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Summary. A new congenic strain of obese mice,
C57BK/KsaJ-0b, has been developed for comparizson with
the C57BL/6J-0b congenic strain. While obese mice of
both strains are characterized by obesity, hyperphagia,
and hyperglycermia, the C57BL/Ks obese mice have severe
diabetes, marked hyperglycemia, temporarily elevated
plasma insulin concentrations, and typical degenerative
changes in the islets of Langerhans. In contrast, the
C37BL/6J obese mice have mild hyperglveemia and
marked hyperinsulinemia coupled with hypertrophy and
hyperplasia of the islets of Langerhans. The severe dia-
betic condition produced by obese (0b) on the C57BL/KsJ
background is similar, if not identical, to that produced
by the diabetes (db) gene on the same background. The

Introduction

The obese mutant mouse (0b/ob) discovered at the
Jackson Laboratory and first described in 1950 [7] has
been studied extensively both in the non-inbred
heterogeneous stock in which it originated and in the
congenic inbred strain, C57BL/6J-0b, that wag devel-
oped by transferring the ob gene to the C57BIL/6J
(BL/6) inbred strain. In the homozygous state this
mutation produces marked cbesity coupled with over-
eating, hyperglycemia, hyperinsulinemia, marked in-
sulin resistance and infertility [1, 11]. Because of
genetic variability in the non-inbred stock, comparison
of results of early studies with later studies in which
mice of the BL/6-0b strain were used, is difficalt and
often confusing. Early reports [1, 12] describe the
development of hyperglycemia by 9 weeks of age with
the maximum blood sugar concentration of over
300 mg/100 ml being reached by 12 weeks of age and
remaining at this concentration thereafter. In con-
trast, obese (ob/ob) mice of the BL/6-0b strain are
characterized by moderate hyperglycemia rarely reach-
ing 300 mg per 100 ml and then only transiently during
the period from 8 to 12 weeks, after which the blood
sugar concentration returns to near normal levels [3,
5, 6]. The decrease in blood sugar concentration is
associated with a dramatic increase in plasma insulin
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metabolic disorder produced by these mutations is asso-
ciated with the capacity of the islets to respond to an in-
ereased demand for insulin. The islet response, whether
atrophy or hypertrophy, appears to be due to the inter-
action of the obese and diabetes genes with modifiers in
the genetic background rather than the specific con-
sequences of the particular gene. The markedly different
diabetic syndromes that result when the obese mutation
is on different genetic backgrounds emphasize the im-
portance of strict genetic control in studies with obese-
hyperglycemic mutants.
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concentration and a marked increase in the number and
size of the islets of Langerhans [3, 13]. The elevated plas-
ma insulin conecentration [3] (2550 times normal)
persists throughout a nearly normal lifespan although
a modest decrease in circulating insulin (from over
4000 to about 3000 £ U/ml) is associated with advancing
age.
A stock of obese mice, maintained in Sweden and
commonly called American-obese (AO), was estab-
lished in 1959 with breeding stock obtained from the
Jackson Laboratory colony prior to the transfer of the
gene to the BL/6 inbred strain. This stock is character-
ized by such massive hypertrophy and hyperplasia of
the islet cells that the islets can be readily micro-
dissected from the pancreatic tissue. This feature has
made these mice invaluable in fundamental studies in-
volving the metabolism of individual islets and factors
regulating insulin secretion [4]. The development of the
disease syndrome in these mice and a critical discus-
sion of some of the differences between this stock and
those used by others can be found in a comprehensive
review by Westman [14]. In most other respects these
AQ obese mice have clinical characteristics similar to
obese mice of the BL/6-0b strain. Moderate hyper-
glycemia is observed only transiently in the early devel-
opmental period, after which marked hyperinsulinemia
coupled with euglycemia is typical. Again the degree of
hyperinsulinemia in the AO obese mice decreases in the
period from 6 months until death [14].

Another stock of obese mice, being propagated in
France [8] is characterized by marked hyperglycemia
(>400 mg/100 ml) while yet another non-inbred stock
is reported to have degencrative changes in the pan-
creas and duct cell metaplasia [9], features not de-
scribed in BL/6 obese mice.
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The variability in clinical expression of the obese
gene in the original non-inbred stock led Mayer and
Silides [10] to suggest that the time of onset and degree
of hyperglycemia was conditioned by the presence or
absence of modifying genes that influence the expres-
sion of the obese gene. Others [14] have suggested that
differences in environmental factors such as diet could
account for the diversity of results. Our interest in the
mfluence of genetic background on the expression of
obesity genes originated with the observation that the
expression of the diabetes-27 {db?/} allele, which also
causes obesity and hyperglycemia, was different de-
pending on the genetic background [6]. Diabetic mice
of the congenic inbred straing C57BL/Ks-db [2] and
C57BL/Ks-db?/ [6] have severe diabetes characterized
by hyperphagia, obesity, marked hyperglycemia,
temporarily elevated plasma insulin concentrations
and typical degenerative changes in the islets of Lan-
gerhans. In contrast, diabetic mice of the BL/6-db?7
inbred strain, although hyperphagic and obese, have a
milder disease syndrome, characterized by transitory
hyperglycemia, and severe hyperinsulinemia, coupled
with hypertrophy of the islets of Langerhans and in-
creased proliferative eapacity of the f-cells [6]. Be-
cause this mild diabetic syndrome is so remarkably
similar to that of obese mice of the BL/6-0b strain it
seemed possible that the expression of obese on the
C57BL/KsJ (BL/Ks) background might be similar to
that of diabetes on the BL/Ks background. To assess
this possibility we established the obese gene on the
BL/Ks background for comparison with obese on the
BL/6 background and with diabetes on the BL/Ks
background. Preliminary evidence that modifiers in the
BL/Ks genotype alter the expression of obese homo-
zygotes has been reported [6].

Materials and Methods

Obese (objob) mice of two different congenic inbred
strains, C57BL/6J-0b (BL/6-0b) and C57BL/KsJ-0b (BL/
Ks-0b), were born, raised and maintained in our colony to
ensure that all environmental conditions were as uniform
as possible. The BL/6 obese mice were born to heterozy-
gous parents procured from the Jackson Laboratory Pro-
duction Department. The BL/6-0b congenic strain is
maintained " by continuous cycles of cross-intercross
matings and the parental mice used by us were all off-
gpring of more than 20 such eycles. The BL/Ks obese mice
were born to heterozygous parents from our congenic in-
bred strain, BL/Ks-0b, which we had established by 5
cycles of cross-intercross breeding. Controls were male and
female mice of inbred strains BL/6 and BL/Ks. All mice
were housed in stainless steel pens on pine shavings with
pelleted food (199, protein, 6%, fat, Emory Morse Corn-
pany, Guilford, Conn.) and tap water available at all
times.

The experimental mice consisted initially of 12 males
and 12 females from each strain. Body weights and non-
fasted blood sugar concentrations were recorded weekly
from weaning age at 3-—4 weeks through 6 months of age.
At monthly intervals, starting at 4 to 6 weeks, four obese
(one male and one female from each group) were bled for
insulin assays and killed. Sections of pancreas, liver, and
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kidney were saved and processed for histological examina-
tion. Analytical and histological procedures were as pre-
viously described [2].

Results

Control Mice

No differences between normal mice of the
BL/Ks and BL/6 inbred strains were observed.
Blood sugar concentrations ranged from 140 to 180 mg/
100 ml and plasma insulin concentrations from 30 to
100 wU/ml. Typically, female mice had slightly lower
blood sugar and plasma insulin concentrations. Body
weights increased with age but rarely exceeded 35 g.
Islet morphology in normal mice of the two strains was
identical and was as previously described [2].

Obese Mice

Table 1 shows the weight, blood sugar and
plasma immunoreactive insulin changes with age
in obese mice of the two strains. Increases in weight
were essentially the same for the first three months.
The most rapid post-weaning weight increase occurred
between the first and second months when body weight
doubled. Thereafter, BL/6 obese mice continued to
gain slowly throughout the experimental period and ali
weighed between 60 and 70 g by 10 months of age, when
the experiment was terminated. In contrast, BL/Ks
obese mice attained maximum weights of 45 to 55 ¢
at 3 months for males and 4 months for females, After
this age, most BL/Ks obese mice lost weight slowly for
the rest of their lives.

Blood sugar concentrations were normal at weaning
(3 to 4 weeks) in obese mice of both strains (Fig. 1 and
Table 1). During the next few weeks, the blood sugar
concentrations rose rapidly in both genotypes, reaching
a peak in BL/6 obese mice sometime between 2 and 3
months and then gradually deereasing to within the
normal range by 4 to 5 months. After this transient
period of hyperglycemia, most BL/6 obese mice re-
mained either euglycemic or hypoglycemic for the rest
of their lives. Blood sugar concentrations exceeding
300 mg per 100 ml were uncommon in BL/6 obese mice.
However two mice, both males, attained values higher
than this and sustained these high values until death.
The data for these two atypical mice are not included
in Table 1 and F¥ig. 1.

In BL/Ks obese mice the blood sugar concentra-
tions continued to rise and did not return to normal.
An average concentration of over 400 mg per 100 ml
was attained by 2 months in males and by 4 months in
females. The blood sugar concentrations fypically re-
mained quite stable after reaching concentrations be-
tween 400 and 500 mg per 100 ml. Glycosuria and
polyuria were common symptoms. This sustained
hyperglycemia was not only in distinet contrast to the
transient hyperglycemia typical of BL/6 obese mice
but was similar to that observed in BL/Ks diabetic
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(dbjdb) mice {Fig. 1). There was one atypical female in
which the disease progressed as in BL/6 obese mice,
with blood sugar values that gradually returned to
within the normal range. The data obtained for this
atypical female are excluded from Table 1 and Fig. 1.

In the early stages of the syndrome plasma insulin
concentrations were similar in obese mice of both
genotypes being elevated from 4 to 10 times normal
(Table 1). However, insulin secretion or synthesis, or
both, increased rapidly in BL/6 obese mice and plasma
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insulin concentrations rose to over 50 times normal by
2 to 3 months of age. This dramatic increase in cir-
culating insulin appeared to be sufficient to restore the
blood sugar concentrations to near normal values. In
contrast, circulating insulin concentrations in BL/Ks
obese mice did not increase beyond those observed in
the first 2 months after which they fell to near normal
levels at the same time that a further elevation in blood
sugar concentrations oceurred. A similar drop in
plasma insulin concurrent with an increase in blood

Table 1. Average weights and blood sugar concentrations, and immunoreactive insulin
concentrations of C57BL[6J-0bjob and 057 BL/KsJ-objob mice

Strain Age Mice Weight Blood sugar Insulin
(mo.)  Fex No. &*BSE mg/100 ml +8E  No.  oU/ml
BL/6-0b 1 Q 12 19.64-0.7 164+ 9 1 230
g 10 20.341.2 183421 1 400
2 Q 11 42.541.0 22619 1 2630
g 9 39.84-1.5 230420 1 3250
3 Q 10 52.24-1.5 193426 1 425
) 8 50.84-1.3 247429 1 2380
4 ) 9 55.84-1.6 195425 1 3000
3 7 55.8-4+1.5 184432 1 2880
5 g 8 57.54-2.0 177432 1 1420
3 6 58.5-+1.4 184139 i 3740
6 ¢ 7 59.94-2.2 186437 2 1200
1) 5 59.8-1-1.6 187440 2 2520
BL/Ks-0b 1 g 11 18.7+0.8 187412 i 400
g 12 19.94-1.4 198413 1 650
2 Q 10 45.14+1.3 328427 1 450
%) 11 45.0+1.1 40717 1 275
3 @ 9 52.5641.9 352428 1 175
g 9 475417 429421 1 150
4 Q 8 55.4-4+3.0 384415 1 330
g 7 46.74-2.4 434420 1 35
5 Q 7 53.61-3.6 409416 i 130
3 6 458128 4474112 1 , 45
6 Q 6 49.04-3.7 427420 2 88
g 5 44.04-3.7 441426 1 175
A oeTELes ol sugar concentration was observed in BL/Ks-db/db mice
500} {2, 6].

“ 2 The ability to sustain abnormally high concentra-
~ ey /ot tions of eirculating insulin 1s directly related to the
E 400 length of the period of weight increase and to the
€ ultimate lifespan as well. BL/6 obese mice maintained
g plasma insulin concentrations at high levels and con-
é 00k tinued to gain weight throughout life. None had died
2 by 10 months when the remaining mice (5 females and
2 3 males) were killed for insulin assay and histological
g examination. At the time of sacrifice (10 months) the
— 200 . » . .

& g TSm0 BL/6 obese mice were still gaining weight, the plasma
e insulin concentrations were all well above 1000 uU per

ml and no significant decreases in the plasma insulin

100 concentrations had, as yet, become apparent. Per-

' : L 4 = 3 sistent hypoglycemia (BS <120 mg/100 ml) was ob-

AGE ( MONTHS) served in most of these older mice. In contrast, BL/Ks

Fig. 1. Average blood sugar concentrations in obese (0b/0b)
and diabetic (db/db) mice as functions of age and back-
ground genotype. Each point represents ’ohe average
value obtained from at least five mice of each sex and

genotype

obese mice attained maximum plasma insulin con-
centrations during the period of most rapid accumula-
tion of fat (1 to 2 months) and as the plasma insulin
concentrations decreased to near normal these obese
mice began to lose weight and died prematurely. None
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survived to 10 months and by 6 months all survivors
were losing weight; 2 males had died by 3 months, 2
more by 6 months, and 1 female died at 7 months.

The morphological changes observed in the islets of
Langerhans are consistent with the clinical develop-
ment of the obese-hyperglycemic syndrome. Increases
in size and number of islets and some degranulation of
B cells were apparent by 1 month of age in obese mice
of both strains. There were, however, more and larger
islets with less § cell degranulation in the BL/6 obese
compared with the BL/Ks obese mice. Differences in
islet morphology and in § cell degranulation were even
more apparent at 2 months of age. At this age the BL/6
obese islets were not only more numerous and larger
but contained dilated and congested sinusoids indi-
cative of hyperactivity (Fig. 2). BL/Ks obese islets
were not as large, § cells were more extensively de-
granulated, and early signs of degenerative changes
such as inclusion of ducts and acinar cells were appar-
ent in many islets (Fig. 3).

With increasing age there was a further increase in
number and size of islets of BL/6 obese mice, whereas
islets of BL/Ks obese mice became smaller and more
atrophie. The characteristic features of the BL/6 obese
hypertrophied islets can be seen in Fig. 4 (a portion of
an islet of a 6 month old ob/ob male). Sinusoids are
dilated and § cells somewhat degranulated. Aging and
degenerative changes typical of islets of BL/Ks obese
mice are depicted in Fig. 5, an islet of a 6 month old
ob/ob male. The conspicuous features are the small size,
marked degranulation of § cells, and the inclusion of
ductral structures.

These morphological differences in islets of obese
mice on the two backgrounds are remarkably similar
to the differences observed in islets of diabetes (db2//
db27) mice on the BL/6 and BL/Ks backgrounds. Islet
hypertrophy with enlargement of sinusoids and § cell
hyperplasia was observed in BL/6-d0%7/db?/ mice
(Fig. 6) while islet atrophy with few granulated g cells
and the inclusion of acinar and ductal elements were
characteristics of BLKs-db%/[db?7 mice (Fig. 7).

Discussion

The metabolic disorder caused by the obese (0b)
gene on the BL/6 background is distinctly different
from that caused by the same gene on the BL/Ks back-
ground. The clinical features are similar in the early
developing stages at the time when the symptoms in-
clade hyperphagia, rapid accumulation of adipose
tissue, hyperinsulinemia, and hyperglycemia (Table 1
and Fig. 1). In the later stages, beginning at about 3
months of age, BL/Ks obese mice are characterized by
severe hyperglycemia, a return to near normal plasma
insulin concentrations and little or no further weight
gain, Many die before 6 months of age. In contrast,
BL/6 obese mice remain hyperinsulinemic throughout
life and continue to gain weight as long as they live.
They do not become severely diabetic although many
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Fig. 2. Islet of BL/6-0b/ob & aged 2 months. Blood sugar =

328 mg/100 ml IRI = 3,250 wU/ml. Note dilated sinusoids

(S) and arrows to granulated § cells. Aldehyde fuchsin
sbain x 300

Fig. 3. Islet of BL/Ks-0b/ob g aged 2 months. Blood sugar

=407 mg/100 ml IRI =275 uU/ml. Note inclusion of

clump of acinar cells (A) and arrows to granulated g cells.
Aldehyde fuchsin stain x 300
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Fig. 4. Portion of an islet of BL/6-0b/ob 3 aged 6 months. Blood sugar = 143 mg/100 ml. IRI = 4,700 pU/ml. Note
dilated sinusoids (S) and numerous well granulated g cells (black in photograph). Aldehyde fuchsin stain X 300
Fig. 5. Islet of BL/Ks-0b/ob & aged 6 months. Blood sugar = 518 mg/100 ml. TRI =175 uU/ml. Note inclusion of
duets (D) and scarcity of granulated g cells. Aldehyde fuchsin stain X 300
Fig. 6. Group of hypertrophied islets of BL/6-db?//db?/ aged 6 months. Blood sugar =110 mg/100 ml. IRI =
1,250 pU/ml. Note dilated sinusoids and well granulated § cells. Aldehyde fuchsin stain X 100
Fig. 7. Atrophic islets of BL/Ks-db?/[db2/ aged 5 months. Blood sugar = 430 mg/100 ml. Note inclusion of acinar
cells (A) and ducts (D) and absence of granulated g cells. Aldehyde fuchsin stain X 200

Diabetologia, Vol. 9 20
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go through a transient period of mild hyperglycemia
at about 2 to 3 months of age. Consistent with these
clinical differences are striking differences in the islets
of Langerhans. Tn BL/6 obese mice there is a marked
increase in both size and number of the islets (Fig. 4),
whereas in BL/Ks obese mice there is a typical de-
generative atrophy of the islets (Fig. 5). These differ-
ences in islet response are direct reflections of the
clinical features of the disorder. Normal plasma in-
sulin, high blood sugar coneentration, and severe dia-
betes with shortened lifespan are associated with islet
atrophy (BL/Ks obese), whereas extremely high
plasma insulin, with mild or transient hyperglycemia
are associated with islet hypertrophy (BL/6 obese).

The expression of diabetes {(db?7), when maintained
on these two different inbred backgrounds [6] is
strikingly similar to the expression of obese (0b) on the
same two genetic backgrounds. Hyperinsulinemia,
continued weight increase, transitory hyperglycemia
and morphological changes indicative of £ cell hyper-
activity (Fig. 2, 4, 6) are characteristic of both ob/ob
and dbfdb mice on the BL/6 background. Marked
hyperglycemia, transitory hyperinsulinemia and mor-
phological changes indicative of loss of capacity of §
cells to secrete insalin (Fig. 3, 5, 7) are characteristic of
both obfob and dbj/db mice on the BL/Ks background.
The clinical data and islet morphology suggest that
synthesis and secretion of insulin are reduced pre-
maturely in both obese (0b/ob) and diabetes (db/db) on
the BL/Ks background and enhanced in obese and dia-
betes on the BL/6 background. In young BL/Ks-0b/ob
and BL/Ks-db/db mice the § cells are extensively de-
granulated whereas the numerous enlarged islets of
BL/6 mutants contain many well granulated § cells as
well as other indications of rapid synthesis and secre-
tion of insulin. The contrast in islet morphology asso-
ciated with background genotype becomes even more
evident in older mice where severe atrophy is typical
of islets from both mutants on the BL/Ks background
(Fig. 5, 7) and hypertrophy is typical of islets of both
on the BL/6 background (Fig. 4, 6).

The striking similarity of the metabolic disorders
produced by the two genes (ob and db) suggests that
many, if not all, of the features result not from the
presence of these mutant genes themselves but from
their interaction with the host genomes. It must be
eraphasized that no differences in islet morphology
have been observed in islets of normal BL/6 and BL/
Ks mice and that islet differences are observed only
when the mutant genes interact with modifying genes
associated with the background genotype. The data
presented here indicate that mice homozygous for
either the obese or diabetes genes respond in two
divergent fashions, the basic difference being that BL/6
obese and BL/6 diabetes mice have the capacity to ex-
pand insulin supply indefinitely, whereas the BL/Ks
obese and diabetes mice have a limited capacity and
cannot meet the demand for an ever-increasing supply
of insulin.
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Strain BL/6-0b has been produced by many cycles
of cross-intercross matings, making it unlikely that
any residual modifiers from the stock of origin remain in
the genome. Thus the occasional atypical response in
this strain may be attributable to interaction of the
obese gene with unidentified environmental factors.
On the other hand, residual BL/6 modifying genes re-
maining in the BL/Ks-0b stain genome after only 5
cyeles of cross-intercross breeding, as well as environ.-
mental factors, could account for any atypical re-
sponse in obese of this strain. Uterine environment, as
well as availability of food and water, type of food,
and other external conditions which are difficult to
control completely may be involved. The number of
modifying genes is unknown but since the BL{Ks and
BL/6 inbred strains are thought to be closely related
there is a possibility that only a small number of genes
are involved. Since the present studies provide added
evidence for the existence of different modifying genes
in the two strains we hope to be able to isolate these
genes and establish their nature.

These studies emphasize the importance of strict
genetic control in attempts to establish the causes of
genetic diseases such as obesity and diabetes. We have
found that genetic modifiers in two strains, BL/Ks-0b
and BL/6-0b, have different and fairly consistent effects
on the expression of both the obese and diabetes genes.
We can agsume that modifiers in non-inbred stocks will
be different from those of inbred strains and also will
not be uniformly present. This emphasizes the irapor-
tance of accuracy of statements regarding the source of
any obese mice used in experiments. The fact that the
original source of all obese mice was the Jackson
Laboratory does not justify the use of terms such as
Bar Harbor obese, American obese, and. Jackson
Laboratory obese in designating the mice used. Such
nomenclature implies that the mice were secured
directly from the Jackson Laboratory and leaves
uncertain their immediate source, as well as whether
they were derived from a non-inbred stock or from
strain CB7BL/6J-0b, and how many years or genera-
tions they may have been bred in some other labora-
tory. To avoid confusion we recommend that published
reports use the gene name (obese) and symbol (0b) and
state clearly the immediate source and genetic back-
ground on which the mutant is maintained.
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