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Summary. Mice with the recessively inherited, obese-
hyperglycaemic syndrome were studied at different stages
of their development. Homozygous carriers of the syn-
drome already exhibited an excessive accumulation of
fat resulting in overweight at an age of 26 days. A few
days later the concentration of serum immunoreactive
insulin was raised and then continuously increased un-
til about 6 months of age. Subsequently there was a
gradual decline to the levels observed in the lean litter
mates. Serum glucose values above those of the lean con-
trols were first observed at about 1 month of age. There
was a subsequent increase of the blood sugar values until
the mice were 3 months old, when the mean value was
above 300 mg per 100 ml. The level then decreased until
in 7 months old obese mice it did not differ from that in
the lean litter mates. The concentration of gerum free
fatty acids of the obese mice was not significantly different
from that of their lean litter mates; a decrease with age
being observed for both types. In the old obese mice there
was a fall also in the body weight to approximately normal
levels. — Administration of insulin to the gemetically
future-obese mice displayed a higher insulin tolerance as
reflected in a slower decrease of the blood sugar level at
an age of 27 days. The ability of these mice to resist in-
sulin-induced convulsions was tried as a method for an
early identification of individual future-obese mice. It
was, however, not possible to classify the mice completely
into two genetically different groups at 23—25 days of
age, although this test turned out to be fairly reliable.
Glucose tolerance tests at the same early age were also
found to be less useful. Only in 4 months old, obese-
hyperglycaemic mice did an intraperitoneal glucose load
result in a slower return of the blood sugar level to the
pre-injection value. — The present findings indicate a
triphasic development of the obese-hyperglycaemic syn-
drome. After an initial asymptomatic period lasting for
the first 23 —26 days of life, the various manifestations
of the syndrome appear in the course of a few days. The
subsequent period is characterized by increasing serum
glucose and nsulin concentrations and coineides approxi-
mately with the time of rapid gain in body weight. After
the body growth ceases the abnormalities associated with
the syndrome gradually disappear. The pattern of deve-
lopment of the syndrome is compatible with the view
that diabetogenic factors are active during a limited period
early in the life of the homozygous mice.

Développement du syndrome obése-hyperglycémique chez
des souris

Résumé. Des souris présentant le syndrome obése-
hyperglycémique transmis récessivement, ont été étudides
4 différent stade de leur développement. Les porteurs
homozygotes du syndrome montraient déja une accumu-
lation excessive de graisse aboutissant & I’embonpoint &
Page de 26 jours. Quelques jours plus tard la concentra-
tion d’insuline immunoréactive du sérum était élevée et
continuait & augmenter jusqu’al'dge de 6 mois environ. Par
la suite il se produisait une baisse progressive jusqu’aux
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taux observés chez les animaux non-obéses des mémes
portées. Des valeurs du glucose sérique supérieures a
celles des témoins non-obéses, ont été d’abord observées
4 1’Age de 1 mois environ. Il y avait ensuite une augmen-
tation des valeurs du sucre sanguin, jusqu’a ce que les
souris aient 3 mois, alors la valeur moyenne dépassait
300 mg pour 100 ml. Puis le taux diminuait jusqu’a ce que,
chez les souris obéses de 7 mois il ne différe plus de celui
des souris non-obéses de mémes portées. La eoncentration
d’acides gras libres du sérum chez les souris obéses n’était
pas significativement différente de celle des souris non-
obéses de mémes portées; pour les deux groupes on ob-
servait une diminution avee 1’Age. Chez les souris obéses
dgées il y avait également une chute de poids atteignant
approximativement les niveaux normaux. — I’admini-
stration d’insuline aux souris génétiquement destinées &
devenir obéses a révélé une plus grande tolérance & 1'in-
suline, comme l’indiquait la diminution plus lente du
taux du sucre sanguin & I’4ge de 27 jours. La capacité de
ces souris & résister aux convulsions provogquées par
Pinsuline a été essayée comme méthode d’identification
précoce des souris futures obéses. Il n’était cependant pas
possible de classer complétement les souris en deux
groupes génétiquement différents & ’age de 23 —25 jours,
bien que ce test se soit révélé assez str. Les tests de
tolérance au glucose effectués au méme age précoce se sont
également révélés moins utiles. Ce n’est que chez les
souris obéses hyperglycémiques 4gées de 4 mois qu’une
charge intrapéritonéale de glucose aboutissait a un retour
plus lent du taux du sucre sanguin & la valeur avant
I'injection. — Les résultats présents indiquent un déve-
loppement triphasique du syndrome obése-hyperglycé-
mique. Aprés une période initiale asymptomatique qui dure
pendant les 23 —26 premiers jours, les différentes mani-
festations du syndrome apparaissent au bout de quelques
jours. La période suivante est caractérisée par une aug-
mentation des concentrations de glucose et d’insuline du
sérum, et coincide approximativement avec le temps de
gain rapide en poids. Quand la croissance s’arréte, les
anomalies associées au syndrome disparaissent peu & peu.
Le schéma de développement du syndrome est compatible
avec I'opinion selon laquelle les facteurs diabétogeénes sont
actifs pendant une période limitée, dans la premiére
partie de la vie des souris homozygotes.

Eniwicklung des hyperglykdmischen Fettsuchtsyndroms
bei Mdausen

Zusammenfassung. Méuse mit resessiv vererbtem
Fettsucht-Hyperglykdmiesyndrom wurden in verschiede-
nen Entwicklungsstadien untersucht. Homozygote Merk-
malstréger zeigten. bereits am 26. Lebenstag eine starke
Fettanhdufung mit Ubergewicht. Einige Tage spéter war
die Konzentration des immunoreaktiven Seruminsulins
gesteigert und erhéhte sich weiter bis etwa zum 6. Lebens-
monat. Danach erfolgte ein schrittweiser Abfall bis auf dic
bei mageren Wurfgeschwistern beobachteten Konzentra-
tionen. Nach dem ersten Lebensmonat wurden erstmals
hohere Blutzuckerspiegel als bei den mageren Wurfge-
schwistern beobachtet. Daran schlof8 sich bis etwa zum
Alter von 3 Monaten ein Blutzuckeranstieg bis auf ca
300 mg 9% an. Die Blutzuckerwerte fielen dann bis zum
7. Lebensmonat wieder auf die bei mageren Wurfge-
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schwistern beobachteten Blutzuckerspiegel ab. Zwischen
fettsiichtigen und mageren Wurfgeschwistern fanden sich
keine signifikanten Unterschiede in den Konzentrationen
der freien Fettséuren im Serum, doch sanken diese mit
zunehmendem Alter. Auch das Gewicht der fettstichtigen
Méuse ging im Alter auf etwa normale Werte zuriick, —
Nach Insulinverabreichung fand sich bei genetisch deter-
minierten fetten Médusen im Alter von 7 und 20 Tagen eine
gesteigerte Insulintoleranz mit verlangsamtem Blut-
zuckerabfall. Zur Fritherkennung einzelner spédter iiber-
gewichtiger Méduse wurde untersucht, ob solche auf In-
sulinverabreichung weniger mit Krdmpfen reagierten. Ob-
wohl sich dieser Test als recht zuverldssig erwies, gelang
es dadurch nicht, 23 bis 25 Tage alte Mause vollsténdig
in zwei genetisch verschiedene Gruppen aufzuteilen. Auch
Glucosetoleranzteste stellten sich in diesem frithen Alter
als weniger ergiebig heraus. Erst bei 4 Monate alten fetten
und hyperglykidmischen Méusen fiuhrte die intraperi-
toneale Glucoseverabreichung zu einem verzogerten Ab-
fall des Blutzuckers auf die Werte vor der Injektion. —

The recessively inherited, obese-hyperglycaemic
syndrome in mice was first described in 1950 [18]. All
mice homozygous for the gene 0b/ob develop the mani-
fest syndrome, the most distinguishing feature of which
is an excessive and abnormal deposition of fat [21]. In
addition to the increased body weight, these mice are
characterized by a moderate hyperglycaemia [23] to-
gether with high levels of circulating insulin [27] and
greatly enlarged, functionally hyperactive islets of
Langerhans, of which about 90 per cent are B-cells
[9, 13, 14]. An indication of the altered fat metabolism
is a fatty infiltration of the liver [15] and increased
levels of serum cholesterol [22]. In addition, adult
obese-hyperglycaemic mice have been reported to
tolerate very high doses of insulin [20, 26]. Despite all
the information available, there is still a lack of knowl-
edge about the ultimate mechanisms responsible for
the syndrome. It seemed therefore worth while to
analyse in more detail certain aspects of the metabolic
disturbances of these animals with particular reference
to the development of the syndrome. This problem was
approached by studying the body weight, the serum
concentration of glucose, immunoreactive insulin and
free fatty acids, as well as glucose and insulin tolerance
tests at different ages. On the basis of these tests, an
attempt was made to diagnose the homozygous
carriers earlier than they could be distingumished by
their body weights.

Material and Methods

Altogether about 1000 obese-hyperglycaemic and
lean mice between 14 days and 21 months of age were
used in this study. The animals belonged to the colony,
bred at the Department of Histology, University of
Uppsala, Sweden. The strain originated from the
R.B. Jackson Memorial Laboratory, Bar Harbor,
Maine, U.S. A., where the obese-hyperglycaemic syn-
drome was discovered [18]. Because of the infertility of
the homozygous females and the low fertility of the
males, heterozygous carriers of the gene for obesity and
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Die vorliegenden Befunde deuten auf eine dreiphasische
Entwicklung des Fettsucht-Hyperglykimie-Syndroms.
Nach einer asymptomatischen Vorperiode wihrend der
ersten 23 bis 26 Lebenstage treten die verschiedenen Sym-
ptome des Syndroms im Laufe weniger Tage auf. — Die
folgende Phase ist gekennzeichnet durch einen Anstieg
der Blutzucker- und Insulinkonzentration und fallt etwa
mit der Periode schneller Gewichtszunahme zusammen.
Mit dem Abschlufl des Wachstums verschwinden die bei
demn Syndrom beobachteten Stérungen allméhlich. Die
Art der Entwicklung des Syndroms 148t sich mit der An-
sicht vereinbaren, dai die diabetogenen Faktoren wih-
rend einer begrenzten und frithen Lebensperiode bei
homozygoten Méiusen wirksam werden.

Key-words: Obese mice, Genotype: ob/ob, obese hyper-
glycaemic syndrome, body weight, serum glucose, serum
insulin, serum free fatty acids, insulin tolerance, glucose
tolerance.

hyperglycaemia had to be used for breeding purposes.
The litters were weaned at about 21 days of age, and
separated according to their sex between 30—42 days
of age, at which time the homozygous animals also
could be distinguished by their obesity. The animals
were housed in temperature-regulated (24 --2°C)
rooms, which were illuminated artificially between
8 a.m. and 7 p.m. Five obese and five lean litter mates
were kept together in plastic pens (floor area 28 X 19 cm)
with wood shavings. Unless otherwise stated, they
were allowed free access to food and tap water. The
food, in pellet form, which was manufactured by AB
Ewos, Sédertilje, Sweden, had the following compo-
sition (per cent): whey powder 5; expanded cereals 72;
soybean oil meal 9; fish meal, defatted 8; soybean oil 2;
yeast 2; limestone 1; vitamin concentrate 1; trace
elements 1. Average analysis of dry matter: crude
protein 20; crude fat 5; ash 5, (Ca 0.8; P 0.6; NaCl1 0.6);
fibre 3 ; nitrogen-free, extractable substances 67. Water
content 8. Trace elements added (per cent): Fe 0.0017;
Cu 0.00017; Co 0.000017; Mn 0.0017; I 0.00006;
Zn 0.0125. Vitamins added (per 100 g): Vitamin A
360 IU; vitamin D, 40 IU; vitamin E 4.2 mg; vita-
min B, 0.15 mg; vitamin B, 0.30 mg; Ca-pantothenate
0.50 mg. Every second week the mice were given extra
vitamins, Protovit®, Roche, Basel, Switzerland.

The groups of mice younger than 30 days comprised
both males and females. Above 30 days male animals
were used throughout, except for the determination of
body weights, which were recorded for both sexes.
Between 14 and 30 days of age, i.e. before the sex or
obesity could be recognized with certainty, observa-
tions and experiments were made on the same mice.
Above this age, groups of mice were taken from the
stock. Since it was not possible to distinguish the homo-
zygous carriers in the youngest age groups, the animals
were marked in the ears, and later identified as cbese
or lean. All procedures involving handling of the ani-
mals were started in the morning.

The body weights were measured on a balance with
a sensitivity of 4- 0.1 g.
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The blood samples were obtained by puncture of the
orbital vein plexus with a thin walled Pasteur pipett
(cf. 24) under light ether anaesthesia. The blood was
then collected in dry test tubes, which did not contain
an anticoagulant. When used for determinations of
serum insulin content, the samples were left at room
temperature for 2 h and then centrifuged. When used
for other analyses they were centrifuged immediately
after coagulation, and the supernatant serum was
removed. All samples were frozen and stored at — 18°C
until assayed.

Serum glucose determinations were performed on
duplicate samples (5—10 pl) by a glucose oxidase
method described by HizLm and DEVERDIER [17]. A
separate blank determination without glucose oxidase
was run for each sample. The error for a double
determination was + 39%,. To investigate the frequency
of spontaneous morning glucosuria, groups of 10 obese
mice of ages varying between 1.5—8 months were used.
The urine was tested with glucose oxidase reagent strips
(Clinistix®, Ames Comp. Slough, Bucks. England).

Serum, insulin levels were determined by the double
antibody radioimmunoassay technique described by
Hares and Ranpre [12], using crystalline mouse
insulin (biological and immunological activity approxi-
mately 23 U per mg) as a standard (Fig. 1). Insulin anti-
bodies and *]-insulin were supplied by The Radio-
chemical Centre, Amersham, England. Duplicate assays
were carried out on each sample; the error for a
double determination being - 129,. For satisfactory
determination of insulin a minimal concentration of 0.3
myg per ml was required.
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Fig. 1. Effect of unlabelled mouse (@ )y and ox (O
— —) insulin on the recovery of #*I-labelled ox-insulin
in the insulin-antibody precipitate

Serum free fatty acids were measured in 100 pl
samples with the modification of DoLz’s [7] method
described by TrouT et al. [28], using Nile blue instead
of thymol blue as an indicator [11] and with palmitic
acid as standard. The error for a single determination
was -+ 3%.

Glucose tolerance lests were performed on non-fasting
2—13 months old mice. After a preliminary blood
sample had been taken, 2.5 g glucose per kg body
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weight as a 109, glucose solution was injected infra-
peritoneally and the mouse was returned to the cage.
Blood sampling was repeated at intervals between 20
and 240 min. Since serial blood samples could not be
obtained in young mice, a single sample was taken
after 30 min in the 22—23 days old mice. In addition,
the occurrence of glucosuria was tested for after 1 h.
In other experiments designed to evaluate the oral
glucose tolerance, the drinking water was replaced
with a 509, glucose solution to groups of mice 23 days
to 9 months of age. Serum glucose levels were deter-
mined after 18 —72 h when the occurrence of gluco-
suria was also checked.

The effect on the serum glucose level of handling
and anaesthetizing the mice was studied separately.
Groups of obese and lean mice, injected intraperitone-
ally with 25 ml 0.9 per cent sodium chloride per kg
body weight and anaesthetized with ether during the
collection of blood, were compared with unanaestheti-
zed, non-injected controls. Injection and narcosis did
not result in significant changes of the serum glucose
level in either the obese or the lean group (Fig. 2).
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Fig. 2. The effect on serum glucose concentration of ether
anaesthesia and saline injection in groups of 3 months old
animals compared with unanaesthetized and non-injected
controls. Mean values - S.E.M. based on observations
in 5 animals. M — — = obese unanaesthetized mice,
= obese anaesthetized mice, [] — — = lean
unanaesthetized and © = lean anaesthetized mice

(o8]

(el

o
-~

Serum glucose (Mg °/s)

The effect of insulin administration (“insulin foler-
ance”’) was evaluated in mice at different ages by intra-
peritoneal injections of erystalline zinc insulin (Insulin
Novo®, Novo, Copenhagen, Denmark). The mice were
allowed only water for 18 h prior to, and during, the
experiment, and the insulin effect was evaluated by
recording the number of mice exhibiting convulsions
during a 5 h observation period at room temperature.
In the obese mice the serum glucose level was deter-
mined 5 h after administration of 600 U insulin per kg
body weight. To study further the effect of exogenous
insulin on serum glucose concentration, 5—6 months
old obese and lean mice, fasted for 18 h, were given 5 U
insulin per kg body weight. Another group of obese
litter mates received 400 U per kg body weight. Blood
samples were obtained before the injection and at
regular intervals between 1 and 7 h afterwards. To
evaluate the development of the high insulin tolerance
intraperitoneal injections of 5 U insulin per kg body
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weight were given to groups of fed mice, some of which
had not yet reached the age when they could be classi-
fied as lean or obese. Serum glucose levels were deter-
mined immediately before and 1 hour after the injec-
tion of insulin.

Resulis

The general state of health among the mice was
good, and no epidemiocs or wide spread infections have
been observed since the colony was established 8 years
ago. Young breeding couples usually produced about
9 siblings in each litter. There was no mnoticeable
difference in this respect between the proven hetero-
zygous carriers of the syndrome and those which appar-
ently lacked this gene. In the younger age groups the
spontaneous death rate was low. Compared with their
lean litter mates, the obese mice usually had a life span
a few months shorter, most of them dying between
20 and 24 months of age.

70
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Fig. 3. The body weights for obese and lean mice of dif-
ferent ages. Mean values -+ S.E.M. based on observations
on between 8 and 88 animals. In cases where the S.E. M.
is not indicated, it was smaller than the symbol used to
indicate the mean. A = genetically future-obese
males and females, @ = obese males, I — + — - =
obese females, A — — = lean males and females, O — —
= lean males and [J — - — = lean females

The body weights for the obese and lean mice of
different ages are given in Fig. 3. The mean weights for
the obese mice were not different from those of the lean
litter mates until the mice were 26 days old (t = 3.00;
P < 0.01). Some of the genetically obese mice could
already be distinguished by subcutaneous deposition
of fat ab this early stage of the syndrome. At the age
of about 5—6 months the maximum body weight was
reached for the obese mice and then remained stable
until they were 13—17 months old. At this age there
was a conspicuous decrease of the body weight, so
that at about 20 months of age the individual obese and
lean mice could no longer be distinguished according
to weight. No reduction of the body weight with age
was noted for the lean mice. Although the obese mice
displayed no weight differences between the two sexes,
the male lean mice were heavier than the female ones
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after the body weights had reached the plateau values
at about 3—4 months of age (f = 4.28; P < 0.001 at
4 months).

Serum glucose level ; the mean values for the serum
glucose levels determined at about 8 a.m. both in fed
mice, and in mice starved for 18 h, are given in Fig. 4.
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Fig. 4. Morning serum glucose levels in obese and lean
mice of different ages with free access to food or after 18h
starvation. Mean values + S.E.M. based on observations
on between 6 and 41 mice. In cases where the S.E.M. is
not indicated, it was smaller than the symbol used to
indicate the mean. Fed mice: A = genetically fu-

ture-obese males and females, @ —— = obese males,
A\ — — = lean males and females, O — — = lean males.
Starved mice: ¥ — : — = obese males and females,
W — - — = obese males, y — -+ — = lean males and
females, [J — + + — = lean males
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Fig. 5. Immunoreactive serum insulin (m pg mouse insu-

lin per ml) in obese (@ } and lean (O — —) rice

of different ages. Mean values + S.E.M. based on ob-

gervations on between 6 and 12 animals. In cases where

the S.E.M. is not indicated, it was smaller than the
symbol used to indicate the mean

There was a greater variability for the values obtained
in the obese mice, as is indicated by the larger standard
errors and larger coefficients of variation. Not until the
mice had reached the age of 1 month was the mean
level of serum glucose higher in the obese mice than in
the lean litter mates (¢ = 3.13; P << 0.001). Their
hyperglycaemia subsequently increased, and the high-
est mean value in the obese mice was obtained in the
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3 months old group. After this age their hypergly-
caemia decreased. By the time the mice were 7 months
old, the difference between obese and lean animals had
disappeared. Previous starvation of the mice resulted
in a lower serum glucose level for both the obese and
the lean animals. Only at 2 and 3 months of age did
the obese mice show higher values than their lean
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Fig. 6. Serum free fatty acids (m yM per ml) in obese (@

yand lean (O — —) mice of different ages. Mean

values + S.E.M. based on observations on between 5
and 10 animals
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mean value was 5.3 4- 1.0 m pg per ml (4 S.E.M) for
6 genetically obese mice, the value for 6 lean animals
being below 0.6 m pg per ml. »

The serum insulin level of the obese mice increased
further up to 6 months of age, when the mean value
was no less than 851 - 149 m pg per ml. At the age of
8 months, when the hyperglycaemia had disappeared,
the serum insulin values obtained were somewhat
lower, but still very high compared with the lean con-
trols. In the 21 months old obese mice, the insulin
level had, however, decreased considerably to only
17 + 5 m pg per mi.

Free fatty acids: no significant differences in the
mean levels of serum free fatty acids were found
between obese and lean litter mates in any age group.
For both types of mice the level decreased progressively
at higher ages (Fig. 6).

Glucose tolerance tests after intraperitoneal admin-
istration are shown in Fig.7. In preliminary tests the
peak values occurred between 10 and 20 min after the
injection. The curves obtained in the different age
groups were, on the whole, of similar shape for both
types of mice. In the 4 months old obese mice there
seemed, however, to be a slight impairment of the glu-
cose tolerance as shown by the slower initial decrease
of the serum glucose level. The glucose tolerance of
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Fig. 7. Glucose tolerance tests (2.5 g per kg) in obese and lean mice of different
ages. Mean values + S.E.M. The number of animals in each group is given

below within brackets. Obese mice: aged 2 months =¥ — — (8), 4 months =

® — - — (8), 6 months = m (7) and 13 months = A — - — (7). Lean

mice: aged 2 months = — — (8), 4 months = O — -+ — (8), 6 months
= [0 ——(7) and 13 months = A — - — (3)

controls (t = 3.40; P < 0.01 respectively ¢ = 4.63;
P < 0.001).

The groups of 10 obese mice 1.5,2, 4,6, 8months old
regpectively, which were used in the systematic test for
the presence of glucosuria, all showed negative reac-
tions. Occasionally, however, some other obese mice
from the colony showed positive reactions for gluco-
suria.

Serum immunoreactive tnsulin was determined in
fed obese and lean mice at various ages as is shown in
Fig. 5. The obese mice already showed an increased
serum insulin level when 1 month old. At this age the

24 days old mice, as evaluated from a single blood
sample obtained 30 min after the injection, showed no
significant difference in the serum glucose levels of the
obese and the lean litter mates (93 4 7 mg per 100 ml
and 113 4 14 mg per 100 ml respectively). The
frequency of glucosuria was 5 out of 5 in obese and 6 out
of 10 in lean mice.

After oral glucose administration a larger propor-
tion of the obese mice in all age groups showed gluco-
suria (Table 1). In both types of mice the serum glucose
level after treatment was approximately the same asin
untreated mice.
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The ““insulin tolerance”, in terms of resistance Table 2 shows the effect of insulin in lowering the

against convulsions, was much more pronounced in the
5 months old obese mice than in their lean controls.
Among the latter the intraperitoneal injection of 5 U

blood sugar in fed mice of different ages. When 5 U per
kg was given to both obese and lean mice, 19 days old,
the decrease in serum glucose was the same. At 27 days

Table 1. Serum glucose levels (mg per 100 ml) and glucosuria in obese and lean mice of different ages when 50 per cent

glucose was substituted for drinking water for varying periods. The frequency of glucosuria s presented as the number of

animals showing a positive reaction in relation to the total number of each group. Serum glucose mean values 4+ S.H. M.
Inigial values indicated with® are not those of the treated group but are taken from other animals

Age 50 per cent Serum glucose (mg per 100 ml) Glucosuria

glucose

supplied Before After

(hours) obese lean obese lean obese lean
18—23 days 18 98 + 3x 104 + 11x 124 + 19 101 + 4 6/10 8/33
25—28 days 18 142 + 11x 141 + 4x 141 + 11 131 4 6 5/10 8/35
42—43 days 18 162 4 11x 142 4 4x 92 + 16 74+ 3 3/10 7/35
1 month 24 160 + 4 135 4+ 6 166 + 32 122 4+ 7 9/9 9/10
3 months 24 318 4 18 162 4+ 10 352 4= 30 160 + 13 10/10 6/10
9 months 24 170 4 25 160 4 20 516 -+ 223 150 - 8 9/9 6/10
2—2.5 months 72 251 4 16% 151 + 6% 188 4- 38 77 4+ 8 9/9 [ 5/9
6—6.5 months 72 233 4 16% 133 + 4% 260 + 34 153 7 7/9 3/9

crystalline zine insulin per kg body weight resulted
1—4 h later in convulsions in 67 per cent (6 animals
out of 9), and 75 per cent (15 out of 20) convulsed when
given 10 U per kg. In contrast, there were no convul-
sions noted in the obese mice until they were given
400 U per kg (1 animal out of 10). After administration
of not less than 600 U per kg, 21 per cent of the obese
mice (3 out of 14) had convulsive seizures beginning
after 4—5 h. The mean serum glucose level 5 h after
this injection was 27 -4 6 mg per 100 ml. At this age
both types of mice recovered without supply of exo-
genous glucose.

150

Serum glucose (Mg %)
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Hours
Fig. 8. Blood sugar lowering effect of insulin in 5—6
months old obese and lean mice. Mean values + S.E.M.
based on observations on 9—10 mice in each group.
Obese mice given 400 U per kg (W ) or 5 U per kg
(@ — —) and lean mice given 5 U per kg (O — -+ —)

As is apparent from Fig. 8, the administration of
5 U insulin per kg body weight was accompanied by
a fall of the serum glucose level in the obese mice also.
When the one hour blood sample was taken, 3 of the
lean mice showed convulsions. At the higher doses the
obese mice displayed the lowest serum glucose values
5—7 h after the injections.

Table 2. Serum glucose levels (mg per 100 ml) before and
after administration of § U crystalline insulin per kg o
obese and lean mice of different ages. The number of animals
n each group is indicated within brackets. Mean values +

Age Animals Serum glucose
(days) (mg per 100 ml)
Before After

19 + 1 obese ( 6) 98 + 3 20 + 4
lean (14) 104 4~ 11 20 4+ 3

27+ 2 obese (12) 142 4 11 68 - 8
lean (41) 141 4+ 4 32 4 2

60 4+ 3 obese (10) 262 + 26 169 4 13
lean (10) 137 4+ 6 76 &+ 4

of age, when the level of serum glucose before injection
was the same in both groups, the decrease was signif-
icantly greater for the controls (t=>5.51; P <C0.001).
In a group of 60 days old mice, in which the obese ani-
mals showed higher initial levels of serum glucose, the
post-treatment value was again higher for the obese
mice. The decrease was about 35 per cent, correspond-
ing to 93 4 20 mg per 100 ml for the obese group,
contrasting with approximately 45 per cent and 61 -+
6 mg per 100 m] for the lean group. The absolute fall in
serum glucose, when expressed in mg per 100 ml, was
thus not different for the two types of mice (f = 1.54;
P > 0.05).

The differences in insulin response between the
obese and lean mice referred to above, appeared to be
a possible way to classify the homozygous animals
before the appearance of obesity. The mice could not
be satisfactorily tested before weaning age, as they
cannot be isolated from their mothers during a star-
vation period. A group of 50 mice, 24 4+ 1 days old,
were starved for 18 h and injected intraperitoneally
with 20 U crystalline insulin per kg body weight. At
this early age those mice which convulsed did not
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survive without intraperitoneal administration of extra
glucose. Seven of the tested mice showed no convulsions
and six of them turned out to be obese. One mouse,
which convulsed during the test, later became obese.
Tt should be emphasized that it was only occasionally
possible to identify a homozygous mouse at the age of
25 days by mere inspection and/or weighing.

Discussion

The development of the obese-hyperglycaemic syn-
drome in the present colony differed in several respects
from that observed in other breeding stocks of this
strain. Thus the increased mean body weight of the
genetically obese mice was already apparent when the
animals were about 4 weeks old [cf. 23]; also the max-
imal body weight was attained at an earlier age than
described previously, although it did not reach such
high values [19]. Furthermore, a reduction of the body
weight of older obese mice has so far not been reported
for this particular strain. In several other strains of
genetically obese mice a corresponding decrease has
been reported in old animals [3, 4, 6]. The variability
in the manifestations of the obese-hyperglycaemic
syndrome between different animal colonies may be
related to the diet [cf. 10]. This factor seems to be of
particular importance for both the life span and the
development of the body weight in obese-hypergly-
caemic mice [19]. In fact, maintenance of the body
weights of obese mice at the same level as that of lean
controls has been reported to increase the life span of
the homozygous animals considerably [19].

A comparison between the blood sugar level and
the body weight at different ages shows that the
occurrence of hyperglycaemia coincided approximately
with the period of rapid weight gain, whereas a marked
drop of the blood sugar occurred when the body weight
had reached a constantlevel. A mean blood sugar level of
above 300 mg per 100 ml at the age of 3 months clearly
demonstrates the disturbed carbohydrate metabolism
in young mice. It must be noted, that despite marked
hyperglycaemia, spontaneous glucosuria was very rare
under the present breeding conditions. Diabetic blood
sugar levels have been observed repeatedly in this
strain of mice, although the decrease at higher ages has
not been reported previously [23]; on the other hand
CHRIsTOPHE [2] described a marked elevation of the
blood sugar concentration in old obese mice. In the
present study, obese mice 7 months of age and over,
had blood sugar levels similar to or lower than those
of their lean controls. The normal fasting values of
serum glucose observed in the obese mice after 5 months
of age are in agreement with previous reports, indi-
cating a marked dependence of the blood sugar level
on the availability of food [23].

The increased levels of serum immunoreactive insu-
lin early in the development of the syndrome were
obviously insufficient for maintainance of the blood
sugar level within a normal range. The high serum
insulin levels agree well with the finding of a consider-
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able hyperplasia of the islet B-cells in adult obese
mice [13]. It is noteworthy, however, that after
7 months of age the persistent increase of serum
immunoreactive insulin seemed to control effectively
the blood sugar level. Furthermore, when 21 months
old, the obese mice displayed not only normal blood
sugar values, but also serum levels of immunoreactive
insulin and body weights within the normal range. A
decreased serum insulin-like activity was found in old
animals by CrrISTOPHE et al. [2]; but these authors
suggested that this might signify an exhaustion of
the B-cells, since they also observed a more severe
hyperglycaemia. This hypothesis was not supported by
the present study, in which a higher age seemed to be
associated with an amelioration of the diabetic syn-
drome.

The extreme insulin tolerance displayed by the
obese mice is a characteristic trait of the syndrome
described repeatedly in the past [23, 26]. It was found
in the present study, however, that even with relatively
low doses of insulin, 5 U per kg body weight, there was
a decreased blood sugar level in the obese mice [cf. 26].
It has been discussed previously whether the excessive
accumulation of fat contributes to the marked insulin
tolerance. Against this background it may be noted
that the insulin insensitivity appeared at approxima-
tely the same time as the overweight. This naturally
does not exclude the possibility that an increased rate
of fat deposition in fact precedes the insulin tolerance.
In other studies homozygous mice, maintained at a
normal body weight by a restricted food intake, showed
a normal blood sugar response after administration of
insulin [1]. A recent observation of a high degree of
insulin-degrading activity in vitro by epididymal adi-
pose tissue of obese mice may also be of significance in
this context [29].

A possible mechanism, affecting the changed insulin
sensitivity of the obese mice, might also be an increased
release of fatty acids from the adipose tissue, which
would be reflected in a high level of serum free fatty
acids [cf. 25]. No support for this view was found,
however, in the present investigation; the level of free
fatty acids being approximately the same in the obese
animals as in the controls. In fact, studies n vitro have
shown that incubated epididymal adipose tissue of
adult obese mice has a decreased rate of fatty acid
mobilization [16, 30].

It emerged from the intraperitoneal glucose toler-
ance tests that, at least at 4 months of age, the obese
mice displayed a tendency to impaired handling of an
exogenous glucose load. The intraperitoneal route of
administration was preferred to the oral in order to
minimize individual differences in absorption. Previous
studies in New Zealand obese and control mice showed,
however, that oral glucose feeding overnight resulted
in more marked differences between the animal groups
than did intravenous tests [4]. Therefore it seemed
reasonable to try also this approach. In this case the
blood sugar levels provided no evidence for a disturbed
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carbohydrate metabolism of the obese mice, although
there was a higher percentage of glucosuria among
these animals. This conforms well with the present
observation of a somewhat increased frequency of
glucosuria in 24 days old obese mice after intraperi-
toneal glucose loading. Not even in the latter experi-
ment was there, however, any marked difference in the
blood sugar level between homozygous animals and
their lean controls, despite an interval of only 30 min
between the glucose administration and the taking of
the blood sample. Against this background, glucose
tolerance tests seemed less feasible for the identification
of young, but non-suckling, homozygous animals. Da-
NIELSSON et al. [5] have recently suggested, however,
that in suckling homozygous mice there was such a
high frequency of glucosuria after intraperitoneal glu-
cose loading that it could be used for the diagnosis of
the animals.

In the search for an easy and reliable method to
identify the individual homozygous mouse before the
appearance of overweight, it seemed reasonable to
evaluate whether their insulin tolerance could be used.
Although in these experiments it was not possible to
identify with absolute certainty the two types of mice,
this test turned out to be fairly reliable at 23—25 days
of age. This is, however, only about 3—4 days before
it becomes possible to recognize obesity, and therefore
is not of great usefulness. In an approach to this
problem FrIED et al. [8] suggested that a different
oxygen uptake of the obese and lean litter mates might
be used as an indicator of the homozygous carriers of
the syndrome. Despite a lower mean oxygen con-
sumption between 14 and 28 days of age by those
animals which later became obese, these differences
were not sufficiently specific to allow classification of
all the individual animals according to genetic trait.

The first signs of the obese-hyperglycaemic syn-
drome observed in the present animal colony were
excessive accumulation of fat resulting in overweight,
and high insulin tolerance. Some days later the serum
insulin levels as well as the serum glucose values ap-
peared significantly raised. Thus, affer an initial appar-
ently asymptomatic period coinciding approximately
with the period of suckling, the various manifestations
of the syndrome developed over a period of a few days.
After body growth had ceased the abnormalities agso-
ciated with the syndrome gradually disappeared. This
triphasic development of the syndrome is compatible
with the view that diabetogenic factors are activemainly
during a limited period early in the life of the obese
mice. Furthermore, the findings stress, that when these
mice are used as models in experimental diabetes
research, the age rather than the body weight should
be used as an indicator of the stage of the syndrome.
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