seems that 
high Gol and FFA tensions results 
always in producing hepa tic Tg. In dia­
betes, increased G tension is accompa­
nied by high Gol and FFA tensions, d ue 
to lack of available !ns. This brings 
about an excessive hepatic T g procluc­
tion. An experimentally induced lipo­
lysis has the same effect (Bizzi and 
Garattini, 1967; Bost et al., 1967). Even 
in fasting, when there are favorable glu­
coneogenetic conditions, the high Gol­
a nd FFA-tensions can simultaneously 
produce an increased hepatic fat con­
centration (Kenmoku ancl lwao, 1966; 
Trotter, 1967) . 

We have a lready specified that hepa­
tic fat storage and turnover, as well as 
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FFA and Gol synthesis from G will not 
be represented in the model. As a matte r 
of fact, hepatic FFA synthesis seems to 
be small in comparison with that o[ 
adipose tissue (Leveille et al., 1968), and 
hepatic Gol synthesis depends on glu­
coneogenetic requests (Frank el al., 
1968; Gericke el al., 1968). In norma l 
conclitions, as represented in the model, 
the liver synthe tizes T g (from ci rcula­
ting FFA ami Gol) , most of which passes 
Lo the bloocl (Baker et al., 1968; Sha­
piro. 1967). T g synthesis is modeled by 
a group formecl o[ two coupled motorl. 
ancl one generator, whosc characteristics 
\\'Cre alrea dy described. 

T he :,Ludies concernin~ nervom act io n 
upon the mentioned hepatic processes 
have a long history which begins with 
Cla ude Bernard . 1 t seems to be proven 
that hepatic parenchymatous cells a re 
inn-ervated (Alvare1.-Fuertes et a,f., 197 1: 
"N icolescu. 1958; Riegele, 1928; Tan i­
kawa, 1968). Ncrvous eíferents are act­
ing ll non G/11 synthesis (Sh imazu, 1967) 
a nd Iysi (Ban. 1965; ll'in ami Soliter­
nova, 1968; Shimazu a mi Fukuda , 1965; 
Shimam et al ., 1966). AL the same time, 
I he cxistance of hepati c recep tors seems 
now to he inclirectly (Ketterer <'l al .. 
1%7; Russek, 1967; Russek el al., 1968) 
as well as directly (Ni ijima, 1969) 
pro ve n. 

We repre:.ented thus a n effector ncr­
Yous arrow acting upon th e Gin boo ter, 
and an afferenL nervous a1Tow, some­
how imprecisely located, at th c leve! of 
the G-G6P conversion. lf it will be pro­
,·en tha t the liver receptors sense G pas­
sage through hepatic cell membra ne 
(Rus~ek, 197 1), it would be necessary 
to add a resista nce on th e G hepatic 
derivation, from which the centrípeta! 
nervous a rrow shoulcl start. 

D. Muse/e 

The general scheme describing G 
transformatiorn. in our muscle model 
(Fig. 5) is: 

c~G6P is a one sense ch'ive group 
due to glucose 6-phosphatase lack (Ran­
dle, 1963) . M uscle hexoki nase is very 
active, and the Iimiting factor for G 
incorpora tion is membrane permeability 
(Malaisse a nc.1 Franckson, 1965; Park et 

al. , 1968) . T he facilitated transpon of 
G depends on the facilitatory or inhibi­
tory actions of o ther sub ta nces. Th is is 
represem ed in the model by two carbon­
pi le resistors in series on G muscular 
derivation : one can be acted on LO di­
minish, the other to in crease its resis­
tance. 

!11 s intensifies G tra nsfer through the 
res ting muscle cell membrane (Chri s­
ten en ami Orskov, 1968; Park et ol .. 
19G8; Pastan el al., 1966), being the sole 
hormone which increa es muscular G l11 
c:oncen traLion in physiologica l dose 
(Davidson a mi Ha ist, 1968). T he depan­

creatized a nima l oxidises less G (Isse­
kutz et al., 1967). The ino·ease of G 
incorporation rate during exercise is not 
accompan ied, however, by a ign ificant 
! ns hypersecretion (Cochran el al. , 1966; 
Ni kkila et al., 1968; R asio el al., 1966). 
This could be, a t least partially, ex­
pla ined by a stimulative e ffect of ner­
vous action on G transfer (Heinz, 1967 ; 
Nara ha ra ami Cori, 1968). \ ,Ve r epre­
sented an effector nervous arrow acting 
upon the same variable resistance as h u 
<loes. 

A n inhibi tory act ion of FFA on G 
transfer was modeled (Pa rk et al., l 968; 
Randle et al. , 1964), although there are 
con trary opinions, too (Gjedde, 1968; 
Schonfeld and Kipnis, 1968). On the 
~ame inhibitory resista nce a CH effect 
was represented (Altszule r el al .. 1968: 
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Bolodia and Young, 1967; Goodman, 
1967 b; Holobaugh et al., 1968) . 

For the same reasons as in liver we 
did not take into account the possibility 
that there are more than one G6P com­
partments (Dully et al., 1969) . The G6P­
Gln group is both sense drive, and 
G6P tension seems to control the sense 
of the current flow (Holmes and Man­
sour, 1968) . 

As muscle does not fumish G circula­
ting current, muscle Gin is relatively 
little diminished even in case of general 
G necessity, such as in prolonged star­
vation (Depocas, 1962) . Gin battery 
discharge depends on the energy expen­
diture of mus.ele contraction: the ATP 
electromagnet switched-on by a special 
(motor) nervous action. The work per­
formed by this electromagnet, which 
represents in fact all the contraction 
system, induces a tension fall in the 
A TP circuit which sucks up G6P cur­
rent through the GJP or the Ac gene­
rator. This entails an increased blood 
G expenditure (Cochran et al., 1966; 
Keul et al., 1968; Rasio et al., 1966) . 
This expenditure is partially compen­
sated by liver output (Issekutz et al., 
1967), but additional currents are pro­
vided by muscle Gin battery and by FFA 
circulating current. 

The prolonged capacity of work of 
muscle seems to be entirely dependent 
on its Gln battery tension (Bengt and 
Hermansen, 1967; Bergstrom et al., 
1967) . Once the battery is discharged, 
the ATP electromagnet could not func­
tion normally any more. This discharge, 
obviously dependent on the tension fall 
produced in the ATP circuit, is enhan­
ced by E (Sokal and Sarcione, 1959; 
Svedmyr, 1965). E coil acts only at the 
Gin booster leve!, increasing G6P tension 
(Saha et al., 1968) , and not upon any 
of the intermediary glycolytic conver­
sions (Karpatkin et al., 1964; Wilkie, 
1966) . At the same time, nervous action 

itself promotes Gln battery discharge 
(Danforth and Helmreich, 1964; Posner 
etal., 1965). 

GJP produces in constant proportion, 
through a special group of one motor 
and two coupled generators, Py and 
ATP. Energy expenditure through the 
GJP-ATP group models anaerobic con­
traction. L is produced from Py in the 
resting as well as in the working muscle 
(Chapler a nd Stainsby, 1968) . 

Muscle can consume FFA; myocardial 
musde utilizes them even preferably 
(Olson, 1967; Shipp et al., 1961). It is 
not clear if muscular fat could be utili­
zed as such (Carlson, 1967; Hagenfelclt 
and Wahren, 1968; Issekutz and Paul, 
1968; Olson, 1967). FFA muscle utili­
zation rate is normally in direct relation 
to their blood concentration (Armstrong 
et al., 196la; Hagenfeldt and Wahren, 
1968; Steinberg, 1966), and in inverse 
relation to G concentration (Issekutz 
et al., 1967) . Muscular work is accom­
panied by an increased lipolysis which 
throws relatively important FFA amounts 
in to the ciculation (Gollnick, 1967; 
Konttinen and N ikkila, 1964; Rein­
heimer et al., 1968) . Thus, the contri­
bu tion of this fuel to muscle energy 
expencliture is considerably increased 
(Keul et al., 1968; Paul and Issekutz, 
1967). In the model, the muscle deriva­
tions of FFA circuit inhibit G transport 
across the membrane, on the one hand 
and, on the other, they transfer current 
through FFA~Ac motor-generator 
group, in direct proportion to the ten­
sion fall in Ac circuit and to the increas­
ing tension in FFA circuit. The only 
favoring factor at the FFA~Ac level 
seems to be GH (Knobil and Hotchkiss, 
1964) . 

The big efferent arrow that acts on 
ATP circuit represents motor nervous 
action that induces muscle contraction. 
ATP generator is coupled to two inde­
pendent motors: Ac and GJP. An affe-



FUEL·TENSION R EGULATORY SYSTEM 73 

rent nervous arrow at the ATP electro­
magnet leve! represen ts the presence of 
mecano- and perha ps also chemorecep­
tors (Coote et al., 1969) . Another affe­
rent nervous arrow, at the presumed 
leve! of G-G6P group, represents muscle 
glucoreceptors (Ivanov et al., 1966; 
Krulich, 1957) . 

R eserve proteins (P) are modeled by 
a storage battery. The scheme of the 
conversions we model is: 

!ns GH 

! i AA ---=---.....:.....: ... p 

t t 
Cs FFA 

l ns and GH induce P synthesis (Na­
rahara and Cori, 1968; Sn ipes, 1968) ; 

GH Cs 

Cs (Friedmann et al., 1965; Goldberg 
and Goodman, 1969), and FFA (Buse 
and Buse, 1967) induce proteolysis. In 
physiological conditions, during in testi­
nal absorption, a high G tension, which 
induces a high l ns one, would thus 
charge P ba ttery (Knippel et al., 1969). 

E. Adipose tissue 

Adipose tissue represents a functional 
ensemble under neuro-endocrine control 
which acts, in turn, by its metabolites 
upon other tissues as well as upon the 
neuro-endocrine system i tself (Liebeh 
et al., 1965) . 

The transformations that are modeled 
(Fig. 6) could be represented by the 
following scheme: 

i 1 ,.. G3P P--GTG6P 

1 ,L -1 
~FA 

lns-J r 
~ .. rg 

' Gin 

So, Gis finally transformed in FA and 
GoP (Foster and Katz, 1966; Katz 
and Rognstad, 1969), which combine in 
constant proportion to form T g. An 
increased FA tension would have an 
inhibitory effect u pon i ts own produc­
tion (Bortz and Lynen, 1963). There 
are claims that this inhibition is exerced 
by FFA and not by FA, but in the 
doubt, and in order to simplify the mo­
del, we represented it by a FA generator 
with low saturation level in the G3P­
FA group. 

G transport across adipose cell mem­
brane is facilitated by !ns (Crofford 
and Renold, 1965; Renold et al., 1966; 
Rodbell, 1967) , though the degree of 
this facilitation varíes with the species 
(Bartos and Skarda, 1968; Mosinger and 

1 
ond Gol 

i t t 
G~ 1 l 

/ns Gr¡ E ACTH 

Kujalová, 1967). The same hormone 
seems to have a delayed (fly-wheel mo­
tor-generator group) inductive effect on 
hexokinase synthesis (Hansen et al., 
1967) , and a promoting effect on Gln 
synthesis (Goodman, 1967a). 

Adipose Gln battery is not of great 
capaci ty, and is charged to its full only 
in the case of a high general G ten.sion 
(Goodman, 1967a). G6P current is 

strongly sucked up by the big T g bat­
tery. !ns intervenes in this pathway, too 
(Armstrong et al. , 1961 b; T akano et al., 
1967; Vrba, 1964, 1966). In this way, 
l ns actually facilitates all the ways of 
G utilization that lead to FA and Tg 
synthesis (Ball, 1965; Gliemann, 1968) . 

The big Tg battery can be charged 
either directly from the Tg circul:t ling 
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current, or thl'ough the two motors­
(F A and GoP) one generator (Tg) 
group. At its turn, FA current could 
originate e ither from the G3P currcnt, 
as we already saw, or from the FFA one. 
Gol current can not be employed to 
produce adipose GoP for lack of glycerol 
kinase (Shapiro, l 965) . 

T g ba ttery is discharged through an 
one motor-two generators group, usually 
furnishing in consta nt proportion Gol 
an FFA (lipolys is) . Sometimes this pro­
portion changes in favour o ( FFA , due 
to an incompleLe h ydrolysis of T g to 
di- and monoglycerides (Havel, 1965; 
Scow et al .. 1965), but we dicl not con­
sider this possibility in the mode l. ln­
tracellular FFA seem to inhibit the ir own 
production from T g (Bally et al., 1965; 
Rodbell, 1965) . 

Lipolysis unde rgoos a strong hormona l 
influence (Lewis and Matthews, 1968) 
which is not understood in ali its de­
tails. On this influence depends the 
intensity of T g turnover. 

! ns seems to Ji.ave a direct inh.i bitory 
action on fat mobiliza tion (Bally et al. , 
1965; Blecher et al. , 1968; H avel, 1965; 
J ungas and Ball, l 963) . Gg effect does 
no t appear always clear in vivo, clue to 
its hyperglycemic and hyperinsulinemic 
action, whi ch promotes lipogenesis. Even 
in vitro the experimental results differ 
according to dose and species. Never­
the less, Gg seems to be, a fter ali , a strong 
lipolytic agent in physiological doses 
(Bally, 1968; Lefebvre, 1968; Whitty et 
al., 1969) . 

ACTH has a lipolytic action which 
is independent of its adrenocortical one 
(Akgun and Rudman, 1969; R,enuzzi­
Badoni et al., 1968; H ynie et aJl., 1968; 
Lebovi tz et al., l 965; Scow et al., 1965) . 

As the actio n of E on G incorporation 
to adipose tissue is a subject of much 
deba te (it has been considered activa­
tory: H agen and H agen, l 964; Park et 
nl., 1968; inhibitory: Il'in ancl Soliter· 

nova, 1968; or nill: Rodbell, 1967) we 
did not model it. On the other hand, 
E is an e (ficient lipolytic agent (Bost 
et al., 1968; Fain, 1967; Friedmann et 
nl. , 1965; Svedmyr, 1967) . 

GH is generally conside red as an 
important lipolytic factor in v ivo (Luft 
a nd Cerasi, 1967; Me Kee and Russell, 
1968; Raben and H ollenberg, 1959; 
Skarda et al., l 968) . Sorne experimen tal 
data are however difficult to interpTet: 
a. C H increases in a notable way, in 
vitro, FA syn thesis (Goodman, 1967 a) ; 
b. lt lowers in vivo blood FFA concen­
tration during the first 30 m inutes that 
follow its administration (Sirek et al. , 
1967, and ; c. lts li polytic effect comes 
la te (Fa in, 1967; Goodman, 1968a; 
Zahnd et al., 1960) . It is probable that 
GH acts upon more than one point and 
in diffe.re nt ways (rapid or delayed 
effects), and that, in vivo, its direct ef­
fects could be counteractecl b y the hy­
perinsulinemia it produces (Altszuler et 
al., 1968) . W e mode lecl only a delayed 
eHect on lipolysis, a ncl an exci tatory 
action on G6P ut ilization. 

Besides the hormonal one, a nervous 
lipolytic action appears evide nt. Nervous 
termina tions belonging to an intrinsec 
system surround the parenchymatous 
cells; this system looks anatomically 
inde penden t to the orthosympathetic 
innervation, whid1 is mainly vascu la1· 
(Derry et al. , 1969). Norepinephrine is 
present in adipose tissue nerve termi­
nation:s (Westerman and Stock, 1963) ; 
its concentration clecreases by denerva­
tion (Sidman et di., 1962), and increases 
during starvation (ScLrobici et al., 1967) . 
On the other hand, injected no repi ne­
phrine has a similar lipolytic effect as 
E (Hagen and H agen, 1964) . Stimula­
tion of adipose sympathetic nerves in 
vitro brings about the a ppea ring of FFA 
and Gol in the perfusion fluid (Fred­
holm and R osell , 1968) . In vivo, sym­
pa thetic acti vi ty in oreases blood F FA 
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concentration, even in aclrenalectomized 
animals (Goldfien, 1966; Goldfien et al., 
1966). lt seems that the sympathetic 
tonus in the adipose tissue controls the 
intensity of lipolysis (Gooclner et al., 
1967). 

Ali the mentioned effets upon lipo­
lysis seem to be brought about through 
cyclic aclenosine monophosphate (But­
cher et al., 1968; Meng anti Ho, 1967; 
Turtle and Kipnis, 1967) , but their 
detailecl mechanisms might be different 
(Williams et al., 1968a), ancl the varioui; 

effects are species-dependent (Benuzzi­
Badoni et a,[., 1968; Burns and Langley, 
1968; Langslow and Hales, 1969). 

The leve! of blood FFA concentration 
can clepend on their re-esterification 
rate, which depencls on C and lns blood 
ooncentration (Angel, 1969; Lewis and 
Matthews, 1968) . When G supply is 
sufficient, Tg turnover is intensified at 
the expense of C which is consumed 
and of Gol which is liberated. We did 
not model a possible clirect excitatory 
effect of G upon FFA re-esterification 
(Carlson, 1965) . The energetic result of 

FFA re-esterification is a thermogenesis 
(Ball, 1965; Hagen and Hagen, 1964), 

modeled by an excessive functioning of 
the motor-generator groups that are 
involved in these conversions. On the 
other hancl, Gol and excess FFA produce 
at the hepatic leYel G and T g, intensi­
fying in this way liver metabolism and 
Tg circulation (Steinberg, 1966) . 

,i\'e left the effect of Cs upon adipose 
tissue till the end, because o f che diffi­
culty to interpret it. Among the various 
hypothesis, we adopted the one which 
consiclers that Cs decrease FFA re-este­
rification rate (Jeanrenaud, 1967) , per­
haps by diminishing G utilization rate 
(Landau, 1965; Soliternova, 1968). The 

consequence of this would be an increase 
in blood FFA tension. We put a coi! 
with inhibitory action on the way of G 
utilization at a very uncerta in place 

(G6P- C3P group). Anyhow, if this i11-
terpretation is correct, for an efficient 
inhibition of Tg synthesis the blocking 
point will likelly be before the bifur­
cation point of G3P towarcls FA and 
GoP, as this latter substance appea1rs 
to be the limiting factor of re-esterifi­
cation (Me Lean et ni. , 1968). 

F. Nervous system 

lnside che big black box which repre­
sents nervous system in our model (Fig. 
7), we individualized two smaU black 
boxes: one representing a Center uf 
control o/ fuel m etabolism (CCFM) 
and the other a Center of control o/ 
epinephrine secretion (CCES) . Jnside 
the black boxes one can imagine a net 
o[ circuits which integrate the received 
in formations and command the effe rent 
nervous actions. We also included into 
the nervous system the models of the 
secretory systems of two hypothalamic 
releasing factors, the ones for GH ami 
ACTH. 

We consider the following gene ral 
inputs: 

/.J . Unspecific afferentations. These 
represent all the sensory and propio­
ceptive nervous inputs as well as hor­
monal ancl humoral actions which can 
influence in a reflex way the metabolic 
system that is modeled. They ente1· 
directly to the big black box. 

1-2. Specific interoceptive affere11 ta­
tion. From hepatic ancl muscular gluco­
receptors and from muscular chemore­
ceptors (centripetal arrows in Figs. 4 
and 5) entering CCFM. 

I-3. Circulating s11bstnnces. 

G is practically the only fuel which 
nervous system can utilize (Openshaw 
and Bortz, 1968), and it also plays an 
important róle in the metabolism of the 
nitrogenated substances (Otsuki et al., 
1968). As a result, two thircls of the basal 
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Figure 7. Model of the nervous sys1e111 , th e adcnohypoph ysis and the adrenals. General 
circuits as in Fig. 2. '.\lcrvous black box delimited by d ots. CCFJ\I . center of co ntrol 
of fue! metabolism. CCES, ccn ter of control of epincphrine secrct.ion. 1- l arrow, unspccific 
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G expenditure o f the body takes place 
in this ti ssue, which is more sensitive to 
G than to oxygen Iack (Dolivo, 1966) . 

G transport into the cerebrospinal 
fluid a.nd to nervous cells is faci li tated 
and utilizes a cairrier thaL is saturated 
a t a nonnal or even sub-normal blood 
G level (Crone, 1965; Fishman, 1964; 
Joanny et al., 1967). In this way, excep­
ting in extreme hypoglycemia, G supply 
Lo the ne rvous system is ensured. 

l\lfuch was writte11 011 a d irect G effect 
upo11 the ventromedial hypothalamic 
glucoreceptors (A11and et al. , 1961; 
.-\11and et al., 1964; Mayer, 1953; Oomura 
et al., I 964). Our opinion is that the 
hypothalamic centers are, in wha t con­
cerns this regulation, only links of the 
CCFM (Racotta, 1969). We consider 
thus, on the model, that G influences 
tite proper circuits o( this small black 
box. 

lt is generally thought that lns does 
not i11fluence G transport into the ner­
vous tissue (Crone, 1965; Gilboe et al., 
1970) , a lthough there are also oppooed 
claims (Baumann et al., 1963; Chowers 
et al., ] 966; Rafaelsen, I 96 1). In a recent 

, work (Debo11s et al. , 1970) it was shown 
that ! ns has an effect upon Am·oth.io­
glucose penetration into the ventrome­
dial hypothalamus, which suggests that 
the u·ansport of G is influenced in the 
same way. As we a.re thinking o [ this 
center to be a pan of the CCFM, we 
figured a variable resistance influenced 
by an lns coi! 011 the part.icu lary deri­
va tion o[ G to the CCFM. The fact that 
most o[ the nervous ti.S>sue receives 
enough G in the absence of lns suggests 
that / ns-depen<lence of the CCFM for 
C uptake ·represents a mechan ism by 
which nervous system mea.sures ava ilable 
!ns 1·ather than glycemia. 

G expenditure in the nervous system 
is represented in the model by a big 

variable resistance on an intranervous G 
circui t derivation. 

A FFA actio11 upon the CCFM is 
hypothetical, but it seems that the pos­
sible effect of FFA on GH secretion (Irie 
et al., 1967 b; M uller and Pecile, 1966) 
could take place in this indirect way. 

E seems to have, besides its I-1 type 
action (Bradley, l 960; Dewhurst and 
Marley, 1965), some effects that are 
specific to the regula tion of fue! meta­
bolism. The hormone seems indeed to 
elicit a reflex hyperglycemia (Ezdinli 
et al., 1968; Gangarosa and Di Stefano, 
1966; Rosenberg and Di Stefano, 1962; 
Sproull, 1963) . This is represented in 
the model through a direct effect o[ 

E upon the CCFM. As this action of E 
seems to take place a.long an important 
segment of the cerebro-spinal axe, this 
center could be interpreted as anatoma­
cally ver¡ diffuse. 

The feed-back effects of CH , ACTH 
a11d Cs will be discussed below. 

W e consider the foUowing genera l 
outputs: 

0-1 . Unspecific (mo tor) etferentatio11. 
It commands muscle contraction (muscle 
ATP e lectromagnet). 

0-2. Specific vegetative e/ ferentation. 
From CCFM acting upon: ! ns and Gg 
pancrea tic secretion; hepatic Gln boos­
ter; adipose Tg booster, and probably 
act ivating also the G passage through 
muscle membrane as well as muscular 
glycogenolysis. 

0-3. Control of epinephrine secret io11 . 
1t is demonstrated that sympathetic 
command of E secre tion can be indepen­
dent of the generalized sympathetic acti­
va tion (Gold fíen and G anong, 1962; 
Schapiro, 1968), and i t is for this reason 
tha t we figuree! a special nervous center 
on the model (CCES) . This ce11ter 
should be considered to be under the 
continuous control of Lhe remnar.t black 
box a ncl also, more specifically in our 
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system, to suffer the influence of the 
CCFM. These last rela tions seem to 
involve a region beginning in the distal 
limit of the in ferior colliculi (Cantú 
et al., 1968), and exte ncling as fa r as 
the thoraco-lumbar region o f the spinal 
cor<l (lkeda, 1968) . The nervous con­
troled E secretion which follows certain 
stresses would pa1rt ia lly be prod uced by 
the action of A CTH on the centra l ner­
vous syste m (ll'ina and Yanushke ne, 
1968) , a nd not by the action of Cs 
(Linet and H ertting, 1966) ; it is why 

we figured an ACTJ-l derivation acting 
upon the CCES. 

0-4. H ypothalamic releasing factors. 
Only GRF ancl CRF are mod eled (Fig. 
7): 

GRF. The general scheme o( the con­
version tha t are modelecl is: 

Cs G 

[ r-1_1_1____.JGRF 
GH 

GRF existence is n ow weU proven 
(Abrams et al. , 1966; Frohman et al. , 

1968; M uller et al., 1967; Schally et 
al., 1966), as well as the feed-back action 
of GH u pon GRF secretion (Muller and 
Pecile, 1966; Sawano et aJl., 1967) . 

Bloocl G seems to exert an effect u pon 
GH secretion, effect tha·t is inversely 
proportional to G concentra tion (Earll 
et al. , 1967; Hun ter et al., 1966; Luft et 
al. , 1966; R abkin and Frantz, 1966) , 
though the rela tion could be neither 
strict nor very immedia te. (Catt and 
Burger, 1968; Irie et al., 1967a) . Any­
how, this effect of G is a t the h ypotha­
lamic and not at the hypophysial level 
(Abrams et al., 1966; Katz et al. , 1967; 
Krulich and Me Cann, l 966b; Reichlin, 
1966). As to the eventua l influen,ce of 
FFA upon GRF secretion, it was dis­
cussed above (see 1-3) . 

Cs inhibi ts GRF secretion (Frantz and 
R abkin, 1964; Pecile and Mu ller, 1966). 
Conceming a d.ireot stimulation of GH 
se-0retion by E durring hypoglycemia, it 
is supported by rather indirect data 
(Blackard and Heiclingsfelder, 1968) 

which come in conflict with o ther re­
sults (Luft et aJl., 1966; Sch alch, 1967) . 

Black box circuits command GRF se­
cretion in various conditions, e .g. h ypo­
glycemia (Krulich and M e Cann, 1966a; 
Marks et al. , 1967; M eyer and Knobil, 
1967; Rigal and Hunter, 1966), star­
vation (Marks et al. , 1965; Meites and 
Fie l, 1965), a nd muscular work (Hunter 
et al., 1965; Scha lch, 1967) . It is believed 
that the reflex could be started b y 
cellular glucopenria (Unger, 1965; We­
gienka et al., 1967) . 

CRF. The scheme of the conversions 
we modeled is: 

AA -+--4-- CRF 

ACTH 

t; _ _.,i~-cs 

H ypothalam ic-hypophysial-adrenocor­
tical axe is mobilized by all stressing 
conclitions, among wh ich is h ypoglyce­
mia (Donald et al., 1968; Matsui and 
Plager, 1966; Zukoski, J 966) . H ypogly­
cemia has an indirect effect u pon CR F 
secretion (through the black box, that 
is why we do not figure a direct G coi! 
on CR.F genera tor). 

Cs have nega tive feecl-back effects at 
the two secre tory levels: CRF as well as 
ACTH (Chowers et al., 1967; Fleischer 
a nd Vale, 1968; Fortier, 1963; Slusher 
et al. , 1966) . ACTH itself has a negative 
feed-back effect u pon CRF secretion 
(Plager, 1967; Sc1wyer et aJ. , 1968). In 
addition, Cs as well as ACTH seem to 
have a series of unspecific central effecls 
of the l -1 type (Feldman c1nd Davidson. 
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J966; Koranyi and Endroczi, 1967; 
Markov, 1964). 

On all the mentionecl feed-back cir­
cuits which are situated in the nervous 
black box we thought necessary to figure 
variable resistances that are under ner­
vous control (Fig. lh). This would ac­
count for the change in the set points 
of the different !regulations produced 
during nervous reactions (e.g. stress) . 

G. Adenohypophysis 

As it was already mentioned, only 
growth hormone and ACTH secretion 
are represented in the model (Fig. 7) , 
and they were analyzed above in relation 
with their corresponding 1·eleasing fac­
tors. 

H. Adrenal cortex 

·we modeled G and not cholesterol 
as Cs precursor in order to smplify the 
model (Fig. 7). Only ACTH is known 
to act on Cs secretion, though adrenal 
cortex histology shows a rich innervation 
(Shioda and Nishida, 1967; U nsicker, 
1969; Yousef and Mahran, 1965) whose 
Dhysiological róle is uncertain (Spat and 
Sturcz, 1967) . Animals are able to live 
quite normally with a transplanted 
gland (Childrees and Leeds, 1968) . 

l. Ad,·enal medulla 

A motor-generator group representing 
AA~ E conversion was modeled (Fig. 7) . 
We did not consider necessary to figure 
norepinephrine sea·etion too, for the 
following reasons: a. E secretion is gene­
rally prevalent in mammals (Euler, 
1963) ; b. Norepinephrine metabolic 
effects are similair, but usually less 
marked than those o( E, at least in the 

actions considered in the stuclied system 
(Hagen and H agen, 1964), and; c. If 
it seems to be proven that E could be 
secre ted wi thou t a simultaneous nore­
pinephrine secretion (Benedeczky et al. , 
1965; Euler, 1963; Hokfelt, 1953; Scha­
piro, 1968) , the reverse situation is less 
sure, at least in normal conditi ons 
(Goldfien and Ganong, 1962; Matsui, 
1965). 

E secre tion is produced unde r nervous 
command in various conditions. G lack 
seems to be the only metabolic factor 
which influences (in a reflex manner) 
E sea·etion (Hagen and Hagen, 1964) , 
but the degree of sensitivity of this reflex 
is controversial (Himsworth, 1968; Luft 
et al., 1966). W e did not found any 
data on an acl.renomedullar mobilization 
during starvation. During muscuI.u· 
work, in sorne cases, there is a hyper­
secretion (Gollnick, 1967; Wright and 
Malaisse, 1968) . 

In the last years sorne data showecl 
the existance of peculiar relations bet­
ween Cs and catecholamines. The two 
hormonal groups, once into circulation, 
seem not to exert any reciproca! act ion 
upon their secretion (Goldfien and Ga­
nong, 1962; Spat and Sturcz, 1967) . H ow­
ever, in the ad renal gland itself, Cs seems 
to act on E synthesis (Coupland an Mac 
Dougall, 1966; Leach and Lipscomb, 
1969; Roffi, 1968; Wurtman, 1966) , a nd 
E seems to assu·re the integrity of the 
inte rnal cortical zone (Brudieux and 
Delost, 1967). Moreover, cortical hor­
mones could exert a potentiating effect 
on peripheral catecholamine actions 
(Brodie et al., 1966) . All these in terre­

lations could be of importance (o;r the 
hormonal balance of the whole organism, 
but do not, at a fiirst look, seem to be 
essentia l for the functioning of the ana­
lyzed system. 
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DISCUSSION 

T he less LhaL one could criLically say 
concerning Lhe model we present is that 
it is unfinished and th at it may inciude 
some erroneous consicleratio ns. The lat­
ter is rather expected as our knowledge 
about the original system and many of 
its parLS is incomplete antl controversia!. 
Sorne of the sta tements we made in the 
description of the mo<le l were full of 
doubts. BuL we think that the model is 
plastic enough to allow a lot of modifi­
caLions which could improve it. There 
would be no difficu!Ly, Cor example, to 
change the posiLion of the glucocorticoid 
coi) in adipose tissue, or to make th-e 
insulin hepatic coi! Lo work, not on 
glucose 6-phosphate generator, but on a 
variable resistance which would regu­
late hepa tic glucose input, anti so o n. 
Neither woulcl it be troublesome Lo make 
insulin and glucocarticoid actio115 on the 
hepa tic glycogen boosLer ~·eciproca lly 
inLerdepenclent. as some suppose they 
are. 

The second critica! point is much 
more serious: so far the model is only 
a blueprint, and nobocly knows if iL 
could really work as a physical device. 

Cuí prodest then this imperfect and 
unfinished mode l? \ i\Te think, first, tha t 
it would be useful to set iL up ph ysically, 
either as it is planed, or through an 
analog computer. T his does not deserve 
further argumentation: the modem bio­
Iogical littera LUre a lrea.dy showed the 
advantage of handling complex problems 
in this way. 

H owever, we also think thaL Lhe model 
w uld be useful even in its presenL Eonn, 
and we shall discuss. 111 short, what it 
ak eady achieved. 

A. The modeling system (with DC 
eleCLric devices) proved advantageous in 
this case, and could be successfullv used 
in oLher biolo¡?-ica l mocle ls. ' 

B. The sketch as such represents an 
excellen t mnemoLechni c clevice, which is 
understandable enough to grasp the de­
Lails as well as Lhe work of the whole 
system. 

C. ln designing the model we were 
Iead to the gene ral concept that the 
regulation of glycemia, wh ich was ini­
tially the only system we alt·emptecl to 
model, is incomprehensible if one tries 
to consider it isolated from the more 
complex system it belongs to, that is 
to say, the regula tion of fue! concen­
tration. During its cleve lopment, the 
model i tself requested more and more 
data. There was a moment when the 
number of inputs exceeded the number 
of resolved relations, until finall y these 
requests began to diminish, the circuits 
began to con nect themselves, and the 
model was self-satisf ied with the three 
physiological inputs. We carne, in this 
way, to the conclusion that the logic 
of the model is cl06e to the logic of 
the original biological system. If that 
is so, the mode l taught us tha t the re is 
not a glycemir regulation system, but 
that glucose leve! J-epresents possibly 
the most important but only one para­
meter of an operatio11all system o/ th,, 
biological fuels. One of the roles of this 
operacional system would be t.o maintain 
the glycemic pa rameter above a minimal 
leve! and between certa in limits, in ali 
the situations it is programmed to cope 
with : rest, muscular work, starvat io n, 
etc. 

D. Fina lly, the model has given some 
ideas upon certain mechanims which 
would be worthwhile to study more 
thoroughly. For example : 

a. We encounterecl a freack - glyce­
rol- ":'hose blood concentra tion is very 
much mflue nced by the majority of the 
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other 12 circulating substances in the 
model but which, apparently, influences 
very few of them. Literature is very 
scanty in what concems glycerol signifi­
cance as an humoral regula tory factor. 
I s it really that glycerol has li ttle impor­
tance in the system, OT is our ignorance 
about its act ions what make us th ink 
that way? 

b. Sorne relations of tensions, qualita­
tive ly apparent in the model, could have 
great importance in the biological sys­
tem. One of them we have already men­
tioned : the glucose 6-phosphate tension 
in the liver. Another could be the tension 
of liver glycogen, which most biologists 

ACKNOWLEDGEMENTS 

We gratefully thank Dr. Mauricio 
Russek, from the Escuela Nacional de 
Ciencias Biológicas del Instituto Poli-

think about as an inert material. How­
ever, there are sorne data (Brauss and 
Sasse, 1968) that glycogen concentration 
could regulate its own synthesis, a fact 
tha t our model shows implicitely. lt was 
also suggested (Russek, 1971) that gly­
cogen lensiun is mon itored by hepatic 
receptors, ami that this informa tion par­
ticipates in the regulation of glycemia 
and food-intake. 

Such examples could be multiplied. 
We believe that other scientists would 
fin d matter for discussion, too. If thc 
model could only suggest some importanL 
trends that a:re worth to aim a t, i,.., 
purpose would be well fulfi lled. 

técnico Nacional de México, for hi 
friendly and invaluable assi tance m 
revising the manuscript. 

LITERATURE 

ABRAMS, R. L., M. L. P ARKER, S. BLANCO, S. 
R eichlin a nd W. H . DAUGHADAY, 1966. Ell(/o­
crinology 78: 605. 

ACKERMAN, E., L. C. GATEWOOD, j. W. ROSE· 
WEAR and c. D . MOLNAR, 1965. Bull. math. 
Biophys. 27: 2 1. 

AKGUN, s. and A. R UDMAN, 1969. E11docri11ology 
84: 926. 

ALTSZULER, N.. J. RATHC.EII, S. W l NCKLER an<I 
R. C. D E Booo. 1968. A1111. N . Y. A cnd. Sri. 
148: 44 1. 

ALTSZULER, N .. R. STEELE, T. R ATHGEU and R . 
C. D E Booo, 196i. A111. ]. Physiol. 212: 677. 

,\LVAREZ-f UERTES, C., 0. C . MONTEMURRO, M. 
lsLAS-CIIAIRES and M. RUSSEK (to be publis­
hed). 

A NAND, B. K .. G. s. CHHINA, K. N. SHARMA, s. 
D uA and B. S1Nc 11 . 1964. Am. ]. Physiol. 207: 
11 46. 

ANAND, B. K., S. D uA and B . S1NGH, 1961. Elec­
troenceph. Cli11. N europhysiol. 13: 54. 

ÁNGEL, A., 1969. Scie nce 163: 288. 

ANTONY, G. J., l. SRI ' IVASAN, H. R. WILL.IAMS 
an<l B. R . LANDAU. 1969. Bioch em. J. 111: 
-153. 

ARMSTRONG, 0 . T., R. STEELE. :,,.; . r\LTSZULER. 
A. DUN1', J. S. B1s1-1o r and R. C. D E Ro oo, 
1961a. A 111. J. Phisiol. 201: 9. 

ARMSTRONG, D. T., R . STEELE, • . A LTSZULER. 
A. D UNN, J. s. Bm1or and R. c. DE Bono. 
196 1b. Am. J. Physiol. 201: 535 

As1-1~10RE. J. a nd C. WEUER, 1968. 111: D ickcns. 
F., P. J. Rand le and W. J. Whcla n (Eds.) 
Carbohydrnle m etabolis111 a11d its disorders. 
Vol. l. A cademic Press, N e\\· Ko rk. 

BAKER, N., A. S. GARFINKEL and M. C. So10Tz, 
1968. ]. Upid R es. 9: l. 

BALL, E. C .. 1965. A1111. N. Y . A cad . Sci. 131: 
225. 

BALLY, P . R ., 1968. A dv. ex/1. Jled. Bio/. 1: 
416. 

BALLY, P. R .. H . KAPPEI.F.R, E. R. fROESCII 
a nd A. LAUII ART, 1965. A1111 . . V . Y. A cnd. 
Sci. 13 t: 1 '13. 

BAN, T., 196:j . M ed. J. Osakn l'11iv . 15: 2i:, . 

BARTOS, S. and J. SKARDA. 1968. l'el . M ed. P raltf1 

13: 337. 
BA UMAN ·, R ., H . :V[ rrSCHKE, K. H ECHT ancl K. 

TRE1rrow. 1963. Die. C es 11 11d/1 ll"es. 18 : 1937. 

RELLAMY, D., 1967. M e111s. Soc. E nclocr. 15: 43. 



FUEL·TENSION REGULATORY SYSTEM 83 

BELLAM, . ü .. R . . \ . l. t:UNA RD and K. Dlll.lEl' , 

1968. Gen. com/J. Endocr. 10: 434. 
JIENEDECZKY, J., A. P UPl'I, A. T IGYI and K. LIS· 

SAK, 1965. A cta biol. Acnrl. m ed. hu.ng. 15: 

285. 
Bt:NG. s. a nd L. H ERMANSEN, 1967. /11: N11tri­

lio11 mu/ physical nclivity. Symposia o[ t.hc 
Swcdish N utritiun Foundatio n , Vol. 5, Alm · 
quis t and Wikscl!, Stockholm. 

BENUZZl· BADONI, M., J. P. FELBER and A. VAN· 
Norn, 1968. Adv. exp. M ed. Biol. 2: 449. 

llERGMAN. E. N .. 1968. Am. ]. Physio/. 215: 865. 
BERG~fAN, E. N ., D. J. STARR a nd S. S. R EULEIN, 

Jr.. 1968. Am. J. Physiol. 215: 87.J. 
BERGSTROM , J .. L. H ERMANSEN, E. H ULTMAN and 

13. SALTIN, 1967. Acta physiol. scand. 71: 140. 
BETHEIL, J. J., M. f EIGELSON anti J>. FEIGELSON, 

1965. Biochim . biophys. Acta 104: 92. 
IIIRKEN HAGER. J. c. and T . T .J ARIIES, 1!169. i\le­

tabolism 18: 18. 
BITENSKY, M. W .. v. R USSEL and ' "'· ROBERTSON, 

1968. Biochem. biophys. Res. Co111mtm. JJ: 
706. 

B1zz1, A. ami S. GARA"n 1 •1, 1967. Progr. Bio­
chem. pharmac. J: 320. 

RLACKARD, ' "'· G. ami s. ,\. H EID!NGSFELDER, 
1968. J. cli11 . J,mesl. -17: 1407. 

BLECHER, M ., ' · s. MERLINO and J. T . R o'ANE, 
1968. J. biol. Chem. 2-IJ: 3973. 

BoLOOlA. G. and F. C. Yot1NG, 1967. Nat u re, 
Lond. 215 : 960. 

BORTZ, w. ami F. LYNE ' , 1963. llior/1em. z. 
JJ7: 505. 

BOST, J .• A. GUÉII Er.NEUX and E. OORLÉAC, 1968. 
J. Physiol. Paris 60: 222. 

IIOST, J.. A. C ut:m :NNF:UX . E. ÜORI.ÉAC anti R . 
:'\:ATARA.JA1'-. 1!167. c. /'. Srn11r. Sor. Biol. 16.l: 

1588. 
130UMAN, P. R . and R . S. Bos11om1. 1965. A cta 

endocr. 50: 202 
IIRADLEY. P. B .. 1960 / 11: Vanc, J. R .. G . E. w. 

\Vols1c11holmc and M. o·conno r (Eds.) Ciba 
Fowu/at ions sy,11 posi11111 011 A dre11ngir JI/ erlu, -
11is 111s. Church ill , London. 

B~\ UN, T., L. KAZDOVA, P. FAIIRY and A. VRANA, 
1967. Cesk. Fysiol. 16: 578. 

BRAUSS, E. and D . SASSE, 1968. Histochemie 1-1: 
260. 

BRODI E, B. B., J. J. D,wu:s, S . HvNJE, G. KRISHNA 
a nd B. WEISS, J 966. Pharmac. R ev. 18: 273. 

BRUDlEUX, R . and P. OELOST, 1967. C. 1". Séaw. 
Soc. Biol. 161: 1892. 

8 UCHANAN, K. D., J. E . VANCE, K. DINS-n: a nd 
R . H . WJLLIA ~IS. 1969. Diabetes 18: 11. 

BURNS, T. and P. LANGLEY, 1968. J. Lab. cli11. 
Med. 72: 813. 

BusE, M . G. and J. BUSE, 1967. Diabetes 16: 
753. 

BUTCHER, R. w .. C . E. BAIRD ancl E. w. s THEI<· 
LAND, 1968. J. biol. Chem. 24J: 1705. 

CAHN, T., 1956. La régulatiori des processu.s 
métaboliques dans J'organisme. Presscs U ni­
versitaircs de Francc, Paris. 

CAMPBELL, J. and K. s. RASTOGl, 1966a. E11do­
cri11ology 79: 834. 

CAMPB.ELL, J. and K. S. R ASTOGI, 1966b. Diabe· 
tes 15: 749. 

CAMPBELL, J. and K. S. RASToc1, 1968. Can. J. 
Physiol. Pharmac. 46: 421. 

CANTU, R. C., J. W. LORRELL and W. M. MAr-.· 
CER, 1968. Proc. Soc. exp. Biol. M ed . 129: 

155. 
CARLSON, L. A., 1965. Ann. N. Y. A cad. Sci. 

JJJ: 11 9. 
CA Rl.SON, L. A .. 1967. in: N 11t1·ition and p hysi­

rn/ act ivity. Syrn posia of the Swedish l'\utri · 
tion Fo unda1ion. Vol. 5, A hnq uist and , ,\likscl l. 
Stockholm. 

CA1· r, K. J. a nd H. c. BURGER, 1968. La11cet 
75]2: 13. 

CHAPLER, c. K. ancl ,v. l'\. STAINSBY, 1968. Am. 
J. Physiol. 215: 995. 

CHILDRESS, 1\1 . E. ami S. E. LEEOS, 1968. A1·chs. 
Surg. 96: 349. 

CHOWERS, l., N. CONFORT! and s. FELDMAN, 1967. 
Neuroe11docri11ology 2: 193. 

CHOWERS, l ., S. l.AVY 31lCI L. HALPERN, 1966. 
Expl. Neurol. 1-1: 383. 

CI-IRISTENSEN, ;-.; . J. ami 1-1 . 0 1<.~KO\", 196 . J. 
e/in. lnvest. -17: 1262. 

COCHRAN, B., Jr., E. P . MARllACH, R. POUCHER, 
T. STEJNBERG a nd G. Gw1NUP, 1966. Diabetes 
15: 838. 

CoLWF.LL, J. A. anti A . R . Co1.wEL1 .. Jr., 1966. 
Diabetes 15 : 123. 

CooR.E, H. C. ami P. J. RANDLE. 1964 . Bioche111. 
] . 9J: 66. 

COOTE, J. H ., . M. H11; ror-. allCI J. 1°. PÉREZ· 
GoNZÁLEZ, 1969. J. Physiol. 201: 34P. 

COUPLA 'º· R. E. and J. D. B. MAC DouG \1.1.. 
1966. J. E11docr. J6: 3 17. 

CRA1r., A. B., Jr. and C. R. H oNIG, 1963. A m. 
J. Physiol. 205: 1132. 

CROFFORD, o. B. and A. E. R ENOLD, 1965. J. biol. 
Chem. 240: 14. 

CRONE, c., 1965. J. Physiol. 181: 103. 
DANFOR"Mi, w. H. a nti E. H ELMR.ElCH, 1964. J. 

biol. Chem. 239: 3 133. 
DANIEL, P. M . and J. R . H ENDERSON, 1967. 

J. Physiol. 192: 3 17. 
DANIEL, P . M. and J. R . H ENDF.RSON, 1968. 

J. Physiol. 196: 103P. 
DA\'IDSON, J. K. and R. E. H AJST, 1968. Can . 

]. Physiol. Phannac. 46: 639. 
DEBONS, A. F., l. KRJMSKY and A. FROM, 1970. 

Am. J. Physiol. 2 19 : 938. 



84 RACOTIA, R. AND C IURES, A. 

DECKERT, T ., 1968. Acta endocr. 57: 578. 
DE J ODE, L. R. and J. M. HoWARD, 1966. Brit. 

]. Surg. 5J: 364. 
DE.POCAS, F ., 1962. Am. ] . Physiol. 202: 1015. 
DERRY, D . M., E. SCHONBAUM a nd G. STEINER, 

1969. Can J. Physiol. Pharmac. 47: 57. 
DE\"RD·I, S. ami J.. RECANT. 1966. La11cct 7475: 

1227. 
DEWHtJRST, w. G. and E. MARL.EY, 1965. J31·it. 

J. Pharmac. 25: 705. 
Do uvo, M., 1966. J. Physiol. París 58: 127. 
DoNALD, R. A., S. S. M URPHY a nd J. D . N. 

NABARRO. 1968. J. Endocrino[. 41: 509. 
DORl'. ER, M., J. M. 8ROGARD, ). L. FINCKER, G. 

FREY ami J . STAHL., 1968. C. ,·. Séanc. Soc. 
Biol. 162: 270. 

DRZHEVETSKA\'A, l. A., 1965. Problem)' Endokr. 
Gormonoter. 11: 59. 

DUL.LY, c. c., R. M. BOCEK and c. H. B EA1TI', 

1969. E11docri11olog)' 84: 855. 
EARLL, J. M .. L. L. SPARKS a nd P . H . FORSHAM, 

1967. ] . A111 . 111ed. Assoc. 201: 628. 
ERLENBACH, F., 1939. Experimentelle U11tersuch­

u11gen übe,· den Blutmcker bei Vogeln. Sprin­
gcr Verlag, Bc11!in . 

F.11L.ER, U. S. von . 1963. /11 : Eule r. U. S. von and 
H. Hcller (E<ls.) Compnrative endocrinology. 
\ 'ol. 1. Acadc mi c Prcss, cw York. 

EWALO, W., H. J. HÜBENER a nd E. WIEDEMANN, 
1963, H oppe-Seyle,·'s Z. fJhysiol. Chem. JJ3: 

57. 
ExTON, J. H . and C. R. PARK, 1966. Phannac. 

Rev. 18: 18 1. 
. EZDINLI, E. z., R. J AVID. G. OwENs and J . E. 

SOKAL., 1968. A111. J. Physiol. 214: 10 19. 
EZDINLI, E . z. and J. E. SOKAL, 1966. Endocri-

110/ogy 78: 47. 
FAIN, J . N., 1967. A11n. N. Y. Acad. Sci . 139: 

878. 
FF.L.DMAN. s. a nd J. :\1. l)A\'IDSON, 1966 . .f. :1eu-

1"0l. Sci. 3: 462. 
FIGUF.ROA, E. and A. PFEIFER, 1966. Acta physiol. 

latino-amer. 16: 2 16. 
FISI-IMAN, R. A., 1964. Am. ] . Physiol. 206: 836. 
FLEISCI-IER, N. and w. VALE, 1968. Endocrinology 

83: 1232. 
FLOYD, ). C., )R., S. S. FAJANS, ). W . CoNN, R . 

F. KNorF and J . R tJL.L, 1966. J. clin. l nvesl . 
-15: 1487. 

FORTIER, c., 1963. In: Euler, u. s. von and H . 
H e ller (Eds.) Compara tive endocrinology. Vol. 
1. Academic Press, New York. 

F05TER, D. W. and J . KATZ, 1966. Biochim. 
biophys. Acta 125: 422. 

FRANK, A., J. \.V. FARQUHAR and G. H. REAVEN, 
1968. M elabolism 17: 776. 

FRANTZ, A. G . and M. T. RABKIN, 1964. New 
Engl. ] . Med. 271: 1375. 

FREDHOLM, B. a nd s. ROSELL, 1968. J. Pharmac. 
exp. Ther. 159: J. 

FRIED:\iANN, B., E. H. GOODMAN Jr. a nd s. W EIN· 
HOUSE, 1965. ] . biol. Chem. 240: 3729. 

F RIEDMANN, B., E. H. GOODMAN Jr. and s. W EIN· 
HOUSE, 1967n. Endocrinolog)' 81: 486. 

FRIEDMANN, B., E. H. GOODMAN Jr. and s. \.VEII'.· 
HOtJSE, 1967/J. ]. biol. Chem. 242: 3620. 

FROHMAN, L. A., L. L. BERNARDIS and K. J. 
KANT, 1968. Science 162: 580. 

GANGAROSA, L. P. and v. D rSTEFANO, 1966. J. 
Phannac. exf1. Ther. 152: 325. 

GATEWOOD, L. C., E. ACKERMAN, J . W . ROSE· 
\'F.AR, G. D. MOL 'AR and T. w . llURNS, 1968. 
Comp. bio111ed . Ues. 2: 1. 

GERICKE, c., P. R AtJSCHENBACH, l. Kur KE and 
W. LAM l'RECHT, 1968. H opt,e-Seyler's Z. phy­
siol .. Chem. 349: 1055. 

GILIIOE, D. D ., R . L. ANDREWS and c. 0ARDENNE, 
1970. Am. J. Physiol. 219: 767. 

GJ EDDE, F., 1968. A cta endocrinol. 57: 505. 
CLIEMANN, J ., 1968. Acta f, hysiol. scm1d. 72: 

481. 
GLINSMAN, w. H ., E. P. H ERt\ and A. LYNCH, 

1969. Am. ] . Physiol. 216: 698. 
GoLDllERG, A. L. and H . M. GoooMAN, 1969. 

]. Physiol. 200: 667. 
GoLDFIEN, A., 1966. Phannnc. Rev. 18: 303. 
GoLDFIEN, A. and W. F. GANONG, 1962. A111 . 

] . Ph)'siol. 202: 205. 
GOLDFIEN, A.. K. S. G uu .1xsoN a nd G. H AR· 

GROVE, 1966. J. Lipid R es. 7: 357. 
Got.DMAN. S .. 1960. / 11: Mineral metabolism. Vol. 

1, Part A, Academic Press, New York . 
GOLLNICK, P. D., 1967. Am. ]. Physiol. 213: 734. 
GOODMAN, H. M ., 1967a. Endocrinology 80: 45. 
GoooMAN, H. M., 1967/J. Endocrinology 81 : 1099. 
GOODMAN, H. M ., J968a. Endocrinology 82: 1027. 
GOODMAN, H . M., 1968/J. Endocrinology 83: 300. 
GOODNER, C. J., W . A. TtJSTlSON, M. B. DA· 

\'IDSON, P. c. CH tJ and M . J. CoNWAY, 1967. 
Diabetes 16: 576. 

GREENGARD, O., G. \•VEBER and R. L. S1NGHAL, 
1963. Science 141: 160. 

G RODSKY, C. M., L. L. BENNETr, D . F. SM ITH 
ancl F. C. SCHMID, 1967. M etabo/ism 16: 222. 

HAGEN, J . H. and R. B. HAGEN. 1964. In: Li lwack . 
C. and D . Kntche vsky (Eds.) Actio11 o/ /1or -
111011es 011 1110/ecular J,rocesses. \<Viley. :'\e ,,. 
York. 

HACENFELDT L. and J. WAHREN, 1968. Scn11d. 
] . e/in. lab. lnvest. 21: 263. 

HANSEN, R., s. J . PILKIS and M. E. KRAHL, 1967. 
Endocrinology 81: 1397. 

HAVEL, R. J., 1965. Ami. N. Y . Acad. Sci. 131: 
9 1. 

HEINZ, E., 1967. Ami. R ev. Physiol. 29: 21. 
HENNING, H. v., ' "'· H UTH a nd w. SEUBERT, 

1964. Bioc/1im. biophys. R es. Commun. 17: 496. 



FUEL-TENSION REGULATORY SYSTEM 85 

HERRERA, M. G., D. KAM M, N. B. RUDERMAN 

and G . F. CAHII.I., Jr.. 1966. Adv. Enzymol. 
Regul. 4: 225. 

H ERTEL.ENDY, F., L. J. MACHI.IN. R . S. GORDON, 

M. HORINO and D. M. Kll'NIS, 1966. Proc. 
Soc. exp. Biol. Med. 121: 6i5. 

Hn1SWORTH, R . L., 1968. J. Physiol. 198: 45 1. 
HOKFELT, B., 1953. f:ndocriuology .53: 536. 
HOLMES, P. A. and T. E. MANSOUR, 1968. Bio-

chim . bio/1hys. Acta 156: 266. 
H OLOBAUGH, S. L .. M. T ZAGOURNIS, R . L. fOLK , 

F. A. KRUGF.R an<.I G. J. H AMWI, 1968. Meta ­
bolism 17: 485. 

H UGUET, C l. , P. D ALOZE, L. ÜRCEL and K. E. 

SuSSMAN, 1969. Archs. Surg. 98: 375. 
HUNTER, W. M., 1.1. F. CLARKE a nd L. J. P . 

DUNCAN , 1966. Metobolism 15: 596. 
H UNTER, " ' · M ., c. c. FONSEKA and R . PASSMORE, 

1965. Q. ]l. ext,. Physiol. 50: 406. 
HYNIE, s .. D . MISEKOVA and K. EI.ISOVA, 1968. 

Physiol. bohemoslov. 17: 19 1. 
)L'IN, v. s. and l. B. SOLITERNOVA, 1968. Zh. 

evo/. Biokhim. fi ziol. 4: 457. 
11.'INA, A. l. and T. s. YANUSHKENE, 1968. Dokl. 

Akad. Nauk SSSn 179: 235. 
I KEDA, H., 1968. Tohoku ]. exp. Med. 95: l!í3. 
lRIE, M., M . SAKUMA, T. TSUSI-II MA, f. MATSU· 

ZAKI, K. SHIZUME and K. NAKAO, 1967a. Prnc. 
Soc. exp. Biol. Med. 125: 1314. 

lRIE, M., M. SAKUMA, T. TSUSHIMA, K. SHIZUME 

and K . NAKAO. 1967b. Proc. Soc. exjJ. Biol. 
Med. 126: 708. 

ISSEKUTZ. B . .JR. and P . P AUL, 1968. A111. J. 
Physiol. 21.5: 197. 

IS.5EKUTZ. B. J R .. P. PAUl. and H . l. MII.LER. 

1967. Am. ] . Physiol. 213: 857. 
I VANOV, l. l ., R . A. ZAREMSKII, V. l. S KORIK, 

M . Kh. FARSHATOV and l. l. GLEDOV. 1966. 
Dokl. Akod. Nouk SSSii 168: 1198. 

JAGOW, G., B. ' "'ESTERMANN a nd o. VhELAND, 

1968. Eur. J. Biochem. 3: 5 12. 
I EANRENAUD, B .. 1967. Biochem. J. 103: 627. 

JOANNY, P., J . CORRIOL and A. KLEINZELLER. 1967. 
C. r. Séanc. Soc. Biol. /61: 2002. 

J UNG,\ S, R . L. and E . G. B A1.1., 1963. Bioche­
mistry 2: 383. 

KANAZAWA, Y., T . K UZU\'A and T. I DE, 1968. 
Am. J. Physiol. 215: 620. 

KANETO, A., K. K OSAKA and K . NAKAO, 196i. 
Endocrinology 80: 530. 

KANSAL, P. C. and M. G. B usE, 1967. Metabo­
lism 16: 548. 

K ARPATK IN. s .. E. H ELMREICH and c. F. CORI, 

1964. J. biol. Chem . 239: 3139. 
K ATZ, l. and R . R or.NSTAD, 1969. J. biol. Chem. 

244: 99. 
KATZ, S . H ., A. P. S. DHARIWAL and S. M. M c­

C ANN. 1967. Endoc,·inology 81: 332. 

K ENMOKU, A. and H . I WAO, 1966. Notrr. lllst. 
Nutr. A1111. Rej,. T okyo 13:50. 

K ETTERER, H ., A. M. ElSENTRAUT a nd R . H. 
UNGER, 1967. Diabetes 16 : 283. 

KEu1., J., E. D o 1.L a nd D. KEPPLER, 1968. Pflii­
gers Arch. ges. Physiol. 301: 198. 

K NtrPEL, J . E., H. G. BOTrlNG, F. J. OEL a nd 
J . H . McLAUGHAN, 1969. Ca11 ] . Biochem. 47: 
323. 

K NOBIL, E. and J. J-IOTCHKISS, 1964. A1111. R ev. 
Physiol. 26: 4í. 

Ko;,;rnNEN, A. ancl E. A. N 1KKILA. 1964. !11: 
Proceediugs o/ the Symposium on Physical Ac­
tivity a11d the Heort, H c'!si11ki. T h omas, Spring­
fi cld, Illinois. 

KORANYI, L. ancl E. ENDROCZI, 1967. Neuroe11-
docrinology 2: 65. 

KREBS, H . A., R. A. l'REEDLAND, R . HEMS and 
M. Srusus, 1969. Biochem. ]. 112: 117. 

KREUTNER, w. and N. D. GOLDBERG, 1967. Proc. 
11otn. Acacl. Sci. U. S. A. 58: 15 15. 

KRIS, A. o .. R . E. Mll.LER, F. E . WHERR\' a nd 
J. W. MASON, 1966. Endocrinology 78: 87. 

KRVLICH, L., 1957. J. Physiol. Paris 49: 233. 
KRULICH, L. and S. M. McCANN, l 966a. Proc. 

Soc. exp. Biol. Med. 122: 612. 
KRULICH, L. a nd s. M. McCANN, 1966b. Prnc. 

Soc. exp. Biol. Med. 122: 668. 
LACY, P. E ., D . A. YoUNG and C. ]. FINCK, 1968. 

E11docri11ology 83: 11 55. 
LANDAU, B. R., 1965. l' ila111s. H on11. 23: l. 
LANGSLOW, D. R. and c. N. H ALES, 1969. ] . 

E11doe1·i11ol. 43: 285. 
LAWRENCE, A. M., 1966. Pror. nat11. Acad. Sci. 

U. S. A . 55: 3 16. 
L EACH, c. s. a nd H . s. Lll'SCOMB, 1969. Pror. 

Soc. exp. Biol. Med. 130: 448. 
l.EBOVITZ, H. A .. K. 8RYANT and L. A. 'FROH MAI',; . 

1965. Ann. N. Y. Acod. Sci. 131: 274. 
L EFEUVRE, P., 1968. Aota diabeto[. latina .5: 143. 
LEVEILLE, G. A., E. K. O' H EA and K. CHAKRA ­

BARTY, 1968. Pror. Soc. exp. Biol. Med. 128 : 

398. 
LEWIS, G. P. a 11d ]. M Anrl EWS, 1968. B,·it. J. 

Phanrrac. J./: 564. 
LIEBELT, R. A., S. I CHINOE and N. 11CHOL.50N. 

1965. A1111. N. Y. Acad. Sci. 131: 559. 
LINET, o. and G. H ERTTING, 1966. A1·c/1s. int . 

Phon11acodyn. Thér. 159: 407. 
L ó r Ez-Q u IJADA, C. and P. M. GoN1. 1967. Me­

tabolism 16: 514. 
LUFT, R. and E. CERAS!, 1967. Acta eudocr. 

Suppl. 124: 9. 
L UFT, R ., E. CERAS!, L. L. MADISON, u. S. von 

Eul.ER, L. ÜASA and A. della RoovETE, 1966. 
l .ancet 7457: 254. 



86 RACO'JTA, R . ANO CIURES, A. 

M Ac.;K~:!'.ZIE, J. B., c. c.;_ MAeKENZ.I E and o. R. 
RE1ss, 1968. Prnc. Soc. exjJ. Riol. Med. 128: 

42. 
MALAISSE. w. and J. R. M. FRANeKSON, 1965. 

Archs int. Phan11acody11. T hél". 153: 485. 
MALAJSSE, W. J ., f. MALAISSE- LAGAE, S. KING 

and P . H. WRIGIIT, 1968. Am.. ]. Physiol. 215: 

423. 
MALAISSE, \<\'. J ., F. M ALAISSE·LACAE, P. E. L AeY 

and P. H. WRIGHT, 1967a. Proc. Soc. ex/J. 
Biol. Med. 12-1: 497. 

MALAISSE, \<\'. J., F. MALA ISSE-LACAE, E. f . M e­
CRAW and P. H . WRJCHT, 1967b. P roc. Soc. 
exp. Biol. Med. 124: 924. 

~ALAISSE, W. J.. f. MALAISSE-LAGAE, P. H. 
WR1CHT and G . AsHMORE, 1967c. E11docri110-
logy 80: 975. 

M ARKOV, H. M ., 1964. Fannak. T oks. 27: 643. 
MARKS, V., f. C. GREENWOOD, P. J . ·. H OWORTH 

a nd E. SAMOLS, 1967. J. din. Endocr. M etab. 
27: 523. 

MARKS, v., N. HOWORTH a nd F. c. GREENWOOD, 

1965. Nature, Lond. 208: 686. 
MARTIN, J . M. and J. J. GACLIARDINO. 1967. 

Nature, Lond. 213: 630. 
MASORO, E. J., 1965. Ann. N. Y . Acad. Sci. 131: 

199. 
MATSUJ, H., 1965. T ohoku ] . exjJ. J\led. 87: 

332. 
M ATSUI, H . and J. E. PLACER, 1966. E11d ocri-

11ology 79: 737. 
M AYER, J., 1953. New E11gl. J. Med. 249: 13. 
M e Ku:, A. ancl J. A. R uSSEI.I .. 1968. Endo­

rri11olog:v 83: 11 62. 
M e L EAN, F. C., 1964 . Diaheles 13: 198. 
Me LEAN, r., J. BRO\\'N and A. L. CREE BAUM, 

1968. 111: Dick c ns. F .. P . J . Randlc ami W . 
J. Whe la n d (Eds.) Car/Joh)><lrnte 111etabolis111 
and its disonlers. Vol. l. Acadcmic Press, ~cw 

York. 
M El ERS, H . G., K. H. R uooRFF, G. ALBAUM a nd 

W . STAIB, 1967. H oppe-Seyler's Z. physiol. 
Chem. 348: 944. 

M EtTES, J. and N. J . FIEL, 1965. Endocrinology 

77: 455 
MENC, H . C. and R . J. H o, 1967. P rogr. Bio­

chem. Phannac. 3: 207. 
'.\I EYER, \'. a nd E. K NOB II., 1967. E11docri11ology 

80: 163. 
M ORCAN, C. R. and R . T. LOBL, 1968. Anat. 

Rec. 160: 231. 
MoRTIMORE, G. E., F. T tETZE a n d D. STETTEN 

JR., 1959. Diabetes 8: 307. 
MoSJNCER, B. ancl V. KUJALOV,\ , 1967. Physio­

logia bohemoslov. 16: 41. 
:\<IULLER, E. E. and A. PEelLE, 1966. Proc. Soc. 

exp. B iol. M ed. 122: l :!89. 

M ULLER, E. E., S. SA\\'A:SO and A. V. ScHALLY, 
1967. Gen. co111JJ. E 11dorr. 9: 349. 

:'IIARAMARA. H . T. ami C. F. CORJ, 1968. / 11: 
Dickcn s, F ., P. J. Rancll c a nd W . J. Whcland 
(Ecls.) Carbohydrat e 111Plabolism and its di.<­
orders. Vol. 1 . Acadcm ic Prcss, "cw York. 

NELSON, N. C., W. G . BLAeKARD, J. C. LoCCHIAR.\ 
and J. A. LABAT, 1967. Diabe tes 16: 852. 

NERSESIAN-VASILIU, C., 1968. Studii Cerc. Biol. 
Ser. Zoo/. Buwresti 20: 193. 

:--¡ICOLESeu, J., 1958. A11 atlas co11ceming mor­
phological as/1eots of visceral nerve endi11g., . 
Editura Mcdicala , Bucurcsti. 

N 1EMEYER, H ., N. PÉREZ anti R. CoOOCEO, 1967. 
J. biol. Chem. 242: 860. 

1HJIMA, A., 1969. A1111 . .V. Y. Acad. Sci . 15i: 

690. 
l IKKILA, E. A., M . R . 'fASKINE1', T . A. M IET· 

TINEN, R . P ELKONEN and H . P OPPIUS, 1968. 
Diabetes 17: 209. 

NORDLIE, R . C., W . J . ARION, T. L. H ANSOl'i. 
J . R. G ILSDORF and R. K H ORNE, 1968. J. biol. 
Chem. 243: 1140. 

NORTHROI, G., 1968. J. Pha rmac. exp. Ther. 159: 
22. 

ÜHNEDA, A., E. ACUILAR-PARAD.I, A. M . EtSE:'i· 
TRAUT a nd R. H . U!'.CER, 1968. J. clin. Jnvest. 
47: 2305. 

ÜHNEDA, A ., E. ACUILAR-PARADA, A. M . EtsEN­
TRAUT a n d R . H. UNGER, 1969. Diabetes 18: 

l. 
0J t, N. a nd W. W. SHREEVE, 1966. Endocri110-

logy 78: 765. 
0 1.soN. R. E .. 1967. /n: Coroll(: ry cirrt1.lat io11 

ª"'I e11ergelics of the 111vorardi11 111 ( Proceed­
ings of the Inte rna tional Symposium Milan . 

1966) Kragcr, Bascl. 
ÜNleF.seu, D. and A . R ADU, 1969. AcJa hislo· 

chim. 33: l . 
ÜOMURA, Y., K. Kn1URA, H. ÜOYAMA, T. MAEl\O. 

M. IKI and M. K UN l\'OSHI, 1964. Science J./3: 

484. 
Ü PENSHAW, H . a n d w. :\1. BoRTZ, 1968. Dia­

betes 17: 90. 
ÜTSUKI, S., S. WATANAllE, K . c\ lNOM IYA, T. HOAKI 

and N. ÜKUMURA, 1968. J. Neurochem . 15: 

859. 
PARK, c. R., o. B . C ROFFORD and T. Ko:-.;o . 

1968. J. gen. Physiol. 52: 296. 
PASTAN, J ., J. R OTH and v. MACeHIA, 1966. P ror. 

natn. Acad. Sci. U. S. A. 56: 1802 
P AUL, P. a nd B . I SSEKUTZ JR., 1967. J. af1JJI. 

Physiol. 22: 615. 
PAUL, P ., B. I SSEKUTZ J R. 311(1 H. l. MII.LER. 

1966. Am. ] . Physiol. 211: 1313. 
PEeILE, A. ami E. M t ' l.1.FR. 1966. , . Endocr. 

36: 401. 



FUEL·TE. SlON REGULATORY SYSTEM 87 

P t.AGER, J. E., 1967. /11: An introduction to 
olinical neuroe11docri110/ogy. , Villiams ancl 
Wilkins, Baltimore. 

PORTE JR. D ., A. l.. GRAIIER, T. K uzUYA and 
R. H . W1LL1AMS. 196G. J. c/i11. h lt'est . 45: 

228. 
PORTE D. Jr. and R. H . Wll.l.lAMS, 1966. Science 

152: 1248. 
POSNER, J. B., R. STERN and E. c. KREllS, 196:í. 

J. biol. Chem. 2-10: 982. 
RAllEN, M. S. and C. H. HoL.1.ENRERC:. 1959. ]. 

clin. lnvest. 38: 48. 
RABK.IN, l\f. T. and A. C. FRANTZ. 1966. A1111 . 

int. Med. 64: 11 9i. 
RACOTTA, R ., 1969. A rchs i11t. Physiol. lliochim. 

77: 405. 
RAFAEi.SEN, o. J .. 1!)61. ] . Ne11roche 111. 7: 33. 
R ANDJ.E, P. J .. 1963. :11111. Uev. Physiol. 25: 291. 
RANDLE, P. J. and S. J. H . ASHCROFT. 1969. 

Biochem. J. 112: IP. 
R ANDLE, P. J., E. A. ~E\\'SHOL~1E ami P. B. 

GARLAND, 1964. Biochem. J. 93: 652. 
RASIO, E., W . MALAI.SSE, J. R . M. FRANCKSON 

and V. CONRAD, 1966. A1·clu int. Pharmacody11. 
Thér. 160: 485. 

R.EICHLIN, S ., 1966. New Engl. ]. M ed. 275: 600. 
REINHEIMER, w., P. c. DAVIDSON and M. J. 

ALBRI NK, 1968. J. Lab. e/in. M ed. 7 I: 429. 
RENOLD, A . E., A. GoNET, O. B. CROFFORD and 

D. VECCHIO, 1966. Fedn P roc. 25: 827. 
RIEGELE, L., 1928. 7.. Mik rosk .-a11at . Forsch. J-1: 

73. 
RIGAL, w. ]','[. and \\'. :\1 . H UNTER, 1966. 111: 

Flcisch. H .. H . J. J. Blackwood and M. Owc n 
(Eds.) Proceedi11gs of the 3rt!. European Sym· 
posium on Calcified Tismes Springcr Verlag, 
Berlín . 

R ODIIEI.L, M., 1965. A1111. N. l'. Acad. Sci. 131: 
302. 

R ODBELL, M., 1967. J. biol. Chem. 2-12: 175 1. 
RODRÍGUEZ·ZENDE.JAS. A. M ., C . VEGA. L . M. 

Soro-MoRA and M. R ussEK. 1968. Pl1ysiol. 
Behav. 3: 259. 

ROFFI , J.. 1968. ]. l'hysiol. Pa rís 60: ·1:,:í. 
ROSENBERG, F. J. and v. D1 Sn: FANO, 1962. A 111. 

]. Physiol. 203: 782. 
Ross. B. D., R . H EMS. R. A. fR EEDI.AND ami H. A. 

K REBS, 1967a. Bioche111. ]. 105: 869. 
Ross, B. D., R. H EMS. and H . A. KRE IIS, 1967b. 

Biochem . ] . 102: 942. 
R UDERMAN, N. B. and M . c . H ERRERA. 1968. 

Am. ]. Physiol. 214: 1346. 
RussEK, M ., 1967. Ciencia, M éx. 25: 73. 
R USSF.K. M ., 197 1. /11 : Ehrenpreis, S. a nd K . 

Sol niLLky. Eds. Ne11roscie11ce R esearrh , Vo l. 4 
:\cad c mic Prcss. ;>;cw York. 

RUSSEK, M., A. M. RODRÍGUEZ-ZENDEJAS and s. 
PI ÑA. 1968. Physiol. B eh av. 3: 249. 

RYAN, W. C., 1966. Presbyt. St. L11ke's H osp. 
med. Bull. 5: 36. 

SAHA, J ., N. L ÓPEZ- MONDRAGÓN and H . T. 1ARA· 

HARA, 1968. J. biol. Chem. 243: 521. 
SAMOLS, E ., C. MARRI a nd V. MARKS, 1966. D ia· 

betes 15: 855. 
SANnAR, S. S., 1968. M etabolism 17: 631. 
SAWANO, s., A . ARIMURA, c.v. BOWERS and A. v . 

ScHALLY 1967. Endocri110/ogy 81: 1410. 
SAW\' ER, C. H., M. KAVAKAMI, B. MEYERSON, 

D. l. WHITMOYER and J. J. LILI. EY. 1968. fl rai11 
R es. 10: 21 3 . 

ScHALCH, D. S., 196i. ]. Lab. cli11. M ed. 69: 256. 
ScHALEY, A . \'. , /\. K ORO' HIMA , Y. I SHIDA, A. 

ARIMURA, T. SAITO, C. Y. B OWERS and s. L. 
STEEI.MAN, 1966. Proc. Soc. ex/>. füo/. M erf. 
122: 821. 

SCHAPIRO, S., 1968. Endocrinology 82: 1066. 
ScHONFELD, c. and D . M . KlPNIS. 1968. Am . ] . 

P hysiol. 215 : 5 13. 
Scow, R. O., F . A. STRtCKER, T. Y. P1c K a n<l 

T. R. CLARY, 1965. A1111 N. Y. A cad. Sci. 131: 

288. 
SoROBICI, D., H . B ONAPARTE, R. PIEPTEA and V. 

SAPATINO, 1967. Nutritio Dieta 9: 271. 
SENFT, C., R. Sn,·, w. LOSERT, c. ScHULTZ and 

N . HOFF~fANN, 1968. Naimyn-Schiedebergs 
Arch . exp. Path. Phannak. 260: 309. 

SERGEYE\IA, M. A., 1940. A11at. R ec. 77: 297. 
SHAPIRO, B., 1965. I srael J. med. Sci . 1: 1244. 
S HAPIRO, B., 1967. Ann. R ev. Biochem. 36: 247. 
S HIM AZU, T., 1967. Soience 156: 1256. 
SMIMAZU, T. ami A. FUKUDA, 196:í. Scienre 150: 

1607. 
SHIMAZU, T., A. FUKUDA and T. BAN, 1966. 

Nature, Lond. 210: 1178. 
SHIODA, T. and S. ' ISHIDA, 1967. A rch . histol. 

Jap. 28: 23. 
SHIPP, J . c., L. H . Ül'IE and D. CHALLONER. 

1961. N ature, Lond. 189: 10 18. 
S HOEMAKER, w. C., T . B. VAN ITALLU: and \,\'. 

F . WALKER, 1959. AIII. ]. Physiol. 196: 3 1!í. 
S HRAGO, E., J. w. YOUNG and H. A . LARDY, 196i . 

Science 158: 1572. 
S m ~·IAN, R. L., M. P ERKI NS and :\". W EINER. 

1962. Nature, Lond. 193 : 36. 
S IM PSON, R. c., A. B ENEDET11, G. M . GRODSKY, 

J. H. KARAM and P. H. F ORSHAM, 1966. i\tfe· 
tabolism 15: 1046. 

S IREK, 0. V ., A. SIREK, K . PRZBYLSKA, H. DOOLAN 

and A. N1K1, 1967. E11docri11ology 81: 395. 
SKARDA, J ., s. BARTOS ami F. DOLEZEI., 1968. 

Vet. M ed. Praha 13: H I. 
SLUSHER, M. A., J. E. H YDE and M. LAUFER, 

1966. J. Neurophysiol 29: 157. 
SNIPES, C . A., 1968. Q. R ev. Biol. 43: 127. 
SODOYEZ, J. c., F. SODOYEZ- GOFFAUX and P . P . 

FoA. 1969. Proc. Soc. exJ1. Biol. M erf . 130: 
568. 



88 RACOTIA, R. AND CI URES, A. 

SOKAL, J . E., 1966a. Am. J. Med. -/1: 331. 
SOKAL, J. E., 1966b. Endoc,·inology 78: 538. 
SOKAL, J. E . and E. J. SARCIONE, 1959. Am. ]. 

Physiol. 196: 1253. 
SoKAL, J. E., E. J. SARCJONE and A. M. HENDER· 

SON, 1964. Endocrinology 74: 930. 
SOKAL, J. E. a nd fi . WEINTRAUII, 1966. A 111. ] . 

Physiol. 210: 63. 
SOLITERNOVA, l. B., 1968. Biokhimiya 33: 126. 
SrAT, A. and J. SrnRcz, 1967. Acta physiol. Jwng. 

32: 209. 
SPROULL, D. H ., 1963. J. Physiol. 169: 527. 
STAIB, W., R. STAIB, l. HERRMANN and H . G. 

MEIERS, 1967. In: 3. Konferez der Geselleschaft 
fiir biologische Chemie, Oestrich. Rheingau. 
Springcr Vcrlag, Berlin. 

STEELE, R ., c. BJERKNESS, l. RATHCEB and N. 
ALTSZULJ::R, 1968. Diabetes 17: 415. 

STEFFENS, A. B., 1967. Acta physiol. phannac. 
11éerl. 14: 524. 

STEINBERC, D ., 1966. Pharmac. Rev. 18: 217. 
SuSSMAN, K. E. ami V. D. VAu r.HAN. 1967. Dia­

betes 16: 449. 
Su TrER, B. Ch. J. and P. MIALHE. 1968. J. 

Physiol. París 60: 314. 
SVEDMYR, N., 1965. Acta pharmac. tox. 23: 103. 
SvEDMYR, N., 1967. Acta physiol. scand. 71: l. 
SZF.PESr, B. and R. A. FREEDLAND, 1968. Can J. 

Biochem. Physiol. 46: 1459. 
TAKANO, T ., A. R. H ENES and L. POWER, 1967. 

i\fetabolism 16: 933. 
TANIKAWA, K., 1968. Ultrastructural asf1ecl.s of 

the liver and ils diseases. Igaku Shoin, Tokyo. 

TEUFEL, H ., L. A. MENAHA N, J. C. SH ll'I', S. 
BONING and o. WlELAND, 1967. füff. J. 
Biochem. 2: 182. 

THREI.FALL, c. J. and D. F. H EATH, 1968. 
Biochem. J. 110: 303. 

T ROTTER, N . L., 1967. J. cell Biol. 3-1: 703. 
TURNER, D. S. and N. M c l NTYRE, 1966. La11cet 

7433: 351. 
T URTLE, J. R. and D . M. KIPNIS, 1967. Biochem. 

biophys. R es. Commtm. 28: 797. 
UNCJ::R, R. H., 1965. ]. Am. med. Ass. 191: 945. 
UNCER, R. H ., 1966. Diabetes 15: 500. 

UNSICKER, K., 1969. z. Zellforsch. 95: 608. 
VANCE, J. E., K. D. B UCHANAN, D. R . CHA· 

LLONER and R . H. WtLLIA~IS, 1968. Diabete, 
17: 187. 

VOYLES, ., j . C. PENHOS a 11d L. R ECANT. 1969. 
Proc. Soc. exp. Rio/. Med. 130: 63.~. 

VRAN IC, M. and G. A. WRE SHAl.l., 1968. Cn11. 
]. Physiol. Pharmac. 46: 383. 

VRBA, N ., 1964. Nature, Loncl. 202: 247. 
VRBA, N., 1966. Biochem. J. 99 : 367. 
WADDEL.L, W. R. and K . E. S ussMAN, IS67. ]. 

appl. Physiol. 22: 808. 
WEBER, G., R. L. S1NCHAL ancl S. K. SRtVASTAVA, 

1965. Adv. Enzymol. R egul. 3: 43. 
WEClENKA, L. C., G. M. GRODSKY, J. H. KARAM, 

S. G. GRAsso and P. H. FoRSHAM, 1967. M e­
tabolism 16: 245. 

WEIDEMANN, M. J. and H. A. KREIIS, 1969. 
Biochem J. // I: 69. 

WEINTRAUB, B., E. J. SARCIONE ancl J. E. SOKAL. 
1969. Am. ]. Physiol. 216: 521. 

WESTERMAN, E . 0. and K. STOCK, 1963. Nlluny 11-
Schiedebergs Arch. exf1. Path. Pharmak. 2-15: 
102. 

WHITrY, A. J., K. SHIMA, M . TRUIIOW and P . P . 
FoA. 1969. Proc. Soc. exp. Biol. Med. JJO: 5:í. 

W ILKIE, R. D., 1966. A1111. Rev. Physiol. 28 : 

17. 
WILLIAMS, R. H., S. A. WALSH, D. K. HErr 

and J. w. ENSICK, 1968a. Metabolism 17: 653. 
W ILLIAMS, T. F., J. H. EXTON, C. R. PARK 

a nd D. M . REGEN, J968b. Am. ]. Physiol. 215 : 
1200. 

WRIGHT, P. H. and w. J. M ALAISSE, 1968. Am . 
]. Physiol. 214: 1031. 

WURTMAN, R . J., 1966. Enclocri11ology 79: 608. 
YOUSEF, M. and z. MAHRAN, 1965. Anlll . R ec. 

152: 431. 
ZAHND, G. R., J. STEJNKE and P. E. RENOLD, 

1960. Proc. Soc. exp. Biol. Med. 105: 455. 
ZAKIM, D. and R. H. H ERMAN, 1967. Am. J. 

clin. Nutr. 20: 1242. 
ZELNÍCEK, E., 1968. Comp. Biochem. Physiol. 

25: 11 17. 
ZUKOSKI, c. F., 1966. E11docrinology 78: 1264 . 




