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INTRODUCTION

For over one hundred years biological scientists have
been investigatiné the metabolism, storage, and excretion of
carbohydrates in the body. Exactly fofty,years ago the dis-
covery of insulin served as the catalyst for the vast amount
of interest that has been shown in the area of carbohydraté"
ﬁetabolism. bn the other hand, the use of mathematical
models and computers in the analysis of blological systems
has only recently become feasible.

The review ofnliterature presented in this dissertation
was confined to the early work in the area of carbohydrate
metabolism, the modern theories of blood glucose regulation{
and the use of mathematical models in physiology. A glucose
oxidase method for determining glucose cdncentrations in
bioiogiéai fluids was exémined. Certain facets of glucose
uptake by rat fat tissue were investigated. The coefficients
of a normalized mathematical model of blood glucose regula-
tion, using the dog as an -experimental animal, Wére evalu-
ated. A multifcompartment model covering some of the aspects

of the complex problem of carbohydrate balance in the dog was

formulated.



REVIEW OF LITERATURE

Early Investigations on Blood Glucose Regulation -

Claude Bernard (1) in 1849 during the course of his work
on glycogen discovered that damage to certain areas in the
central nervous system causes an outpouring of sugar in the
urine, an event which he.thoﬁghtuoccurred as a conseqqence_of
a rise in blood-sugar. In 1889 von Mering and Minkowski (2)
discovered that complete removal of the pancreas from dogs is
followed by symptoms which closely resembled those observed
in human diabetes mellitus. Early investigators established
the theory that the pancreas elaborated an internal secretion
which controls carbohydrate metabolism (3, 4).

. By 1921 methods for measuring blood glucose and urinary
glucose based on the reducing action of sugars were avail-
able. The concept of renal threshold advanced by Claude
Bernard had been quantitatively measured. Moreover, the
sources of blood glucose were cited as absorption from the
intestine, glycogenolysis in the liver, and gluconeogenesis
(from amino acids and possibly fat). In addition to this,
it was stated that glucose disappears from the blcod because
it is oxidized in the tissues, excreted by_the kidney, formed
into glycogen, and converted into fat (5).

Banting and Best (6) received the Nobel prize for their

work which included the preparation of an active pancreatic



3

extract. This contained insulin, the name for the internal
sécretion of the pancreas proposed by de Meyer in 1909 (7).

By 1924 conditions which.prodﬁced hyper- and hypo—'
glycemia not related té_insulin levels had been noted (8).
Alsé, differences between the actlon of insulin on fasted and
‘nonfasted animals were thoﬁght to be due to the aﬁount.of
.gl§COgen storad in the liver (9). In 1926 the use of the
‘glucose.tolerance test in the diagnosis of diabetes was sug-
gested (10). Abel, the father of pharmacology in the United
States, along with his co-workers (11), isolated crystalline
insulin.

By 1927 iﬁ had been noted that blood glucose disappeared
- faster after insulin injection in the eviscerated animal and
that muscle glycogen was alSo increased. It had also been
noted that insulin caused an increase in the rate of glucose
disappearance in the isolated perfused limb  (12). In the
same year current theories about phlorhizin diabetes were
reviewed (13). The concepts about the mechanism of
phlorhizin at this time were for the most part erroneous.

In 1929 Cannon (14) discussed the homeostatic regulation
of several of the body constituents, including blood sugar.
" His scheme for blood glucose regulation presupposed the liver
to be the central storage depot. Insulin acted by increasing
the storage of carbohydrates, while epinephrine caused the

release of carbohydrates into the blood stream. Cannon



indicated that the release of epinephrine and insulin are,
in turh:-cdntrolled by the level of the glucose in'the blood.

In 1931 Cori (15) suggested that, since the blood sugar
remains constant, there must exist a regulatory mechanism
" which is set in mdfion Wwhenever thé blood sugar ranges much
below or much above normal. He further suggested’tﬁat ihsu—
lin may inhibit the enzymatic hydrolysis of glyccgen in the
liver. Cori, however, did admit that the fall in liver gly-
cogen after insulin injection might be of a secondary nature.
It was also established at this timé that epinephrine cadses
a release of liver glycogen. It had also been accepted that,
although muscles store glycogen, they cannot contribute to
thé maintenance of blood glucose ih the post-absorptive state
as the liver can. By this time transplanfation experiments
and cross perfusion experiments.had shown that ner%ous connec-
" tions with the pancreas were notvnecessary for regulation of -
blood glucose. Epinephrine release from the adrenal medulla
during’severe hypoglycemia had been studied. It had also
been noted that there is not so much arterial-venous glucose
difference in diabetics as there is in normal subjects. From
this, Cori concluded that insulin has é peripheral point of
attack, mainly in the muscles.

By 1934 the role of phlorhizin on renal excretion of

glucose was understood with only a few investigators main-

taining a mechanism of action different from our modern
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concepts (16). Jensen and Evans (17) in the same year re-
viewed the chemistry of insulin as studies up‘to this time
' had revealed it.

. By 1936 fhe interrelatiénShip between galactose, fruc-
tose, glucdse, and glycogen in the body had been noted. It
had also been shown that the former two sugars are capable of
stimulating the productionbdf insulin but are not so potent
as glucdse in this respect (18).

The interrelationshipsAbetWeen blocd sugar, metabolism,
and the wvarious endocrine glands were discussed in 1936 by
Houssay (19-22) in an excellent series of articles. In these
articles he referred to his own work which had shown that

hypophysectomized animals have an increased sensitivity to
insulin.

In'1937 and 1938 Soskin and .his co-workers (23, 24) per-
formed a series of experiments which they believed estab-
lished the liver as fhe primary organ necessary for the regu-
lation of blood glucose.

A review by Russell (25) in 1938 indicated the effects
of anterior pituitary extracts and removal of the gland were
not well understood at that time. It was noted, however, that
the adrenal cortex has some effect on carbohydrate metabolism
(26).

By 1941 the views of Soskin (27) had received support,

and he statéd that the secretion of insulin was not essential
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to the primary hepatic regulation of blood sugar.

In 1944 Haist (28) reviewed the factors affecting the
insulin content of the pancreas. Deqfeases had been noted
after pituitary extract administration, fasting, fat feeding,
and insulin administration. |

" By 1945 alloxan had been used as a method for producing
experimental diabetes (29, 30). |

A review published in 1948 indicated that the relation-
ship between the adrenocorticotropic hormone and the adrenal-
cdftical hormones was'knowh and that some workers had ques-
tioned.ﬁhe validity of the concept that the liver plays an
all-important role in the regulatioﬁ of blood gluéose (31).

Bouckaert and De Duve (32) discussed the possibility of
a linear relationship between glucose utilizationAand blood
glqcose levels; They also suggested that insulin might acf
by stimulating a specific enzymatic system. Furthermore,
they were much concerned about the hypérglycemic factor con-
tained in insulin_used for experimental purposes as well as
clinical treatment (32).

Lewis (33) reviewed the attempts to prolong the action
of insulin and the attempts to obtain substitutes for.insu-
lin. The latter had not been successfully achieved at that
time.'

At the close of the first 100 years of scientific in-

quiry into the physiology of carbohydrate metabollism,
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Luzarow (34) reviewed the factors controlling the progression
of diabetes. The presence of a hyperglycemic factor in the

pancreas, now known as glucagon, was recelving considerable

attention at this time.

Modern Theories of Blood Glucose Regulation

The present degree of understanding of blood glucose
regulation is well illustrated by the two pasSages from.
Turner (35). First, he says on page 180, "The blood sugar
levels are held relatively constant by a regulatory system
that depends lafgely upon the synthesis and storage of
glycdgen by the liver." Then, nine pages later he states,
"The biood sugar level is controlled by insulin and, recip-
rocaliy, the output of insulin by the pancreas 1s conditioned
by the blood sugar levels."

The idea that the liver is the principal organ concerned ‘
in maintaining fhe normal blood sugar stems from the early
work of Soskin (23, 24). These studies have led to the in-
vestigation of a controversial subject, the hepatic action of
insulin. There appears to be general'agreement on the fact
that insulin corrects disturbances in liver metabolism during
states of malfuﬁction, but it is not known with certainty
whether the action 1is essentially a direct or an indirect one.

De Duve (36) is one of the principal édvocates of sig-

nificant direct action, and he reported in studies with
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glucagon-ffee insulin that.a>considérable_part of the disf~
appearance of glucose affected by the hormone was atérib—
_utable to an increased uptake and that conversion of glucose
in the liver is'compafable.with that which occurs in the
peripheral tissues. The work of Madison et al. (37) sup-
ported the view of De Duve.

Levine (a former co-worker of Soskiﬁ) and Fritz (38)
were unable to show ény adtion of insulin on isolated liver'.
and, therefore, concluded that any interrelationship is
either indirect or mediated through the pituitary or some
hypothetical substance from a peripheral tissue. They also
indicated the speed with which the body corrects for in-
creased.glucose tends to indicate4thatwinsulin secretion, and
not a liver function, must be the primary regulating mechan-
ism. _

Mahler et al. (39) have presented considerable evidence
which supports a concept of an indirect effect of insulin on
the liver.

The data of Shoemaker et al. (40, 41) indicated that in-
sulin failed to alter glucose output of the liver.

Van Itallie and Bergen (42) attempted to show that in-
creased hepatic output of glucose alone is neither a pracfi—
cal nor a feasible way to maintain integrity of blood sugar.
They also cited evidence that at blood concentrations of 150

milligrams per cent the liver continues to release glucose



into the blood. . .
Lang et al. (43) have reported evidence indicating the

-

production by the liver of a‘hﬁmora1~faétor that stimulates
pefipheral glucose utilizaéion.

Another functioh of the liver has been suggested by
| Egdahl and Goldberg (44) who have provided evidence that the
-liver may help to regulate glucoseimetabolism by trapping and
then releasing insulin.

Gemmil (45) in 1940 showed that insulin has a stimula-
vtory effect on carbohydrate metabolism in the isolated rat
diaphragm;. In 1950 Levine et al. (46) provided evidence in-
dicating fhat insulin acts by acceleratihg the transfer of
sugar across cell membranes. Butterfield and Halling (47)
observed a raised threshold for glucose in peripheral tissues
of diabetics; they.also found that, when the threshold was - ..
exceeded, glucoée utilization proceeded normally. They
stated that the threshold 1s reduced by the administration of
insulin.

Drury and Wick (48) have suggested that any increase in
oxidation of glucose 1s merely seccndary to an increased con-
centration in the cell.v Ball and Barrentt (49) suggested
that the transport bf glucose across the cell wall may be
‘accomplished by pinocytosis. Park and Morgan (50) have
shown very clearly that the transportation process involves

a physico-chemical combination with some cell membrane
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component and that the transportation product is not a
phosphorylated compound; and they have ﬁrovided e&idence that
insulin accelerates the trénsport.~'dordon'(51, p..l64) in
'1960 stated that-virtually all workers now accept thé théory
that insulin facilitates the transfer.of hexoses across the
cell membrane. “

. It has beén aésumed that glucoée, once inside the cell,
is phosphorylated in the diabétic as in tﬁe normal subject by
hexokinase reaction; and the conversion to glycogen, pyruvate,
lactate, and other 3-carbon fragments or synthesis into fatty
acids can occur. .HOWever, Hall et al. (5é) héve-indicated
that an impairment in this phosphorylation may be influenced
by insulin. Cori (53) postulated the function of insulin to
be simply the abolishment of the inhibition of hexokinase by
the pituitary and adrenal gland hormones. Zwelling (54)
questioned Cori's theory on the basis of his findings which
indicated hypoglycemilia can be produced in the chick embryo
with insulin before any of the glands are cytologically
differentiated. |

It has been found that an increase in ﬁhe glucagon con-
tent of thé pancreas follows insulin treatment in animals
(55). However, as pointed out by Foa (56), this finding can-
not be properly evaluated because of the lack of knowledge
concerning the production and release of glucagon. |

Various investigators have supplied indirect evidence
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that increased insulin is liberated.in the presence of
hyperglycemia (57, 58). Metz (59) was able to provide direct
evidence of this concept in his investigations.

ther hormones (growth h&rmone, adrenal steroids,
glucagon, and epinephrine) have an effect on carbohydrate
metabolism (60). With the exception of epinephrine, they
V:play'a permissive'réle in the regulaﬁion,of blbod glucose.
That 1s, their rate of éecretion does nct alter with changes
in blood sugar (61). The theory that epinephrine may be re-
leased in response to hypogiycemia stems from theiearly work
of Cannon et al. (62) ." It has been questioned, however,
whether epinephrine plays a role in the regulation of blood
glucose levels under truly physiological conditionsbwhen
drastic. reductions in bloodvsugar do not occur (63).

Until reéently diabetes and é lack of insulin were con-
sidered the same. However,-thére is a sévere histological
decrease in the number af beta cells in only a minority of
‘diabetic patients, mainly the younger ones. In fact, with
the most sensitive of presént teEhniques the pancreas of 25
per cent of these patients show no significant pathological
findings (64, 65). Mirsky and Brohkahn (66) demonstrated
that raf.liver‘extracts and rat liver slices both contain an
insulin inactivating system (insulinase); in the light of the
histological studies, the intereéting possibility is raised

that certain abnormalities might be caused by changes in
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insulinase activity. Mirsky and Perisutti (67) have shown
that the liver also contains an insulinése—inhibitor‘prep—‘
aration thét-effectively inhibits the destruction of insulin.
In addition'to this insulinvantagonist,TFieid (68) has de-
tected a circulating insulin antagonist that does not seem
to be a known hormone 5r insulinase but is a protein. Haist
(69) stated that he feels that it is unlikely that diabetes
is dué basicaliy tb a primafy reductidﬁ3in insulin sYnthesis.

As far as the action of insulin on periphefal tissues
’_gbeé, one importaht.feature seems to be the‘ability of the'
hormone to bind itself to these tissues. Stadie et al. (70)
reported that this bound insulin is the active form of in-
sulin. Haugaard and Marsh (71) have confirmed tﬁat this
-binding occurs in adipose tiésue as well as in muscle. This
opens up the possibility oﬁﬁstill another typevof insulin _
antagonism which is neither insulinase nor that reborted by
Field. .

In 1960 Stetten and Stetten (72) supplied evidence that
the breakdown of glycogen and the route of synthesls are not
the same. They stated that the breakdown is predominantly
by the phosphorylase pathway, while the uridineaiphospho-n
glucose route is the major pathway of synthesis.

From the clinical point of view, perhaps the significant
achievement in the.period from 1949 to 1961 is the develop-

ment of oral hypoglycemic agents. These agents- have led to
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attempts to develop methods for méasuring insulin in body
fluids (51, p. 164, 73). |

The work of Sanger and Tuppy (74), who détermined the
structure of insulin, was a significant chemical aéhievement'
and may, in the near future, lead to a better understanding
of the physiological mechanism involved in the'regulation of

blood glucose.

Mathematical Models of Biological Systems

For some time mathematics and physics have been inter-
" related discipiines. .However, only within the last three
decades has there been any attempt to couple mathematics and
the'biological sciences. The idea bf building mathematical
models seems to have originated with Lotka (75). Rashevsky

(76), founder of the Bulletin of Mathematical Biophysics, in

his book Mathematical Biopnysics: Physico-mathematical .

Foundations of Bidlogy treated such topics as mathematical

theories of cell respiration,>cell division, cell polarity,
various aspects of neurophysiology such as reaction times,
discrimination, thinking, aesthetic perception, abstraction,
and learning.

In 1948 Wiener (77) postulated that many of the physio-
logical prboesses of the body were controlled by mechanisms
‘aﬁalogous to the electronic éoncept of feedback. Among the
possible factors controlled by this type of mechanism; Wiener

listed: nervous regulation of posture, body temperature,
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leucocyte production, hearﬁ rate, blood pressure, sexual
' cycle, calcium metabolism, and, in genefal, all of the
mécﬁanisms of homeostasis.

' The uSe of mathematical models of biological aystems.
involving differential equations, with or without the aid
5% analog compute:s, was”given encodragement by Chance et al.
(78, 79) who in 1952 developed a set of differential equa-
tions dealing with the kinetics of-catalase action. Their
work showed that the results of programming these equations
on an analog camputer and the experimental results.concerning
the disappearance of the catalase—hydrogen ﬁarokide complex
were in close agreement. Yang (80) in 1955 and Chance g;_al.
(81) in 1962 have suggested further ways in which analog and
digital coﬁputer representation of biochemical processes can-
. be used to advantage. | : ’ |

In 1954 Grodins et al. (82) developed a set of differ-
ential equations dealing with the dynamics of homeostatic
‘respiratory regulation. Since then, severa} other reports
offering different mathematical models 6f resbiratory fegula-
tion have been presented (83-85).

Various phases of the complex Cardiovascular éystem have
been subjected to mathematical analysis with and without the
aid of computers (86-88).

Hardy (89) used differential equations in describing

the regulation of the body temperature by sweating,

-
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Vasomotor action, and metabolic rate.

Several mathematical models have been offered to simu-
late the.changes in the‘verious compartments of the body
after edministration of tracers (90—95)Q The work done at
the research laboratories of the Upjohn Company (96,A97) is
different from othef'reports in that the experiments were
designed for computer simulation of tThe changes invvarious
compartments of the bedy. The rate of absorption, the rate
of 'renal excretion, the blood levels, and the rate of binding
or storage in the kidney were investigated. Although the
drug used Was not metabolized, the authors concluded that a
simple physiological model could be formulated and investi-
gated to advantage by use of differential equatidqs and ana-
1oghtechniques. |

Another mathematical approach to physiological regula-
tion was reported by Stark and Cornsweet (98) who applied
servomechanism techniques to studies of the pdpillary re-
flex.

Several of the endocrine systems have elso been sub-
Jjected to mathematical investigation. Brownell et al. (91)
offered a mathematical model of the interrelationship of the
thyroid and iodine. Danzinger and Elmergreen (99) reported
a mathematical investigation of the thyroid'pituitéry homeo-
static mechanism. Roston (100) has presented mathematical

models of the calcium, inorganic phosphate, and parathyroid
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system; and of the sodium, water, aldoéterone, and anti-
diuretic hormone complex;.és well aé having considered the -
: thyroid—pituitary axis.

The regulaﬁibn of blood glucose has also been subjected
to mathemétical investigation. A mathematicai treatment 5f-~
the interrelationship of glucose and insulin has been pre-
sented by Bolie (101, 102). The effect of an intravenous in;
Jection of glucose received mathematiéal consideration by
Ikkos and Luft (103, 104), while Wajchenberg et al. (105)
presented a mathematical model for glucagon-induced hepatic
glycogenolysis. |

By 1961 the field of mathematical models, accompanied
by the use of computers in physiology, had generated suffi-
cient interest that the Federation of American Societies for
Expefimental Biology presented a symposium dealing with this
subject} The papers presented there ranged from an intfo—
duction to the principles Qf digitél and analog computers to
the Specialized topic of computer simulation of neuron—like

nets (106-110).
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DETERMINATION OF GLUCOSE IN BIOLOGICAL FLUIDS

In this investigation glucose levels in blood and other
fluids were determihed by a modification of the method de-
veloped by Kéilin and Hartree (lli)J This method utilizes
an enzyme, glucose oxidase, and is reported to pe more:
Speéific for glucose than the reduction-methods thét haveT
been used'for many years.' Sevefal variations in this method
and different applicafions of it have been reported (112-
120).

This method is based bn the following simplified scheme
of reactions: |

Glucose
oXidase

Glucose + O, + HO0 "H,05 + gluconic acid

: Peroxidase
H202 + reduced chromogen H20 + oxidized chromogen

A mixture of the two enzymes and oxygen acceptor is
marketed in the U. S. A. under the prqprietary name of
"Glucostat" by the Worthington Biochemical Corporation,

Freehold, New Jersey.

Materials and Methods
In accord with the work of Huggett and Nixon (114),
anticoagulation and inhibition of glycolysis were achieved
with a mixture of sodiﬁm_fluoride and potassium oxalate,

10 mg. and 30 mg., respectively, per 1.0 ml. of blood.
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Huggett and Nixon report a tenfold increase in the concentra-
tion of this mixture to be without effect on the reagents
used. In addition, samples of blood or other fluids to be
kept-overnight'were stored at 0° C.

"Glucostatﬁ was prepared fér the micromethod as de-
scfibed by others (119), except that a pH 7 phosphate buffer
was used instead. of distilled water. To 2.0 ml. of Hy0, 0.1
ml. of blood orvartificiai'serum (Krebs bicarbonate solution
with glucose and gelatin) was added. Té this, 1.0 ml. of 2.0
per cenf ZnSOq-TﬁQO and 1.0 ml. of lt8.per cent Ba(OH),.8H0
‘were added; This was mixed and centrifuged. Glucose stand-
ards and blanks were prepared in a similar manner. To é.O
ml. of the filtrate, 2.0 ml. of the "Glucostét" reagent were
‘added. This was allowed to stand at room temperature for 60
minutes. Then one drop of 6N HCl'Was added to stop the re-
action and stabilize the color. The tubes were allowed to
vstand for 5 minutes, and then the solutions were read at 400
mu.on a spectrophotometer. The blank was used to adjust the
opfical density reading té zZero.

Duplicate determinations were done on all samples and
averaged. A maximum variation of .02 (optical density) for
blood samples and .01 (optical density) for artificiai serum
samples was allowed. Pairs of readings with greater varia-

tion were discarded and a new pair of determinations re-

peated.
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The concentration of glucose was calculated as follows:

0.D. (unknown)
0.D.(standard)

X Concentration(standard) = Concentration
(unknown)

Results and Discussion

Influence of buffer on optical density. .

The optical density on a set of glucose standards
diluted to contain 25, 50, 75, 100, lé5,}and 150 milligrams
per cent of giucose was determined using the above méthod.
Similar determinations were made using the same method.excépt 
that‘distilled water as indicated b& Worthington Biochemical
Corporation (119) was used instead of pH'Tvbuffer.

The results of these proéedures.ape shown in figure 1.
The buffered reagent gave linear results over the range 25
to 150 milligrams per cent of glucose, while the optiéal
density of the non-buffered reagent was nonlinear in samples

containing more than 75 milligrams.per cent glucose.

Reproducibility

Ten samples each of a 100 milligrams per cent glucose
standard, dog blood, and a Krebs-bicarbonate solution with
glucose and gelatin were used; the optical density of @he
first and the conéentrations of glucose in the otﬁer two were
determined. The'results of this are shown in table 1.

The smallness of the variation shown in table 1 confirms
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the conclusions of other investigators that this can be used
to determine the blcod glucose level. Munck (120) has used
this method for determination of glﬁcose levels in Krebs-
bicarbonate with glucose and gelatin added. The results
shown in table 1 confirm -the assumption of Munck that the
contents of this solution do not interfere with the repro- "
ducibility of this method for determining giucose concentra?

tion.

Effect gz_temperaturé

With some preparations of this enzymatic reagent in-
'hibition of color due to trace enzymes in samples that are
incubated at higher temperatures over long pefiods of time
has been reported (119). Thé results of optical density
determinations on 100 milligrams per cent glucose samples
incuﬁated at room temperature (22° C.) and at 37° C. are

shown in figure 2 and support these findings.
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ADIPOSE TISSUE UPTAKE OF GLUCOSE

In 1960 at the beginning of these studies it was hoped
that blood insulin concentration could be measured with
sufficient accuracy so that the change in blood le&els of
insulin could be determined repeatedly during an infusion of
glucose or insulin. Preliminary investigétion of various
techniques indicated that noné of the methods availaple were
suitable for this purpose because of a lack of precision. A
reliable and accurate method for the estimation of ﬁhe insu-
1lin concentration in'the blood would certainly pfove useful
for the iInvestigation of many broblems involving carbohydrate
metabolism. Three recent reviews of this problem provide ex-
cellent discussion of the varlous methods that have been used
for estimating the insulin concentration in blood. All these
aﬁthors state that the methods presently available-lack bre—
cision (73, 121, pp. 1-137, 122). |

One of the methods devised for measuring insulin plasma
levels depends on the hypoglycemic effegt of insulin in rats.
The test animals used had been prepared in different ways to
increase,their sensitivify. Gellhorn et al. (123) used
hypophysectomized-adrenalectomized rats énd found that 200
microunits of insulin produced a small but significant lower-
| ing of blood sugar in thesé aniﬁals. This method was im-

proved by giving the rats alloxan (124). The technical
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.difficulties involved in the preparation'and maintenance of
these animals were considerable,

‘Another apﬁroach using isolated tissues has been tried.
One of these methods dependé oﬁ.the fact that small amounts
" of insulin increase the con&ersion of glucose to glycogen in
the isolated rat diaphrégm; 'By controllingtexperimenfal con-
ditions this method can be used for estimation of_piasma "
insulin-like activity (the sum of insulin and its synergists
and antagonists) (125-127). |

‘Anbther in vitro method having much greater sensitivity
is based on increase utilization of glucose by rat epididymal
fat pads. The uptake of glucose (128), the production of
carbon dioxide (129), and the production of isotopic labeled
carbon dioxide from labeled glucose (130) have been used as
measures of this increased utilization. Renold et al. (130,.
131) reported that adipose fissue is responsive to many sub-
;tances at high concentrations, including some of the hor-
mones. However, they notevthat this preparation is sensitive
to insulin at levels equal to, or less than, physiological
concentrations.

Still aggther assay is the,immunological method devel-
oped by Yalow and Berson (132). "This is based on the pro-
duction of anti-serum to human insulin_by the guinea pig and

an electrophoretic separation of radioactive insulin to which

the antibodies are bound. While the immunoassay 1s somewhat
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more preqise in experiments measuring human plasma'insulin it
necessifates some rather costly equipment'not readily avail-
able. Furthermore, since the feasibility of measuring in-
sulin concentration in dog serum was one of the preliminary

“considerations of this investigation, the adaptation of the
Jimmunoassay method to the measurement of insulin cbncentra—
"tioﬁ in dog plasma would”require additiongl‘proqf that dog
Vinsulih,doés closely follow electrophoretically. the behavior
of humah.insulin. Moreover, the antibodies produced in the
gﬁinea pig by dog insulin, as compared to the antibodies.
produced by'human lnsulin, must ha&e a similar binding-
‘capacity.

All of these methods are very sensitive, especiélly when

it is considered that crystalline insulin contains 24 units
per milligram. Furthermore, the best estimates for the
phyéiological range of insulin concentrations ln the blood
are from about 0.05 to 1.0 milliunit per milliliter. With
this small émount of insulin present ih;thé blood, existing
assays, all of which lack precision, are unsuitable for ex-
perimental use but haVe been applied to'clinical situations
(73, 121, pp. 1-137, 133).
Tt was felt that the use of adipose tissue as an

in vitro preparation for studying factors affecting insulin
antagonism and synergism might prove aﬁ interesting area of
investigation. Many aspects of carbthdrate metabolism in

adipose tissue have'not yet been investigated. Thus, the
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following studles were undertaken with the 1dea that results
obtained might contribute to the eventual develdpment of a
satisfactory insulin gssay'technique atilizing the rat

adipose tissue.

Materials‘ahd Methods
" The g;ucose'uptaké of rat epididymal fat pad tissue
under variousfconditibns was studied by using a slight modi-
fication of the techniqﬁe described by Beigelman and
Onoprienko (134).
' A totél of 124 male Sprague Dawley rats weighing from

| 125 to 195 grams was used. Beforeiexperimental use.the rats
were housed 4 to a cage and given Purina laboratory chow and

water ad libitum. They were sacrificed by a blow on the

head. Laparoﬁomy was performed and the testicular epididymal
fét swiftly excised. Segmen?s of this tissue, weighing
generally from 4O to 70 milligréms, were quickly cut, weighed,
and incubated in Krebs-bicarbonate buffer solutions contain-
ing glucose (l.QC to 1.30 milligram/milliliter), gelatin

(1 milligram/millilitef), and various concentrations of in-
sulin. The incubation proceeded for 6 hours at 37%°%. under
an atmosphere of oxygen (95%) and carbon dioxide (5%) in a-
Dubnoff Metabollc shaker. The gas was introduced on com-
mencing the run, and again midway through'thé run, into the

chamber at a rate of about 2 liters/minute for 10 to 15
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minutes. Throughout the incubation period. the gas mixtufe
was allowed to leak slowly into tﬁe chamber at a minimal flow
rate. The shéker was run at.75'revolutionS/minute.
| The stock insulin solution was made by dissolving re-
crystallized glucagon—free insulin (Eii Lilly) in a con-
centration of 1 milligram/milliliter of distilled water;
1 N HC1 was addéd slowly, dropwise with mixing, until the in-
sulin was complétély dissolved. The final pH was about 3 to
4. The stock solution was kept either in the refrigerator or
in the frozen state for a period which did not exceed 3
months. Appropriate dilutions with Krebs-bicarbonate solu-
tion were made.each day (134-136). |

' In any series of determinations several blanks were in-
cubated: .These contained the solution but no adipose tissue.
Glubose‘détermiﬁétions were made in the manner previously -
described. The difference between the glucose 1in thé blanks
and in the’sdlution containing the adippse tissue constituted
the glucose uptake. This was eXxpressed in milligrams of>
glucose per gram of tissue per hour.

The rats were divided into groups. Tissues from 5 rats
were incubated in the following insulin concentrations: 0.1,
0.25, 0.5, 0.75, and 1.0 unit/milliliter. The glucose uptake
was determined in fhe'manner'described above for 2 pieces of
tissue from each rat, at éach of the 5 insﬁlin levels.

Fat tissues from another group of rats were cut into



26

various sizes with a weight range from less fhan .10 to 100
milligrams. These tissues were incubated in Kfebs- |
bicarbonate medium containing an insulin level of 0.5 milli-
unit/ﬁilliliter. The glucose uptake Qf.every tissue segmeht
from each rat was determined after incubation as previously
deseribed. | |

| Tissues from a third group of 7 rats were incubeted in -
Krebs-bicarbonate medium containing 0425>milliunit/milliliter
of insulin. Teﬁ pieces of tissue were taken from each ratj
and 5 were'iﬁcubated in the above solution, while the other
5 were incubated in the same medium except that 0.03125
milligram/milliliter of hexamethonium, present as the bfo-
mide, had been added. Glucose uptake after incubation was
determined as previouely descfibed. |

The remaining.rate were paired on the basis of weight

prior to treatment. An attempt was made to keep the tissue
.size within a 10 milligram.range in eaeh pair of rats,.While B
| minimizing extra handling of the tissue. Five to 7 pieces of
tissue were taken from each rat and incubated in Krebs- "
bicarbonate solution with an insulin concentration of 0.25
milliunit/milliliter. Tissues from pairs of rats were in-
cubated at the same time, and the solution used for incuba-
tion of tissues from,eech_pair of rats was exactly the same.
Glucose»ﬁptake en each piece of tissue was determined as .

before.
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Eight hours before sacrifice food was removed from 1
member of each pair of rats. The fasted rats were allowed
free access to water. The non-fasted animals were allowed
free access to both food and water. Twelve rats were in this
group.‘ |

In another group.of 12 baired rats half were injected
intraperitoneally 4 hours prior to sacrifice with.lo milli-
grams/kilogram of choline chléridelin a saline solutioh. The
volume of injecfion was less thaﬁ 2.0 milliliters of solu-
tion. The control animal of each pair of rats was injected
in a similar manner with a like volume of saline.

In the next group of l84paired animals tetraethyl ammon-
ium, present as the chloride; at a dosage of 5 milligrams/
kilogram was injected intraperitoneally 30 minutes before
sacrifice into half of the rats. The other member of each
pair:received an appropriaté volqme 6f saliné.

In another group of 18 paired réts half received 20
milligrams/kilogram of hexamethonium, present as the bromide,
by thelintraperitoneal route 1 hour ﬁrior to sacrifice. The
other kalf of each pair received an injection of saline of
the approﬁriate volume.

In another group of 18 paired animals similar treatment
was given. Tissues from this group were incubated in Krebs-

bicarbonate medium containing no insulin.
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Results and Discussion

Variation gg.individual rats

The data for'the'analySis of variance shown in table 2
were obtained by measuring the glucose uptake (milligram of
glucoseAper graonf_tissue) from 24 rats.injected with saline
1 hour prior to sacrifice. Six pieces of epldidymal fat
tiééue from eachlof these rats were incubated in Krebs-
bicarbonate medium containing 0.2 millidnit/milliliter of
insulin. The variation from rat.tO'rat was significantly
greatér than the variation from tissue to tissue within each
rat. -Beigelman (128, 133) stated that individual rats appear
to present inherent variatioh in fathad glucose uptake -in
response to insulin. The above findings provide statistical'
confirmation for his ‘generalization. | |

| In figure 3 is shown the relation between the body
'Weight of rats and glucose uptake by their adipose tissue "in’
response to an insulin level of 0.2 hilliunit/%ﬁlligram.
These results from 46 rats weighing from 149 to 195 grams in-
dicate that there is a linear decrease in ﬁhe glucdse uptake
of épididymal fat as the body weight increaseé (Y = 6.35
(;0.0295) X; r = 0.825). Extension of the regression line
indicates fhat at a body weight of about 215 grams no sensi-
tivity to insulin should be observed. These findings are in

agreement with reports which indicate that tissue from
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animals in the weight range 100 to 200 grams had considerably
higher glucosé uptake than tissue from heavier animals and
that adipose tissue sensitivity to the lower levels of insu-
lin disappears in some rats weighing more than 220 grams
(128).
. The results of wide variétion of tissue size from indi- .
vidual rats on glucose uptake response at an insulin ievel of
0.5 milliunit of insulin are shown in figures 4 through 7.
These fiﬁdings support the previous observation on groups of
rats that thefe is no significant difference in gldcose‘up-
take of tissue weighing less than ldO milligrams (128).
“ Figure 8 and 9 show the variation in.glucose uptake of
tissue with a smaller‘variation in weight. Some of these
tissues were cut into at least 7 smaller pieces, and even
this heroic treatment‘did not séem to alter the total gluéose
uptake of adipose ftissue. “
Figures 10 through 15 show the effect of variations in
concentration of ihsulin within the physiological ranges on
rat adipose tissue glucose uptake. Within each rat a trend
to increased uptake with increasing insulin levels was ob-
served. These findings are consistent with the findings of
others who, using labeled carbon dioxide, reported linearity
at insulin concentrations in the physiological range (131).
However, other authors using a ﬁider range of insulin con-

centraﬁion have noted a relative decrease in insulin uptake



30

with higher levels of insuiin concentration in the Krebs-
bicarbonate medium (128, 136, 137).

The above findings serve as a basis-for pai:ing rats
by weight in subsequent investigations in which other factors
affecting glucose uptake of rat adipose tissue were studied.
Differences iﬁ'weight~seem to be a méin factor to which vari-
~ation between rats-ﬁay be related. However, péiring will
also eliminate varigtions in the glucose uptake due to en-
vironmental differences and slight variations in the composi-’
tion of Krebs-bicarbonate medium. For example, it has been
shown that thérenis no statistical difference between incu-
bation of tissues.from different groups of rats in a solution
containing less than 80, 80 to 104, and 104 to 140 milligrams
per cent glucose and 0.1 milliunit/milliliter of insulin.
However, such variation in glucose concentration might cbn-
tribute to the variation between rats. lLikewise, slight
differences in ionic composition, while not significantly
affecting glucoss uptake between groups of rats, might con-
tribute to vériation between individual rats (138, 139). !

These differences would be eliminated by palring.

Nutritional effects

Lipogenesis is influenced by the diet. It is diminished
during fasting and becomes very active when starved animals

are refed with a high carbohydrate diet. This increased
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lipogenesis upon refeeding has been aséociated with increased
activity in the 1iver of the i’n’ﬁaet animal '(140, 141).
| A similar relationship between the nutritionnl state and

lipogenesis has been found by using isolated fat tissue
(137, 142). The amount of decrease in fasfing rats 24 hours
prior to measuring the fat tissue uptake in the presence of
insulin is small and in some éaseé, not Statistically signif-
icant. |

The effect of an 8 hour fast on tissue glucose uptake at
an insulin level of 0.25 milliunit/milliliter is .shown in
table 3. Only a small; insignificant decrease was noted.

Choline is a growth factor concerned especially with fthe
transport and deposition of fat. Deficiency_produces marked
accumulation of fat in the liver. Administration of choline
reduces the accumnlation of fat in the liver while increasing
the storage of fat in the peripheral tissue.  Its site of
éction is presumed tn be in the liver and its mechanism of
action rélated'to the conversion of fat in the liver to phos-
pholipids. The formation of phospholipids after injection of
radiocactive phosphate 1s increased in the livers of rats by
a single dose of‘éholine (143, 144).

In the present studies no statistically significant
change in the glucose uptake of rat adipose tissue at an in-
suiinlconcentration of 0.25 milliunit/milliliter was observed

4 hours after the rats were treated with 10 miiligrams/
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kilogram of choline chloride. See table 2.

Since the rate of metabolism in rats is high, an 8 hour
fast in these animals may be equal in many respects to a much
longer fasting period in other Species,_fof example, man or
dog. Therefore, it is felt that the above data indicate the
effect on the maintenancé of the blood sugar level of both
fasfing and choline has as 1its site of actlon some organ

~other than the‘peripheral adipose tissue.

Effect of ganglionic blocking agents

The previous work dealing with the in vitro effects of
epinephrine is cohtroversialfv The addifion of epinephrine to
the incubation medium has been_reporﬁed by several authors to
increase the activity of adiposeAtissﬁe (131, 145). Epine-
phrine prodgces this effect both alone and in the‘presence of
insuiin. Thé effect of epinephrine and insulin together was,
| however, less than the total increase when used separately.
On the other hand, Hagen and Ball (146) have shown that
epinephrine (10 micrograms/milliliter) reduces thé net carbon
dioxide and lactic acid production. When epinephrine was ine'
jected into the rat prior to use, no effect was noted. This
was presumably because of the rapid rate of destruction of
epinephrine (145). |

If epinephrine does eﬁhance the uptake of glucose by

adipose tissue; it would certainly be unexpected in view of
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the géneral inhibitory effeét of epinephrine upon peripheral
glucose utilization in fhe intact animal (147). Furfherﬁofe,
it has been well established that epinephrine has én in- |
hibitory effect on thé'glucose uptake of the isolated rat
diaphragm (148).

In the presenﬁ studiés ganglionic blocking agents Wwere
used to investigate the effects of‘epinephrine on adipose
tissue glucése utilization. Hexamethonium and tetraethyl
émmonium block the traﬁsmissioh of impulses across the auto--
nomic ganglion without dépolarizing the cell bodies. They do
not prevent the release of acetylcholine froﬁ the preganglion-
ic nerves, bﬁt‘they prevent the stimulating effects of
acetylcholine or other ganglionic stimulating compounds (149,
150). The adrenal medulla is inneryated-by preganglionic
sympathetic fibers, and its secretory cells are in many ways
analogous tO postganglionic neurons (151). Ganglionic block-
ing drugs inhibit the release of epinephrine and norepine-
phrine from both the adrenal medulla and the adrenergic
sympathetic postganglionic neurons (152). Both‘of the gan-
glionic agents, hekamethonium and tetraethyl ammonium, have
a rapid action. Because of the rapid destruction of epine-
phrine its blood lévéiiis soon greatly lowered after hexa--
~methonium and tetraethyl ammonium are adminiétered (153).

The results obtained in the present study are shown in

table 2. Administration of hexamethonium and tetraethyl
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ammonium prior to sacrifice increasgd significantly the up-
také of the glucose by the rat adipose tiésue in the pres-
ence of insulin (0;25-milliuﬁit/milliliter).' The uptake éf
glucose by this tissue was not significantly increased when
hexamethonium was administered in the same manner, bﬁt no in-
sulin was In the incubating medium. Furthermore, addition of
hexamethonium to the medium did'not significantly-increase
'the,uptake of glucose in the presence of insulin.

This data indicgtes that hexameﬁhonium, presumably by
reducing the epinephrine levéls, increases the glucose up-
take by adipose tissue in the presence of inéulin. This
finding supports the theory that epinephriné has an antagon-

istic action on the peripheral effect of insulin (63, 147).
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EVALUATION OF A SIMPLE MODEL

A simple model of blood glucose homeostasis invoiving
& palr of differential equations was presented by Bolie

(102). 1In their normalized form these equations are as

follows:
- dx . ) .
o p-~ax + By ) (1)
d _ . .
Gt Ta-yE- 8y (2)

The deviations in insulin'and glucose concentrations
from theilr normal values are represented respectively by x
(unit/liter) and y (gram/liter). The normalized rate of in-
sulin and rate of glucose infusion are denoted by p (unit/
hour/liter) and by q (gram/hour/liter). The'regﬁlatory
coefficients represented by alpha, beta, gemma, and delta are
respectively the normalized decay consteﬁt for insulin
(hour™1), the normalized sensitivity of pancreatic insulin
output rate to the blood level of glucose (unit/hour/gram),
the combined and normalized sensitivity of liver glycogen
storage rate and tissue glucose utilization rate to elevated
insulin concentration (gram/hour/unit), and the combined and
normalized sensitivity of liver glycogen storate rate and
tissue glucose utilization rate to elevated glucose concen-
tration (hour-l). In the paper cited, these coefficients

(e, B,y , 8 ) were estimated from the works of other
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authors, by several methods. Using the steedy state condi-
'tions‘found in normal animals, the following estimates were
made: a = 0.916, B = 0.198, y = 3.23, and 8 = 3.04. By
considering experiments dealing with specific organ fespon-
ses, the following estimates of the coefficients were ob-
tained: @ = 0.625, B'-‘- 0.125, y = 5.00, and ) = 2.52. By
.ﬁse.ef transient characteristiee of the intact ahimal the
following estimates wefe reported: a ='o.8oo; B = 0.300, .
y = 4.80, ana § = 3.20. | : | -
It Was felt that an estimate of alpha obtained under the
experimental conditions of this inveétigation would be more
‘applicable than estimates for the destruction rate of insulin
in other preparations. Haugaard et al. (154), in dogs
anesthetized with pentobarbital (which.is‘the Same prepara-
tion used in the present investigetion), estimated the bio-
1ogi¢él half-l1ife of insulin as 50 to 55 minutes. By assum-
ing a firsteerder chemical reaction for the disappearance of
hormones from the blood and by using the data from Haugaard
,§§_§£¥, alpha was calculated to be in the range of 0.75 to

0.83 hour-l These values were close to the estimates of

0.8 obtained by Bolie.
By using this_estimete of alpha, subsequent investiga-

tions were undertaken to evaluate the other coefficients

presented by Bolie.
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. Materials and Methods
‘ A’total of 56 mongrel dogs of eithef sex, weighing from
5 td 24,kildgrams was used. Before experimeptgl use the dogs
were housed 1 or 2 to a cage and given General Mills

SureChamp Meal ticket dog food and water ad libitum. Food

was removed 24 hours before the animals were to be used. All
insulin used in these,experiments was éiucagon—free insulin
supplied by the El1i Lilly Company. Sterile glucose solutions
supplied bylthe Fort Dodge.Labdratories were used. All the
animals were anesthetized with sodium pentobarbital, and the
femofél vein and_artery_were cannulated.

In 3 animals a constant infusion of saline at the rate
of 22 milliliters/minute was begun after they had been.
anésthetized for 35 to 50 minutes.  31ood samples of 1_
milliliter were obtained from the femoral artery before the
} start of infusion and every 15 minutes théfeafter for 2 hours.
The glucose concentration in these samples was determined by
the method previously described. |

Four other groups of animals, containing 10, 11, 10, and
9 dogs, were treated in a similar manner éxcept that they
were Iinfused with a saline solution containing glucose or in-
sulin in Sucﬁ concentration that they received O.25.gram/'
hour/kilogram or 0.5 gram/hour/kilogram'of glucose or 0.025
unit/hour/kilogram or 0.05 unit/hour/kiiogram of insulin

respectively. In some instances the infusion and sampling
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continued for periods in excess of 2 hdurs,

A gpoup of 3 dogs Was injected with 0.1 gram/kilogram of
glucose over a 10 minute period, and ?lood sampleé taken be-
fore the start of the injection and at 10, 30,'and everyAlO‘
minutes thereafter.',The'blood'glucosé levels were determined
as previously described. Another group of 3 animals was
treated in a similar'manner except the dosage of glucose was
0.25 gram/kilogram. |

| Three dogs were prepared as described_previously; then
i milligram/kilogram of atropine was administered intra-
venocusly. Carotid blood pressure and a éontinuous electro-
-cardiogram were recorded by use of a Physiograph (E & M
Instrument Company). Thirty minutes after the injection of
atropine 0.1 unit/kilogram of insulin was injected intfa-
venously. Blood samples were taken periodically and glucése
levels determined as before. Another group of 3 animals was
treated as above, except at 45 minutes after‘the injection of
insulin an infusion of epinephrine was started. The infusion
‘rate was controlled so ‘that a 10 millimeters of mercury in-
crease in blood pressure was maintained. The réte of epine-

8

phrine infusion varied from 10™° to 107 gram/kilogram/
minute within each dog. .

Four dogs were infﬁsed with a combination of both glu-
cose and insulin. Two received glucose at a rate of 0.25

gram/hour/kilogram and insulin at a rate of 0.11 unit/hour/
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kilogrami The othen 2 dogs were infused with a combination
of glucose and insulin at rates of 0.25 gram and 0.04 unit
per hour per kilogram. Blood samples wefe collected, and -
glucose determinations were performed‘in the manner previous-

ly described.
Results and Discussion

Estimates of coefficients

Table 5 and figures 15 through 18 show the changes in
blood glucose observed during the infusion of insulin or |
~glucose. The mean maximum increase in the animals infused
with 0{25 gram/hour/kilogram was 17 milligrams per cent glu-
cose, which occurred at 30 minutes-after the start of in-
fusion. A steady stafte 2emilligrams per cent higher than the
initial blood sugar level was established after 60 minutes.

At a higher dose level of 0.5 gram/hour/kllogram.a maximum
rise in blood glucose of 30 mllllgrams per cent was observed
at 45 minutes after the start of the infusion. A steady
state blood sugar level wes establishedrat 105 minutes fol-
lowing the start of the infusion. Thié level was 12 milli-
grams per cent higher than the initial level. During the in-
fusion of insulin at rates of 0.025 and 0.05 unit/hour/
kilogram, a steady state was obtained at about 135 minutes
after the start of the infusion. These.levels were about 10

milligrams per cent and 30 milligrams per cent of glucose
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below the initial levels.
When the glucose levels have reached.a steady State,
equafidns l'and”2 maj be represented by the following equa—'
. tiomns, | ' |
p= ax - By - - (3)
a=yx 3y, | o . (4)
since the rate of change'of glucose 1is zero and the rate of
‘change in insulin may be assumed to be zero (155),
If only glucose is infused, and equation. (3) is multi-

plied by ¥y and equation.(u) by a,

0

Cyax - yBy - (5

ag ayx + aly (6)

which éolved simultaneously for y give
aq =y (a8 + By ). | (7)

‘In a similar manner, during an infusion of insulin

equations (3) and (4) may be represented by

yp=-y(ed +By). . | (8)

‘Since y.in equation (7) represents the change from normal
during glucose infusion and the y in equation (8) represents
a similar change.dﬁring insulin infusion, they will be de-~
notéd by yy and y;. By combining equations (75 énd (8) it is

found that
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y ga .
’g = )
Vi Dy . (9)
or
. Qa . .
y = =21 (10)
Y, .

By substituting the following values into equation (10):

@ = 0.80 nhour-i

Q 1.00 gram/hour/liter yi = 0.12 gram/liter

0.10 unit/hour/liter Vg = 0.02 gram/liter

b

it is found that y = 4.8 grams/hour/unit. ' The values shown
above were obtained by conversion of infusion rates and cor—\
responding results into the units listed. Additional esti-
mates of gamma‘were obtained in a similar manner usihg the
other infusion rates; and results were 5.16,.2.12,-and‘1.75
grams/hour/unit. The vaiues of 5.16 and 4.8 for gamma are
lclosest to the estimate of 4.8 given by Bolie. The lower
estimates involve resulté obtained by infusing 0.5 gram/hour/
kilogram of insulin.

By balancing the effects of an infusion of insulin and
glucose on glucose deviation, equation (10), when given
proper values for gamma and alpha, predicts that a:certain
rate of glucose infusion.requires a certain rate of insulin
infusion to maintain minimal deviation in blood glucose
levels:

yp = ag. A (ll)
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By usiﬁg a= 0.8 hour™l and y= 5.0 grams/hour/unit,
it was Qeterﬁined that a combination of 0.25 gram/hour/

, kildgram'pf glucose and O:OM-Qnit/hour/kilogram should main-
~ tain the blood sugar at a relatively constant level. The re-
sults of infusion of insulin and glucose‘ét these rates are
shown in figure 19. The'blood.sugar of these animals re-
mained relativel& constant, although in one dog an initial
drop of 10 milligrams per cent'glucose was noted.

"By using a = 0.8 hour~l and y = 2.0 grams/hour/unit,
it was detefmined that a combination of 0.25 gram/hour/
kilogram and 0;11 unit/hour/kilogram should maintain the
blood sugar at a relatively constant level (equation 11).

The results of infusing a combination of glucose and insulin
at these rates is shéwn in figure 20. The blood sugar level
of these animals did not remain constant and showed a lower-
ing trend.'

Best (156) reported that blood sugar has been kept at
a normal level in dogs by infusing both insuiin and glucose.*
When the insulin infusion rate was between 0.06 and 0.4 unit/
hour/kilogram, the corresponding glucose requirement was be-
tween 0.2 and 6.0 grams/hour/kilogram. The lower values were
‘obtained in anesthetized dogs. Glucagon-free insulin was not
used in the experiments reported by Besﬁ;

It is felt that the results of the present study, along

with those reported by Best, indicate that 5.0 grams/hour/
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unit is a reasonable estimate for the value of gamma.

Metz (59), using fasted dogs anesthetized with pentb—
barbital, has shown that thé”bancreatic output of insuiin
.approaches zero as the blood sugar is lowered. Metz used the
-rat diaphragm méthod to estimate insulin concentration of the
blood in the pancreatic venous blood. This method is re-
ported To give somewhat higher resu;ts than newer techniques
(121). Furthermore, the liver reduces the effective insulin
concentration in the blood, and the pancreatic venous blood
passes through the liver (157). |

On the basis of the above it is reasonable to assume
that aﬁ lowered blood glucose levels the insulin output of
ﬁhe péncreas is insignificant in comparison with a reasonably
high insulin.infusion rate. Thus, equations (3) and (4) may

be modified as.follows:

p = ax - 0 . (12)

Yy X + Sy.» | . (13)

This pair of equations then give fthe solutilon,

0 = X2 - Sy. o | (14)
If it is assumed that the glucose and insulin sbaces are

equal and constant, the insulin infusion rate in unit/hour/

kilogram may be converted to unit/hour/liter by'dividing by

0.25 (102). PFrom the previous discussion and the results of
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infusing 0.05 unit/hour/kilogram of insulin, the following
substitutions into equation (14).may be made:

0.8 hour'l

5.0 grams/hour/unit

0.2 unit/hour/liter

< S W A
n

0.14 gram/liter

to give 8 = 4.4 hourl.

This estimate is slightly ﬁigher than the values of
3.04, 2.52, and 3.20 hour™t reported by Bolie (102). This
increase in the estimate of delta 1s not accounted for by
assuming that at this dosage of ihsulin the pancreas is re-
1easing insulin ihto the blood, since this assumpfion would
tend to increase the value of delta. |

Equation (8) represents'fhe Steady state conditions dur-
ing an.infusion of insulin.] Substitution of the previous
estimates for the coefficients (a,y , 8 ) and use of the
'change in the steady state level of blood glucose during the
~infusion of 0.05 unit/hour/kilogram gave an estimate for the

value of betas

= 0.8 hour !

R
!

= 5.0 grams/hour/unit

4.4 hour'l

3 o
1]

O.2_unit/hour/1iter



45

y = 0.28 graﬁ/liter
therefore, from equation (8), B = 0.202 unit/hour/gram.
In a similar manner substitution of the insulin infusion
rate of 0.025 unit/hour/kilogram, gave an estimate of 0.260
.unit/hour/gram for the value of beta. These estimates for
beta compare favorably with the estimates of beta by Bolie.
- These estimates were 0.198,_0.125,,and 0.300 unit/hour/gram.
However, when the-values obtained with the two glucose
‘Infusion rates were used in a similar manner, the values for
. the estimate of beta were 0.65 and 1.13 unit/hour/gram.
Bolie (102) observed that experimental data show that
normal homeostatic regulation'of7blood}glucose exhibits
physiological coefficients which approximate fhe critical.

damping of servomechanism theory. Under these criteria,
(8-a)° =14 | (15)

and the maximum deviation from the normal blood glucose level

after an injection of insulin is

Ditpy
Ve

(16)

Vm =
where tm is the time after inJection of insulin at which_the
maximum depression in blood sugar occurs, which may be shown
to be

- 2 |
T Tsral. (0
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The factor D; in eduétion (16) is the dose of insulin in
unit/kilégfam, V is the dilution space (0.250 liter/kilo-
gram),'and e = 2.718. Furthermore, under the criterialof
critical damping the time (t,) when the blood glucose returns

to normal after an injection of glucose is

_ 2 ‘
o = UTs5-a7, ’ “ ‘ (18)
according to Bolie. ' |
The effect on blood glucose of injecting a dose of 0.1
unit/kilogram into 3 dogs fasted 24 hours and anesthetized
with pentobarbital sodium are shown in figure 21. From.fig-

ure 21 the following sets of values may be obtalined:

Y¥m = 0.36 gram/liter, t, = 0.5 hour; yp = 0.32 gram/liter,

£ 0.625 hour; and yp = 0.29 gram/liter, ty, = 0.75 hour.

m

By substituting these values into equation (16) an
estimate of gamma was obtained. By uéing 0.8 hour-l-as an
estimate of alpha and the values of t, shown above, an es-
timate of delta was obtained for each animal by use of equa-
tion (17). Likewise, the substitution of the values of
gamma and delta from each animél into equation (15) and using

0.8 hour~1 as a value of alpha, an estimate of beta was ob-

tained. The 3 sets of estimates, one from each dog, weres:
B 0.294 unit/hour/gram, Yy = 4.89 grams/hour/unit,
3 = 3.2 hour_l; B = 0.184 unit/hour/gram, y = 3.48 grams/

hour/unit, & = 2.4 hourfl; and B = 0.107 unit/hour/gram,
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y = 2.63 grams/hour/unit, 8 = 1.86 nour™l. The mean esti-
mates for the 3 coefficients on these dogs are: B = 0.195
unit/hour/gram, y = 3.67 grams/hour/unit, & = 2.48 hour™ T,
Figure 22 shows the effect bf injecting 0.1 gram/kilo-
gram glucose on the blood sugar level of 3 dogs which had
been fasted for 24 hours and were under pentobarbital anes-
thesia. The blood sugaf returns to normal in 50 minutes af-
ter the injéction of glucose. The'application of this value

1 as a value for alpha in equation (18) gives

and 0.8 hour”
another estimate for delta, & = 3.2 hour~i.

Figure 23 shows the effect on blood glucose of injecting
0.25 gram/kilogram of glucose into 3 dogs which were fasted
for 24 hours and under pentobarbitai anesthesla. The blood
Sugarvreturned to normal in 75 minutes after the injection of
- the glucose. Application of this value and substitution of

a = 0.8 hour~?

hour‘l.

gives another estimate of delta, & = 1.43

By using the mean time of maximum depression of blood
glucose in dogs from figure 22 in equation (17) and by using
the time.taken for the blood glucose to return to normal
after an injéqtion of 0.1 gram/kilogram glucose in equatioh

(18), two equations,

S + a

S - a

3.3
2.4,
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relating alpha and delta are formed. Solution of these

equations gives 8 = 2.85 hour >+

and @ = 0.45 hour~<.
When a higher dose of glucose is injected, the time of

the return to normal is 75 minutes, and

S - a
3 + a

PO

1.3
3.3

gives the following estimates & = 4.6Olhour'l aﬁd a = 1.00
hour~+.

The mean of the last 2 estimates gives @ = 0.73 hour t
and & = 3.73 hour_l. By using the previous estimates of the
coefficlents (a, y , and 8 ) an estimate of B = 0.196 unit/.
hour/gram may be obtained by application of equation (153.

The rangé of the values for the estimates of the
coefficients made by Bolie (102)‘include the mean of most of
theﬂvafious estimates of the values of these coefficients ob-
tained in this study. These estimates are shown in table 5
and confirm the reliability of the coefficients and, thus,

' the‘model itself, when applied to dogs anesthetized with‘

sodium pentobarbital and fasted 24 hours prior to experimen-,

tal use.

Limitations gg_the model

In most of the generalized concepts of carbohydrate

homeostatic regulation it has been postulated that epine-

phrine plays an important role. This theory stems from the
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early findings of Cannon et al. (62). They presented evi-
dence indiéating that when the blood sugar drops to low
levels (40 milligrams per cent) epinephrine is released from
the adrenal medulla. Furthermore, Rogoff and Nixon (158)
showed that at very high levels of glucose in the blood the
output of epinephrine from the adrenal glands is decreased.

The quel'previously discussed makes no provision for
any interrelationship between the blood glucose concentration
and the ;ﬁtput of epinephrine. According to the work of De
Bodo and Altszuler (63), this is correct within the ranges. of
blood glucose concenfration observed in the experimental
animals of the'presént investigation. De Bodo and Altszuler
reported that'within the physiological ranges 140 to 50 mil-
ligrams per cent in dogs, decreases in the blood glucose éon-
centration have no effect on epinephrine blood ievels.
Duner_(l59) has shown that there i1s no change in the epine--
phrine and norepinephrinemplasma levels in cats when the
blood glucose level rises to 145 milligrams per cent.

In thé present studies no increase in the blood pressure
of 3 dogs anesthetized with pentobafbital sodium and atro-
'pinized was observed after an injection of 0.1 unit/kilogram
of insulin.b The blood‘sugér in these animals was lowered to
between 60 and 50 milligrams per cent as shown in figure 21.
This preparation is most sénsitive to epinephrine and is used

for the bioassay of epinephrine and epinephrine-like
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compounds (160). In the unatropinized dog, which is less
sensitive, an injection of 10‘6 gram/kilogram of epinephrine
‘causes a 10 millimeters of mercury rise in blood pressure
(161). The response of the‘blood glucose shown in figure 21
differs from the response seen in the uhanesthetized animal
(162). The return to normal in the pentobarbital anesthe-
tized animals is considerably slower, and the maximum de¥>
pression occurs later than in the unanesthetized dog.
However, when dogs were treated in a similar manner ex-
cépt that an infusion of epinephrine sufficient to maintaih
a 10 millimetefs of mercury increase in blood pressure was
Begun at 45 minutes after the injection of inéulin; the blood
sugar levels promptly returned to normal. These results are
sﬁown in figure 24. The amount of epinephrine infusion into

8

each dog varied from 10™° to 1077 gram/minute/kilogram.
Many anesthetics are reported to have severe effects’

on blood glucose concentration. These effects are mediated
by stimulation of the release of epinephrine. In the course
of the present study 3 dogs weré aneéthetized with pentobar-
bital sodium and infused’with isotonic saline at a rate of 22
milliliters/hour for periods of up to 3 hours. Little change
.in the blood glucose levels was obSefved. The maximum varia-
tion was 7 milligrams per cent from the stafting level, and

the mean deviation was 2.8 milligrams per cent. This is in

keeping with the well-established fact that the blood glucose



51

levels 1in animals anesthetized with pentobarbital is main-
tained at a constant level (163, 164, 165). In addition to
fhis; pentobarbital inhibits changes in blood glucose caused
by other agents (166).

Rogoff and Nixon (158) suggested that pentobarbital may
inhibit the release of epinephrine. It 1s well established
that pentobarbital anesthesia does not abolisp the release
of epinephrine completely, but the rate of release 1s reduced
(167, 168).

In view of the preceding discussion, it is felt that
‘caution should be used in applying this model and the co-
efficients derived from the fasted, pentobarbital anesthetized
dog to other preparations. More specifically, unanesthetized
dogs, dogs anesthetized with other drugs, and, of eourse,
other species may have different response characteristics.
Furthermore, this single-compartment model does not include
the effects of the renal threshold of glucose; or severe de-
pressions of blood sugar which might increase the epinephrine

‘release.
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- MULTI-COMPARTMENT MODEL

The prévious model, while adequate in some respects,
does not deal specifically with the individual organs and
tissues which affect the normalfhomeostatio blood glucose
regulation. By imposing certain restrictibns and making some
assumptions, this model may be'expanded to cdvér the homeof
static regulation of glucosé in several of the more important
compartments of the body. The presentation here will be
limited po development of the extended theory as based on
elaboration of the concepts previously discdssed. A thor-
ough confirmation of this extended theory invglves a greatly
expanded array of simultaneoué measurements which are beyond
the scope of this investigation, but suggesf.several new
areas for future research.

In the multi—compartmenﬁ model to be discussed the vari-
ation in blood glucose was limited to the range 50 milligrams
per cent to 145 milligrams per cent. This tended to elimi-
nate any interplay between blood glucose concentration and.
epinephrine release as previously discussed. Furthermore,
the renal excretion of glucose was not avfactor within the
range of blood glucose concentrations. . In addition, an at-
tempthwas made to use data obtained from aogs, although it
was necessary in some instances to use, with adjustment, data

from other species.
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Certain assumﬁtions were necessary. to develop the model.

First, i1t was assumed that there is no pooling of blood in
. any organ; fhat is, the inpup blood flow rate quals the out-
.put blood flow fate.' Secondly, it was assﬁmed that there is
a rapid equilibratién of glucose and insulin befween the
tissues‘and the perfusing blood, so that the concentrations
of glucose and insulin in fhe tissue e#tracellular fiuid and.
in the efferent venous blood are essentially equal. Next, it
was assumed that the rate of gluconeogenesis is relatively
constant during the time intefval under consideration. Also,
‘it was necessary to assume that there is ﬁo absorption of
glucose by the intestine during the time under consideration.
Additionally, 1t was assumed that there are no changes in the
rate of glucagon release or that the release of glucagon:
serves merely to reducg the effective insulin concentration.
The basis of the above limitations and assumptions has been
previously discussed (101).

| Also, it was assumed that the hepatic artery blood sup-
ply contribﬁteslto'the liver only the meiabolic needs of that
organ, that is, that the portion of the insulin in the blood
which is extracted by the liver via?the hepatic artery is
small, and the giucose in this blood supply of the liver
provides all of the glucose used in the catabolic process of
the liver. Some Jjustification of this assumption was found.

Markowitz et al. (169) have shown that ligation of the
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hepatic artery 'in dogs 1is folibwed by death due to liver
necrosis, while ligation of the portal system is not. This
i1s presumably bécaﬁse of a lack of oxygen in the portal bldod
supply; but cértainly if the arterial supply is suffiéient
for the oxygen need, it should also be adequate for the
mefabolic demands of normal functloning liver cells. Jamison
et al. (170) have confirmed this coﬁtehtion through anas-
tomosis of the vena cava and portal system. Death. did not
occur 1in the dogs,although the size of the liver was reduced,
pefhaps because of the lbés of a supply of material to be
stored.

The definition and the units assigned %o the,symbols
used in the development of fhe extended model are shown in
table 6. If the effect of insulin binding by the peripheral
tissue éan either be neglected or can be accounted for in the
assumed volume ofAthe extrécellular fluid dilution space,
then the ratelof increase of total insulin (VbIb) in this
space can be equated to the difference between the input
transport rate (F,I,) and the output‘transport rate (FpI,)-
Hence, the insulin concentratién of the extracellular fluid
of the peripheral tissue, which includes as part of the total
blood flow that flowing through the hepatic artery, is gov-

erned approximately by the equation:

d. - -
3T (VpI,) = FpIly - Fply
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_ which may be written as:

V,.\ 4l - .
(_@> Soo,po= 1, ' (1)
Fb aT .

The glucose concentration in the extracellular fluild of
the peripheral tissue may be represented by the equatioﬁ:
V,\ 4G M ' '
bl “¥b - b v : .
('—> . + G:b - G:a - = . ( 2)

Fb a.l. Fb.

Similarly, the insulin and glucose concentrations in the
blood leaving tThe pancreas may be fepresented by the following

pair of equations:

(vp) I, . R
— — <+ = I + —
F,/ T L (3)
Vy\ 4G, M
P P + = - P
(Fp) aT Gp = CGa '-'ﬁg ()

The concentrations of insulin and glucose in the blood
leaving the splanchnic tissues are approximately represented

by the following equations:

V. dI |
(=8) —=s _ (5)
(Fs) @ tis=ta
(Yé) s o =c .3

F./ aT S a Py, (6)
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The splanchnic“tissues in this model are defined as the
visceral or‘the conventional splanchnic tissues minus the
pancreas.

The concehtrations of insulin and glucoée in the blood

leaving the liver may be assumed to vary in accord with the

equations:
(v_b) ah I = Iy - 2= (7)
e (8)
Fl dT - _ Py _ : :

The blood flow rate in these equations is actuaily the total
flow in the hepatic portal vein, since the hepatic artery
flow is considered in this model to be part of the flow in
the peripheral tissue. These primary first-ordef differen-
tial equations are summarized in table 6.

A schematic diagram of the éimplification of the circu-
latory system as discussed above is shown in figure 25. The
total blood flow rate is equal to the rate of flow of blood
through the'liver plus the flow rate through the other tis-
sues of the body. ﬁnder the previous assumptions the flow.
through the hepatic aftery-ié included in the flow through
the rest of the body. The rate of blood flow through the
liver, actually the blood flow rate in the portal,feih; is

-considered to be compoSed of blood flowing through the
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pancreas and the blood flowing through the rest of the
‘splanchnic area. The blood flow rates may then be related

by the equations:
Fp+ Fg = Fp | (9)
Fp+ Fy = Fy, (10)

‘The ﬁransport rate of insulin (unit/hour) or the trans-
port rate of glucose (gram/hour) is found by multiplying the
| blood flow rate in liter/hour times the concentration in
units or'grams per liter. Continuity of tranSport'rates

through the junctions shown in figure 25 thus requires that:

FI, + Fglg = FiI o (11)
FPGE T FGg T FiGy . (12)
F I, + FG, = F.G, | | (13)
F1Tp * Pplpy = Fgla, | (14)

Within the physiological ranges of glucose concentration
the rate of ins@lin production by the pancreas in response to
an increaée in circuiating glucose concentration may be
approximated as a linear relationship (59). Thus, the output

o of insulin by the pancreas may be represented by:

R = KGp, | | (15)



where K., is a coefficient of proportionality.

The primary source of insulin metabblism is the liver,
which accounts for betfer than 95 per cent of the insulin
“destruction in the body (157): The assumption that the in-
sulin is uniformly distributed throughout the extracellular
fluid of the liver, and assuming the‘destruction of insulin

is a first-order chemical reaction, gives the equation:
D = KhIl’ (16)

where K;, 1s the coefficient which relates the destruction of
insulin to the amount of insulin leaving %he liver.
The liver also serves to store glucose. The following

eqqation:
H=H + K (61 - Gy) + K (I - Ip) - (17)

indicates that the rate of glucose storage is approximated by
the sum of a basal storage rate (HO), plus a term.propor-
tional to the elevation of hepatic venous glucose concentra-
. tion above selected level (aby;5plus another term propor-
tional to the elevation of hepatic venous insulin concentra-
tion above a selected level (Ij).

Within the restricted ranges of physiological varia-
tioné,_the’rates (Mp, Mg, and Mp) of'metabolism or entrance
into the cells of glucose in the three compartments con-

sidered may be approximated by the following equations:
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M, = Mg + K (G - Gq) + KJ(Iy - Iq) (18)
Mg = M+ K (Gg - Gp) + Kg(Ig - I,) (19)
M, = M3 + Kp(Gp - G3) t K%(ip - I3) (20)

where MB, Mg, and Mg represent rates of metabolism which are
modified by the disappearance of glucose inté the cells under
the influence of increased giucose concéntration outside of
The cell and also a change in the insulin concentration. The
secondary equatiohs (9-20) are shown in table 8.

- The -dilution spaces can be estimated by multiplying the
organ weight by a dilution space for glucose and insulin and
assuming these dilution'spaces remain relatively constant and .
are equal. A value of 0.25 liter/kilogram appears to be
approximately correct for this value (102). The following
values from the ratio of organ weight (gram) to body weight
(100 gram) have been reported: liver 2.94, stomach and
intestine 4.83, and pancreas 0.14 (171, pp. 162-163).

Assuming a body weight of 20 kilograms for the dog, the

following values for the dilution spaces were calculated:

Vy, = 4.504 liters, Vi = 0.148 liter, Vg = 0.240 liter,

v 0.018 liter.

D
The total blood flow rate or the cardiac output for a 20
kilogram dog is about 2.5 liters/minute (172, pp. 77-80).

About 0.35 liter/minute flows through the hepatic portal vein
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(173). The blood flows through the pancreas at a fate of 7
milliliters/minute or 0.007 liter/minute (in dogs weighing
20 kilograms) (59). Thus, the following values were calcu-
Tated: Fp = 0.42 liter/hour, Fg = 20.58 liters/hour, Fp =
21.0 liters/hour, F, = 129.0 liters/hour, and Fy = 150
litefs/hour. o

From the work of Métz (59) the rate (R) of insulin
production by the pancreas may be estimated to range from
0.24 unit/hour to 1.20 units/hour in the 20 kilogram dog
within the blood glucose ranges of this modél. Also from
his data, assuming that the féported value of 0.16 milli-
unit/milliliter is correct for the normal restihg steady
state insulin blood concentration, K, was estimated to have
an approximate value of 0.3 (unit/hour)/(grém/litér).

Weisberg et al. (157) have calculated that the liver is
capable of inactivating about 0.04 td 0.02 unit of insulin
per kilogram‘of body weight per hour. The application of
this data to the present model, assuming a 20 kilogram dog,
gives an estimate of from 0.4 to 0.8 unit/hourAfor the maxi-
mum rate (D) of destruction of insulin by the liver. In
accord wifh the previous discussion Ky was calculated to have
an approximate value of 1.5 (unit/hour)/(unit/liter).

The estimation of values for the parameters in equation
(17) must be based on refinements of present experimental |

technique. As previously discussed, there is considerable
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controversy as to whether or not insulin has a direct effect
on the hepatic glucose output. Assuming insulin does not
affect liver function, equation (17) may be simplified to:
H=H4+ Kl(Gl;GO). | '

Several authors have reported that there is hepatic
- glucose production at arterial plasma concentrations greater
than 150 milligrams‘pér cent; hence, the rate of glucose
sﬁorage (H) will be a negative quantity in the range of plood
glucose concentrations for which this model was designed (174,
175, 176).

Mahler EE;ﬁl: (39) have reported thaf the glucose pro- .
duction rate of the liver within normal levels of blood glu-
'cose concentrations is between 0.12 to 0.35 gram of glucose
per kilogram of body weight per hour. Conversion of this
data to'the appropriate units and application of it to the
20 kilogram dog'givés ;2.4 to -%.O grams/hour for an estimate
of the range of the hepatic glucose storage rate. On the
basis of the previous assumption of negligible 1lnsulin efF
'fect,.itAmay be inferred from the data'presented by Landau
et al. (174) that when Gy equals about 0.5 gram/liter, then
HC° is equal to -7.0 grams/houf. Hence, K7 may be estimated .
to have an approximate value of 6.3 (grams/hour)/(gram/
liter). As a precaution, it should be noted that the data of
Landau et al. indicates that the rate of output of carbohy-

"drates by the liver is reduced in dogs ‘fed high protein diets.
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The rate sf metabolism or glucose utilization of the
tissues comprising ﬁhe various compartments under considera-
tion have not been évaluated separately. However, in the
fasted, resting dog it seems reasonable to assume that the
rate of metabolism of each compartment considered in figure
25 1s approximately the same per gram of ﬁissue,

Soskin and Levine (23) indicated that in the depan-
creatized dog the glucose utilization rate is only about 100
milligrams of glucose per kilogram of body weight per hour
when the blood glucose concentration is about 50 milligrams
per cent. In this preparation there is about a 10 per cent
increase in the glucose utilization rate at a blood glucose

-concentration of lSOAmilligfams per cent. According to
Soskin and Levine, in the intact animal the blood glucose
utilization rate rises from about 215 milligrams/kilogram/
hour at a blood glucose level of(50 milligrams per cent to
280 milligrams/kilogram/hour at a blood glucose level of 150
milligrams per cent. _ |

Metz (59) found that_at a blood glucose concentration of
0.80 gram/liter the blood insulin concentration was about
0.16 unit/liter. The value of 0.8 gram/liter was assigned to
:Gi’AGQ’ and G3;‘and the value of 0.16 gnit/liter was assigned
to Iy, I,, and I3_(¢quations 18-20). From the data of Soskin
and Leviné the glucose utiliZation rate at a blood glucose

concentration of 0.8 gram/liter for each compartmemt was
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estimaﬁed, giving: Mf = 4.2863 grams/hour; Mg = 0.2174 gram/
hour; and Mg = 0.0063 gram/hour. Also, the difference be-
tween the glucose utilization rate at a blood glucose con-
centration of 0.8 gram/liter of the intact and depancreatized
dog was divided by the difference between the blood insulin
concentrations (0.16 unit/liter) in the two tybes of prepara-
tions and compartmentalized to give: Ké = 14.8272 (grams/
hour)/(unit/liter); Kg = 0.7156.(gram/hour)/(unit/iiter); and
K£ = 0.0218 (gram/hour)/(unit/liter). Then, using the data
~obtained from depancreatized dogs, the increase in glucose
utilization rate caused by an increase in blood glucose con-
centratién was compartmentalized; and the following estimates
resulted: Ky = 0.09503 (gfazn/hour)/(grazn/liter) ; Kg =
0.00483 (gram/hour)/(gram/liter); and Kp = 0.00014 (gram/
hour)/(gram/i1iter). '

The values for the coefficients (K,, Kg, and Kp) change
'at blood glucose concentrations greater than 200 milligrams
per cent. Also, it should be pointed out that the increase
in metabolic activity inuany compértﬁeht is foilowed by an
increased baéél glucose utilization (MO) of that area. For
‘example, when the animal 1s fed, the stomach and intestine
will increase their basal rate of glucose metabolism or
utilization (MJ). The finding of Dulin and Clark (177) that
exercise of one limb causes an increase in the peripheral

utilization of glucose in that 1limb, but not in the



64 ' -

,contrélateral limb, is in keeping with the above'theory.

The estimated values for the various parameters derived
abo&e.are summarized in table 9. These estimates, although
based on daté from varioué sources, seem to fit together
quite well. For example, by using these estimates, the self-
regulafory nature of glucose.homeostasis-is confirmed by the
observation that at lower blood glucose concentrations the
glucose output froﬁ the liver ekceeds the total glucose
utilizatioh rate, thus tending to return the blood sugar. con-
centrations toward normal. | |

One important result of this multi-compartment modél of .
the glucose regulatory mechanism is that it can serve as a
basis‘for designing new and more refined experiments for
eliciting detailed metabolic responses of specific organs.
For example, this theory shows that the influence of ihsulin
on the rate of glucose uptake by the liver cannot be evalua-
ted properly without controlling or measuring the effeéts
exerted by the other organs on the levels of insulin and glu-
cose inAthe hepatic‘éirculation. Future refinements of this
model might well consider renal excretion of glucose, ab-
sorption of glucose from the digestive tract? and the effects

of epinephrine.
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SUMMARY AND CONCLUSIONS

Various factors affecting the in vitro rate of glucose
uptake of'ratfadipese tissue were investigated. Variation :
' between rats appeared to be a difficulty inherent in the use
of this tissue for studying carbohydrate metabolism. The
body weight‘of the rat Waé.shown to beminversely related to‘
'tne rate of uptake of glucose by the rat adinose tissue.
Neither faeting of the source rat nor choline administration
Seems to have much effecf on the rate of.glucose uptake of
this tissue. The treatment of rats with a ganglionic block-
ing agent prior to use of theltissue'was found to increase
the rate of glucose uptake of the tissue in vitro in the
presence of'inéulin. This increase appears to be related to
the decrease in ﬁhe levels of epinephrine in the blood of
-rats pretreated with either hexamethonium or fetraethyl
ammonium. | |

The four coefficients of a one-compartment normalized
model of blood glucose regulation, consisting of a pair of
first-order‘differential equations, were evaluated in dogé
fasted 2L hours and anesthetized with sodium pentobarbital.
Three sets of values for these coefficients were obfained.
One set was derived from the results of infusion of glucose
or insulin at constant rates over a period of several hours

with one of the coefficients fixed by previous experiments.
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Another set of coefficients was derived from the results.of
injecting glucose or insulin with one of the coefficients
fixed by previous experiments. The third set of coefficients
was detérﬁingd from the results éf injection of insulin or
glucose independently of any prior'studies. Results wefe.
presented which indicate that the release of epinephrine
normally caused by‘hypoglyqemia is inhibited in the fasted;
peﬁtobarbital anesthetized dog. |

A multi-compartment model consisting of 8 first-order
differential equations was formulated td.simulate a more
refined model of the blood glucose homeostatic mechanism.
This model also contained 12 algebraic eqqations which |
suppiement'the primary differential equations. Preliminary
estimates Qf the parameters in the extended model were pre-

sented and discussed.
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TABLES AND FIGURES
Table 1. Reproducibility of glucose determination on glucose

standard (100 mg. per cent), dog blood and Krebs-
bicarbonate medium

Fluid Number . Mean*Standard deviation
of ’
determinations
Glucose -
standard 10 0.6025% 0.0018 0.D.
Dog blood 10 80.66 +£00.47 mg. per cent
Krebs- '
bicarbonate
medium 10 1.053% 0.007 mg./ml.

Table 2. Analysis of variance of glucose uptake by
' epididymal fat tissue between rats

Source of Degrees of Sum of Mean square

variation ~ freedom squares

Rats 23 40.633 1.767%
Tissue 120 36.028 0.300
Total =~ 143  76.661

@pighly significant.
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Table 3. The increase by various treatment on the glucose
uptake (mg./gm./hr.) of rat epididymal fat tissue

Treatment Number Increased glucose Signifi-
of ~uptake (treated cance
animals minus control) p level
Fast (8 hr.) 12 - -0.009%0.135 < 0.05

Choiine injection o
(10 mg. /kg.) 12 -0.08510.136 <0.05

Hexamethonium injection
(20 mg./kg.) 18 0.496+0.176 >0.05

Hexamethonium injection

(20 mg./kg.) A ‘
no insulin in solution 18 0.157# 0.180 <0.05.

Hexamethonium in medium . : ,
(0.0325 mg./ml.) 7 0.093%0.141 <0.05

Tetraethyl ammonium .
injection (5 mg./kg.) 18 0.425+0.145 >0.05




Table 4. Effect of infusion of insuliﬁ or glucose on blood glucose concentration

Treétment

Num- Blood glucose (mg. percent) during infusion (minutes after start)
ber
of o 15 30 L5 60 7 90 105 120 135 150 165 . 180 210
ani- .
mals

Glucose 0,25
gm,/kg./hr.

~ Glucose 0.5
“gm. /kg. /nr,

10 79%9 93113 96k12 93%12 89f12 82113 82%7 83%7 8316 81%12 81%12 81%12 81%13 ~m--

11 776 97L7 10918 11716 114E13 113112 95%6 9L 91l 9Lily 91E5 ceam cmee aee-

Insulin 0,025 10 83%8 82t8 817 79%7 7648  75E7 747 737 72%7 7247 0E8 68%12 70K12 ~mm-

units/kg./hr,

Ingulin 0,05
units/kg,/hr,

9 786 716 6618 6118 57E5  56%4  ShEh 52 50%2 50%2 50%2  ~em- 51EL 51E)

98
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Table 5. Comparison of coefficients obtained from the fasted
pentobarbital anesthetized dog and those obtailned
from a combination of other sources

Coefficients Rangea Mean of eStimates by various methods
a 0.625-0.916 0.800 0.800 0.730
B 0.125-0. 300 0.561 0.610 0.196
Y 3.23 -5.00 5.00 3.67 3.67
3 2.52 -3.20 4. 40 2.48 3.73

@From Bolie (102).
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Table 6. Definition of symbols of multicompartment model
Symbol Definition Units
G. Glucose concentration Gram/liter
“'I Tnsulin concentration ﬁnit/liter
F Blood flow rate Liter/hour
: Vv Dilution spacé Liter
ﬁ Rate of metabolism of glucose Gram/hour
'R Rate of.release of insulin Unit/hour
D Rate of destruction of insulin Unit/hour
H Rate of storage of glucose Gram/hour
T Time Hour

Subscripts:

a

p .

Relates

Relates

 Relates

Relates
and liver)

-

Relates to peripheral tissue (includes

to arterial blood
to pancreas

to liver

tc splanchnic area (less pancreas

hepatic artery)

Relates to portal vein

Rélaﬁes to total flow
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Table 7. Fundamental equations of multicompartment modela

Peripheral tissue (includes hepatic artery distribution)

V..\ daI ' N
b) b oy - = -

—) — I, = I (1
<Fb aT b a ()
| vb) 4Gy, - My, o

—) — + G, = G, - — (2)

. b Ya
(Fb 4T . Py,
Pancreas
VN dI R
(Fa =g 3)

Fy o
e R T ()

pd Fp

Splanchnic tissues (less pancreas and liver)

(V._S_) & + I = 7 | (5)
R/ aT s a : 5
V.\ dG M ‘
s S _ )
(Fs> ar % o Ga F_ (6)
Liver
v ) axI D :
1 1
=) = + 1 = - T (7)
(Fl dT T OF
v.\ 4 - H
1 1 ‘
—) —= 4+ = - — 8
(Fl) at 61 7 Gw - F (8)

8partially from unpublished notes of V. W. Bolie, Iowa
State University, Ames, Iowa. :
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Table 8. Secondary equations of multicompartment model &

Flow in portal. vein

F,+ Fg = Fp a o - (9)
Fplp + FgIg = FIy | (11)
Fpl, + FGg = Fily | - (12)

Total flow |
Fi+ B = Ff : (10)
FqGq + FpGp = FiGy ~ (13)
FiI; + Fply = Fglp : (14)

Islet function

R = KG, | o - (19)
Liver function | |

D = KpI; | . '. (16)

H = H+ K (G - Gy) + K (I, - Ip) (17)
Metabolism | | |

My = M2+ K(Gp - Gp) + Kp(L, - L)  (18)

Mg = Mg+ Kg(Gg - Gp) + Ko (Ig - 12) | (19)

M, = M%-# Kp(Gp - G3) + Kﬁ(Ip - I3) (20)

@Partially from unpublished notes of V. W. Bolie, Iowa
State University, BAmes, Iowa.
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Table 9. Estimated values for various parameters of the
multicompartment model
Parameter Estimated value
Vp 4.50 liter
vy 0.148 liter
Vs 0.240 liter
Vp 0.018 liter
Fy 129.0 liter/hour
F 21.0 liter/hour
Fg 20.6 liter/hour
Fp 0.42 liter/hour
Fi 150.0 liter/hour
Kp 0.3 (unit/hour)/(gram/liter)
Kn 1.5 (unit/hour)/(unit/liter)
H° -7.0 gram/hour
Go 0.50 ram/liter
Ky 6.3 %gram/hour)/(gram/liter)
M 4.29 gram/hour
Gz 0.80 - gram/liter ,
Iz 0.16 unit/liter :
Kp 0.095 ggram/hourg/égram/iiter
K 14.8 gram/hour)/(unit/liter
M2 0.217 gram/hour
Go 0.80 gram/liter
Is 0.16 unit/liter
Kg 0.00483 gram/hour;/ggram/liter
KL 0.751 gram/hour)/(unit/liter)
Mg 0.0063 gram/hour
G3 0.80 gram/liter
- 13 0.16 unit/liter -
K 0.00014 gram/hourg/ggram/liter
Ko 0.0218 gram/hour)/(unit/liter




Figure 1. ‘Effect 'of glucose concentration on optical
density in buffered and non-buffered samples

O Buffered

O Non-buffered



93

OPTICAL DENSITY

i ! I 1
o 50 100 150 200
| GLUCOSE CONCENTRATION
(mg. per cent)




Figure 2. The effect of tempefature on the development of
- color using glucose oxidase method

O Room temperature (22°)
o 37°%
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Figure 3. Relatlon of body welight to glucose uptake by epididymal
adipose tissue from 46 rats



2.5

= - N
e 4] (@)

GLUCOSE UPTAKE (mg./gm./hr.)
o
o

r-

|
150

L
160

1 L.
170 180
BODY WEIGHT (gm.)

|
190

|
200

]
210

L6



Figure 4. Relation of tissue weight to glucose uptake
by adipose tissue samples from rat A

Figure. 5. Relation of tissue weight fTo glucose uptake'
by -adipose tissue samples from rat B
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Figure 6. Relation of tissue weight to glucose uptake
by adipose tissue sample from rat C

Figure 7. Relation of tissue weight to glucose uptake
by adipose tissue sample from rat D
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Figure 8. Relation of tissue weight to glucose uptake
by adipose tissue samples from rat E

o Whole pieces'

| Cut into mény smaller pieces

Figure 9. Relation of tissue weight to glucose uptake
by adipose tissue samples from rat F

° Whole pieces'

0 Cut into many smaller pieces
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Figure 10. Relation of insulin éoncentration to glucose
uptake by adipose tissue samples from rat G

Figure 11. Reiation of insulin concentration to glucose
. uptake by adipose tissue samples from rat H
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Figure 12. Relation of insulin concentration to glucose
uptake by adipose tissue samples from rat I

—_—_

Figure 13. Relation of insulin concentration to glucose
uptake by adipose tissue samples from rat J
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Figure 14.

Relation of insulin concentration to glucose
uptake by adipose tissue samples from rat K
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Figure 15, Changes in mean blood glucose concentrations in 9 dogs
during infusion of 0,05 unit/hour/kilogram of insulin .
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Figure 16. Changes in mean blood glucoée concentrations in 10 dogs
during infusion of 0,025 unit/hour/kilogram of insulin
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Figure 17. Changes in mean blocd glucose concentrations in 11 dogs
during infusion of 0.5 gram/hour/kilogram of glucose
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Figure 18. Changes in mean blood glucose concentrations in 10 dogs
during infusion of 0,25 gram/hour/kilogram of glucose
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Figure 19. Effect of infusion of a combination of in-
sulin (0.04 unit/hour/kilogram) and glucose
(0.25 gram/hour/kilogram) on blood glucose
concentration in dogs A and B

Figure 20. Effect of infusion of a combination of in-
sulin (0.11 unit/hour/kilogram) and glucose

~ (0.25 gram/hour/kilogram) on blood glucose
concentration in dogs C and D -
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Figure 21. Changes in blood glucose concentrations in dogs (E, F, G)
" after injection of 0.1 unit/kilogram of 1nsulin
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Figure 22. Changes 1n blood glucose concentrations in dogs (H, I, J)
after injection of 0,10 gram/kilogram of glucose
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Figure 23. Changes in blood glucose concentrations in dogs (K, L, M)
after injectlon of 0.25 gram/kilogram of glucose
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Figure 24, Changes in blood glucose concentrations in dogs (N, 0, P)
' after injection of 0.1 unit/kilogram of insulin with
epinephrine infusion sufficlent to maintain a 10 mm.
Hg rilse 1n blood pressure started 45 minutes after the
injection of insulin
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Flgure 25, Schematic dlagram of circulation system for multi-
compartment model (symbols -defined in table 6)
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