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B Abstract

BACKGROUND: Unlike other strains, spontaneously type 1
non-obese diabetic (NOD) mice experience transient hyper-
insulinemia after weaning. The same applies for NOD/SCID
mice, which lack functional lymphocytes, and unlike NOD
mice, do not develop insulitis and diabetes like NOD mice.
AIMS: Given that g-cell stimulation is a natural feature of
gestation, we hypothesized that glucose homeostasis is dis-
turbed in gestate pre-diabetic NOD and non-diabetic
NOD/SCID mice, which may accelerate the onset of diabe-
tes and increase diabetes prevalence. METHODS: During
gestation and postpartum, mice were analyzed under basal
feed conditions, and following glucose injection (1 g/kg, i.p.)
after overnight fast, using glucose tolerance test (GTT). Gly-
cemia, corticosteronemia, blood and pancreatic insulin, glu-
cagon levels, islet size, and islet morphology were evaluated.
Glycemia and mortality were assessed after successive ges-
tations in NOD mice mated for the first time at 2 different

ages. RESULTS: 1. Basal glucagonemia rose markedly in
first-gestation fed NOD mice. 2. -cell hyperactivity was pre-
sent earlier in first-gestation non-diabetic fasted NOD and
NOD/SCID mice than in age-matched C57BL/6 mice, as-
sessed by increased insulin/glucose ratio after GTT. 3.
Overnight fasting increased corticosteronemia rapidly and
sharply in pre-diabetic gestate NOD and NOD/SCID mice.
4. Islet size increased in non-diabetic gestate NOD mice
compared with C57BL/6 mice. 5. Successive gestations ac-
celerated diabetes onset, and contributed to increased mor-
tality in NOD mice. CONCLUSIONS: First-gestation pre-
diabetic NOD and non-diabetic NOD/SCID mice exhibited
g-cell hyperactivity and deregulation of glucagon and/or cor-
ticosterone secretion. This amplified normally occurring in-
sulin resistance, further exhausted maternal 3-cells, and ac-
celerated diabetes in NOD mice.

Keywords: type 1 diabetes - NOD/SCID mouse - gestation -
insulin - islet - glucagon - corticosterone - macrophage

Introduction

¢ he non-obese diabetic (NOD) mouse model is
t a well-recognized model of type 1 diabetes
> (T1D). This model provides the basis for ex-
tensive genetic and immunological investigations.
It is commonly assumed that progressive infiltra-
tion of the islets of Langerhans by macrophages
and dendritic cells starts at weaning, rapidly fol-
lowed by T cell migration around and into the is-
lets (peri-insulitis and insulitis, respectively). This
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process leads to progressive p-cell destruction and
finally diabetes. However, little is known about
neuroendocrine aspects of the disease [1]. Previ-
ously, we reported that, unlike other strains, pre-
diabetic 8-week-old NOD mice experience tran-
sient basal hyperinsulinemia that starts at wean-
ing, concomitantly with marked macrophage and
dendritic cell infiltration [1-4]. The same applies
for NOD/SCID mice, which lack functional lym-
phocytes and do not develop insulitis and diabetes.
In 8-week-old NOD mice, this B-cell hyperactivity
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coexists with mild insulin resistance [2].

Abbreviations:

1 N HCL - 88,8 ml HCL are mixed with so much water that
the dilution yields 1 |

ANOVA - analysis of variance

BMS8" - scavenger macrophage marker

C57BL/6 - inbred strain C57 black 6

CD4 - cluster of differentiation 4 (glycoprotein expressed on
Th, Treg, and dendritic cells; co-receptor assisting the T
cell receptor)

D1PP - day 1 postpartum

D7PP - day 7 postpartum

FoxP3 - forkhead box P3 (transcriptional activator)

g - g force, also called “relative centrifugal field” (RCF);
conversion to rounds per minute (rpm): RCF = 11.18 (rcm)
(rpm/1000)°, with rcm = radius of the rotor in centimeters
GAD - glutamic acid decarboxylase

G7 - day 7 of gestation

G14 - day 14 of gestation

G18 - day 18 of gestation

GTT - glucose tolerance test

HCL - hydrochloric acid

HPA axis - hypothalamo-pituitary-adrenal axis

IL-1 - interleukin-1

i.p. - intraperitoneal

NaCl - sodium chloride

NOD - nonobese diabetic

RIA - radioimmunoassay

SCID - severe combined immunodeficiency (mouse model
without functional T and B cells)

SEM - standard error of mean

T1D - type 1 diabetes

T2D - type 2 diabetes

% vol/vol - percent volume per volume

Interestingly, islets of neonates born from NOD
dams, exhibit various alterations of islet immune
and endocrine cells, whilst controls do not show
these characteristics. Among these alterations are
signs of g-cell hyperactivity, «-cell anomalies, in-
creased numbers of antigen-presenting cells,
and/or disturbances of extracellular matrix pro-
teins [1, 5-8]. Some of these alterations are also
observed in NOD/SCID mice [5, 6, 8]. Gestation is
known to rapidly induce a maternal physiological
state of B-cell stimulation to promote fetal growth,
and later some degree of maternal insulin resis-
tance [9]. In addition, the in utero programming of
metabolic disturbances (e.g., insulin resistance,
obesity, hypercholesterolemia, and T2D) and car-
diovascular disease is more and more documented
in animals and humans [9-11].

Therefore, we hypothesized that the endocrine
environment might be altered during gestation in
pre-diabetic NOD mice and lymphocyte-deficient
non-diabetic NOD/SCID mice. To verify this hy-
pothesis, we examined the effect of gestation on
maternal glucose homeostasis and islet parame-
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ters in these 2 strains of mice compared with
C57BL/6 control mice.

Materials and methods

Animals and experimental procedures

NOD, NOD/SCID, and C57BL/6 mice were bred
under specific pathogen-free conditions at the fa-
cilities of Necker Hospital, Paris, France. Animal
facilities and care were in accordance with ac-
cepted standards, established by the French Na-
tional Centre for Scientific Research. NOD,
NOD/SCID, and C57BL/6 females were mated; the
morning appearance of the vaginal plug was taken
as day O of gestation. At least twice as many fe-
males as needed for a given experiment were
mated for the first time at 9 weeks of age, except
where otherwise stated. The animals were studied
at different days of gestation (G7, G14, and G18),
and on day 1 and/or 7 postpartum (D1PP, D7PP).
For comparison of the 3 strains, mice were mated
during a narrow time period to minimize possible
environmental disturbances on long-term investi-
gation [1].

The study design included the following exami-
nations: 1. The alteration of various parameters of
glucose homeostasis (glycemia, insulinemia, glu-
cagonemia, corticosteronemia, and pancreatic con-
tents of insulin and glucagon) under basal feed
conditions in first-gestation NOD and C57BL/6
(control) mice at G7, G14, G18, and day 7 postpar-
tum (D7PP). 2. The alteration of glycemia, insu-
linemia, and corticosteronemia during glucose tol-
erance test (GTT), i.e. after intra-peritoneal (i.p.)
glucose injection (1 g/kg of body weight, dissolved
in 0.9% NaCl, Assistance Publique, France [2]) or
NaCl (vehicle-injection) in first-gestation fasted
NOD, NOD/SCID, and C57BL/6 mice. For com-
parison, fasted never-gestate 12-week-old mice of
the 3 strains were also evaluated by GTT. 3. Islet
size and islet morphology at D1PP in NOD versus
C57BL/6 mice was studied, because gestation
modifies islet characteristics [12, 13]. 4. The effect
of successive gestations on diabetes onset and sur-
vival in two groups of NOD mice was verified after
first mating at 6 or 10 weeks of age, and subse-
guently after matings at 3-4 week intervals.

All experiments started at 9:00 am on mice
that had not been subjected to previous handling.
Non-anesthetized animals were bled in less than 2
min by retro-orbital puncture. As previously pub-
lished, this technique avoids stress-induced meta-
bolic changes [14]. As in other endocrine studies in
NOD mice, different groups of animals were used
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Figure 1. Body weight and basal parameters of glucose homeostasis during the first gestation and first week postpartum in
non-diabetic fed NOD mice vs. C57BL/6 controls. Mice were studied on G7, G14, G18, and day 7 postpartum (D7PP). Panel
A: Body weight in NOD vs. C57BL/6 mice on G18 and D7PP, p < 0.001 in both cases. NOD glycemia (panel B): decreased
from G7 to G18, p = 0.006; increased from G18 to D7PP, p = 0.01; at G18, lower glycemia in NOD mice than in controls, p
= 0.004. NOD glucagonemia (panel D): increased from G7 to G14, G14 to G18, and G18 to D7PP, p-values varying from <
0.005 to < 0.05. Pancreatic NOD insulin (panel E): increased from G7 to G18, p = 0.015. Decreased pancreatic NOD vs.
C57BL/6 glucagon contents at G7, p = 0.01 (panel F). Data are mean + SEM, n = 4-5 mice per strain and gestation/lactation

day. Lines indicate the main statistically significant differences.

per condition examined (strain, time, injection) to
avoid stress effects on glucose homeostasis [2, 5,
14-16]). At least six or more mice per condition
were planned. In some cases, it could be less (4-
5/group), because of the variable recovery rate of
gestate mothers. To assure comparability of GTT
responses of the 3 strains, we took the measure-
ment 5 min after glucose injection, according to
previous data [2].

Blood samples, supplemented with recombi-
nant aprotinin (30,000 klU/ml, Bayer Inc., USA)
were kept on ice, then centrifuged at 13,000 x g for
2 min at 4°C, and stored at -20°C. After bleeding,
mice were immediately killed by cervical disloca-
tion. Pancreases were rapidly removed, weighed,
and homogenized in 15 ml of cold acidified ethanol
extraction medium (1.5% (vol/vol) 1 N HCI in 75%
ethanol). After addition of another 10 ml of extrac-
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tion medium, the homogenates were centrifuged
(800 x g for 15 min, 4°C), and the supernatants
were left standing overnight at 4°C. The pH of the
supernatants was adjusted to 8.5 with ammonium
hydroxide, and after centrifugation (800 x g for 15
min, 4°C), 5 ml of each supernatant were stored at
-20°C until assayed.

Glucose, insulin, and glucagon measurements

Glycemia was measured using the glucose-
oxidase method (Biotrol glucose enzymatic color,
Biotrol, France). Insulin, glucagon, and corticos-
terone concentrations were determined by stan-
dard radioimmunoassay (RIAs: SB-insulin-CT,
CIS Biointernational, Biodata, Pharmacia, and
ICN Biomedicals Inc., Sorin Biomedica, France),
as described elsewhere [2, 5].

Copyright © by Lab & Life Press/SBDR
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Figure 2. Glucose tolerance test in first-gestation and never-gestate non-diabetic NOD, lymphocyte-deficient NOD/SCID,
and control C57BL/6 mice. Glucose (1 g/kg body weight, i.p.) was injected into overnight fasted NOD, NOD/SCID, and
C57BL/6 mice, which had been mated at 9 weeks of age (panels A-C), or 12-week-old never-gestate mice of the 3 strains
(panels D-F). Blood parameters were measured 5 min after glucose injection. Glucose-induced insulinemia/glycemia ratios in
first-gestation mice (panel C): on G7, NOD vs. NOD/SCID, p = 0.01, and NOD/SCID vs. C57BL/6, p = 0.0004; on G14,
NOD vs. C57BL/6, p = 0.01; C57BL/6 mice on G18 vs. G7, p = 0.04 (mean + SEM, n = 5-7 mice per strain and gestation
day). Glucose-induced insulinemia/glycemia ratios in never-gestate 12-week-old mice (panel F): NOD and NOD/SCID mice
vs. C57BL/6 controls, p = 0.03 in both cases. Data are mean + SEM. NOD, NOD/SCID, and C57BL/6 mice (n = 7-9) and (n =
5) per strain/gestation day/type of injection, respectively. Lines indicate the main statistically significant differences.

Islet measurement and immunohistochemistry

For macrophage marker immunohistochemis-
try, pancreases were embedded in Tissue-Tek
(Miles, USA), and frozen in dry-ice chilled isopen-
tane at day 14 of maternal gestation. Cryostat sec-
tions were fixed for 10 min in acetone containing
0.03% hydroperoxide and labeling was performed,
as previously described [6]. For hematoxylin-eosin
staining, pancreases were excised from NOD
mothers 1 day after delivery, and fixed in Bouin'’s
fluid, followed by buffered 10% formalin, and proc-
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essed for paraffin embedding. Islet surfaces were
then assessed via a VIDAS-RT image analysis sys-
tem (Kontron Elektronik GmbH/Carl Zeiss, The
Netherlands). The total number of pancreas sec-
tions was counted for a given strain (n = 6
mice/strain). Only one section per mouse pancreas
was measured to ensure that an individual islet
was not measured twice [5, 6, 17]. The total num-
ber of islets counted was around 150-160 per
strain. For islet surface measurement, only the
endocrine cell contribution was measured (exclud-
ing the immune cell contribution (insulitis) to the

Rev Diabet Stud (2010) 7:36-46
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Figure 3. Circulating corticosterone in first-gestation non-
diabetic NOD, NOD/SCID, and control C57BL/6 mice sub-
jected to various experimental diet and injection condi-
tions. Corticosteronemia was measured on G7, G14, and
G18. Non-injected fed mice (panel A): G7 vs. G14, p <
0.05, and G14 vs. G18, p < 0.001 for all strains, respec-
tively (mean + SEM, 4 mice/strain/gestation day). Non-
injected fasted mice (panel B): at G14, NOD and
NOD/SCID mice vs. C57BL/6 controls, p = 0.05 and p =
0.0005, respectively, and NOD/SCID vs. NOD mice, p =
0.01. Fasted and i.p. NaCl- or glucose-injected conditions
(panels C and D, respectively): at G18, glucose-injected
NOD and NOD/SCID mice vs. C57BL/6, p < 0.05 in both
cases. In panels B-D: data are mean + SEM, n = 10-15
mice/strain and gestation day. Lines indicate the main statis-
tically significant differences.

islet area). Data were expressed in pixels. The
conversion factor from pixel to mm® was
0.0001113.
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Statistical analysis

All data are means = SEM. In most experi-
ments, possible effects of strain, age, and/or injec-
tion were analyzed using two- or three-way p-
factor analysis of variance (ANOVA). As usually
published [2, 5, 15, 16], post-hoc analysis was per-
formed, using the Newman-Keuls test, when ef-
fects and interactions were significant (p < 0.05),
as assessed by ANOVA. Student t-test, Kaplan-
Meier, and Log-Rank tests were used in punctual
experiments. Significance was defined as p < 0.05,
and trend towards significance 0.05 < p <0.1.

Results

Parameters of glucose homeostasis during
first gestation and first week postpartum in
fed non-diabetic NOD mice vs. C57BL/6 con-
trols

Figure 1A shows that NOD mice became pro-
gressively heavier than age-matched controls dur-
ing gestation. They were significantly heavier be-
fore and after birth (G18 and D7PP, p < 0.001 in
both cases). In fed pre-diabetic NOD mice (Figure
1B), basal glycemia declined significantly from G7
to G18 (p = 0.006), but rose from G18 to D7PP (p =
0.01). At G18, glycemia was significantly lower in
NOD mice than in C57BL/6 controls (p = 0.004).
NOD pancreatic insulin contents (Figure 1E), but
not basal insulinemia (Figure 1C), varied signifi-
cantly throughout gestation and lactation. It in-
creased from G7 to G18 (p = 0.015), and showed
decreasing trend afterwards (p = 0.05). NOD basal
glucagonemia (Figure 1D) increased progressively
and significantly during gestation and postpartum
(p-values varied between each time-point from
<0.005 to 0.05). NOD glucagonemia was signifi-
cantly higher than in controls at G14, G18, and
D7PP (p varied from <0.0001 to 0.02). In contrast,
NOD pancreatic glucagon content (Figure 1F) was
significantly lower than that of C57BL/6 mice at
G7 (p = 0.01), and showed a decreasing trend at
G14 and D7PP (p = 0.06 in both cases).

Glucose tolerance test in first-gestation fasted
non-diabetic NOD, lymphocyte-deficient
NOD/SCID, and control C57BL/6 mice

Figure 2 (panel A) shows the glycemic response
5 min after glucose injection (1 g/kg of body weight
i.p.). On G7, G14, and G18, the glycemic indexes
(expressed as glucose to NaCl injection ratios)

Copyright © by Lab & Life Press/SBDR
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Figure 4. Macrophage labeling on pancreas sections from
first-gestation G14 C57BL/6 controls and non-diabetic
NOD mice. Presence of few BM8" and ER-MP23" macro-
phages around islets (white dashed lines) and ducts of
C57BL/6 controls (A and C). More macrophages were ob-
servable in non-diabetic NOD pancreases during gestation
(B and C). Magnification x280.

Figure 5. Hematoxylin-eosin staining of non-diabetic NOD
dam pancreas sections one day after delivery. Non-diabetic
NOD dam islets of various sizes at birth. Some islets ap-
peared to be free of insulitis (A), others showed insulitis at
the duct-insular structure (C-F, and I). Magnification A-F:
x280; G-l: x140. Other islets were almost completely in-
vaded by insulitis (data not shown).

were 2.5, 2.6, and 2.4 for NOD, 2.4, 2.3, and 1.7 for
NOD/SCID, and 2.0, 1.9, and 1.2 for C57BL/6
mice, respectively. These data showed that NOD
and NOD/SCID mice had higher glycemic re-
sponses during GTT than C57BL/6 controls. Insu-
lin responses to NaCl injection alone were similar
among the 3 strains during gestation (Figure 2,
panel B), but insulin responses to glucose admini-
stration differed. Indeed, blood insulin/glucose ra-
tios (Figure 2, panel C) were significantly higher
in NOD/SCID vs. NOD on G7 (p = 0.01), in
NOD/SCID and NOD vs. C5BL/6 on G7 and G14
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(p = 0.0004 and p = 0.01, respectively), and in
C57BL/6 mice on G18 vs. G7 (p = 0.04). These dif-
ferences suggested an early versus late gestation-
induced insulin resistance in the three strains
(NOD, NOD/SCID, and C57BL/6), i.e. NOD and
NOD/SCID mice had an early and C57BL/6 mice a
late insulin resistance.

Glucose tolerance test in never-gestate 12-
week-old fasted non-diabetic NOD, NOD/
SCID, and control C57BL/6 mice

As shown in Figure 2 (panel D), glucose/NaCl
indexes 5 min after NaCl injection were similar in
all three strains (NOD = 2.6, NOD/SCID = 2.5,
and C57BL/6 = 2.6), suggesting comparable gly-
cemic responses. Insulin responses to NaCl injec-
tions were also similar among the 3 strains, but
glucose-induced insulinemia/NaCl indexes (Figure
2, panel E) were markedly higher in NOD and
NOD/SCID mice than in C57BL/6 controls (4.1,
5.1, and 1.1, respectively). Therefore, insuline-
mia/glycemia ratios (Figure 2, panel F) were sig-
nificantly higher in non-diabetic NOD and
NOD/SCID than in C57BL/6 mice (1.5, 1.6 versus
0.4, respectively; p = 0.03 in both cases). These
data showed that never-gestate, 12-week-old mice
with the NOD genetic background were insulin re-
sistant.

Circulating corticosterone levels in first-
gestation non-diabetic NOD, NOD/SCID, and
control C57BL/6 mice subjected to the various
experimental conditions

Fasting corticosteronemia of never-gestate 12-
week-old females of the 3 strains were similar
(300-400 ng/ml; data not shown). Figure 3 (panel
A) shows as expected that corticosteronemia in-
creased progressively under basal feed conditions,
without injection during gestation [18]. In all
three strains, it increased in similar courses to
400-600 ng/ml (G7 vs. G14, p < 0.05, and G14 vs.
G18, p < 0.001 for all strains).

During gestation and after overnight fasting
without injection (Figure 3, panel B), C57BL/6 cor-
ticosterone levels rose progressively to 4000 ng/ml
from G7 to G18 (G7 vs. G18, p = 0.005). In NOD
and NOD/SCID mice, corticosteronemia peaked
earlier (at G14) and at significantly higher levels
than in controls (6000 and 8000 ng/ml, p = 0.05
and 0.005, respectively). At G18, corticosterone
levels were markedly lower in NOD and
NOD/SCID mice than in controls (p = 0.05 and p =
0.01, respectively). Moreover, corticosteronemia at

Rev Diabet Stud (2010) 7:36-46
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G14 was significantly higher in non-injected
fasted NOD/SCID than NOD mice (p = 0.01).

Figure 3, panels C and D, show blood corticos-
terone profiles in fasted mice of the 3 strains after
NaCl and glucose injection, respectively. NOD and
NOD/SCID corticosteronemia peaked at G14, as in
their non-injected fasted counterparts (Figure 3,
panels C and D vs. B). However, G14 corticoster-
one levels were lower for injected (around 5000
ng/ml) than for non-injected NOD/SCID mice
(8000 ng/ml). At G18 (Figure 3, panel D), corticos-
teronemia in NOD and NOD/SCID mice was sig-
nificantly lower than in C57BL/6 mice (p < 0.05 in
both cases).

Table 1. Characteristics of control C57BL/6 and non-diabetic NOD
dam islets 1 day after delivery

Dams C57BL/6 NOD
(n=6) (n=6)
No. of islets recovered/pan- 322 £ 26 288 £ 30
creas section/mouse
Mean islet area (mm?) 0.26 + 0.04 05 + 0.08
Islet distribution (%) as func-
tion of their size
< 2,000 pixels 300 + 95 180 + 24
2,000-5,000 pixels 346 + 20 296 + 23
5,000-10,000 pixels 151 + 54 121 + 20
10,000-20,000 pixels 112 + 22 163 + 2.1
> 20,000 pixels 9.1 + 37 240 + 38

Legend: Data are mean + SEM, Student t-test. 'p < 0.05.

Characteristics of maternal islets during ges-
tation and at delivery

Figure 4 shows immunohistochemical labeling
of BM8" and ER-MP23" macrophage infiltration in
C57BL/6 and NOD pancreases at G14. Similar as
previously published in never-gestate mice [6],
during gestation macrophage infiltration was
more distinct around NOD islets than around
those of controls.

Mean islet size and islet distribution, as func-
tion of islet size, was assessed in first-gestation
C57BL/6 and NOD pancreases at D1PP (Table 1).
NOD dams had significantly larger mean islet ar-
eas and higher mean percentages of the largest
islets (10,000-20,000 and >20,000 pixels) than
C57BL/6 dams (p < 0.05 in all cases).

Figure 5 illustrates variable-sized islets associ-
ated with ducts, which is characteristic of islets in
neogenesis. Insulitis could be observed at the duc-

Rev Diabet Stud (2010) 7:36-46

tal poles of islets (Figure 5B-F and I). In some
cases, ducts were associated with several infil-
trated islets (Figure 5H and 5I). Sometimes, nu-
merous mononuclear cells were observed in ves-
sels near duct/islet structures (Figure 5G).

Effect of successive gestations on diabetes

Two groups of pre-diabetic NOD females were
mated at every time starting at 6 weeks (group 1
with 5 successive gestations, n = 13) or 10 weeks
(group 2 with 4 successive gestations, n = 8), and
compared to never-gestate mice from the same
colony (group 3, n = 46) within the same period of
time (Figure 6). The mean survival time from
birth onwards and without diabetes was 17.1 +
1.0, 20.0 £ 0.6, and 20.0 = 0.2 weeks, for groups 1
to 3, respectively (Kaplan-Meier analysis). A sig-
nificant diabetes-free difference in the survival
rate was observed among the 3 groups (p = 0.02)
(Figure 6). Finally, there was a marked trend to-
wards survival difference between group 1 and 2
(p = 0.06, Log-Rank test). Therefore, it seems that
repeated mating and/or age at first mating influ-
ence diabetes onset and survival.

Discussion

Pregnancy is known to modulate glucose ho-
meostasis and to induce gestational diabetes, pos-
sibly followed by permanent maternal diabetes
[19-22]. Also, pregnancy in diabetic mothers may
be associated with intrauterine death, perinatal
mortality, and birth weight anomalies [23, 24].
Pregnancy is a natural state of g-cell hyperactivity
and insulin resistance, which may decompensate
according to maternal genetic background and/or
environment [19].

B-cell hyperactivity and insulin resistance are
two well-recognized components of T2D patho-
physiology. However, p-cell hyperactivity may also
play a role in T1D pathogenesis [1, 3, 4]. Hyperac-
tive endocrine cells are more prone to autoimmune
reactions, because of higher levels of autoantigens,
adhesion and MHC molecules, and higher sensi-
tivity to cytokine-induced damage [4, 25-27]. The
existence of transient B-cell hyperactivity, trig-
gered by a state of insulin resistance, is able to ac-
celerate disease progression, which was docu-
mented in humans with T1D [28-33]. Previously,
we have described a state of g-cell hyperactivity
beginning at weaning in the spontaneous NOD
mouse model, when diet shifts from maternal milk
(rich in fatty acids and low in carbohydrates) to
laboratory chow (poor in fatty acids and rich in
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carbohydrates) [1-3]. This 3-cell hyperactivity co-
exists with mild insulin resistance in 8-week-old
NOD mice [2]. Comparable with a state of sus-
tained and/or repetitive p-cell stimulation, gesta-
tions seem to accelerate the onset of diabetes and
increased its prevalence in non-diabetic NOD
mice.

To confirm the presence of this maternal g-cell
stimulation, we conducted glucose tolerance tests
(injection of 1 g glucose per kg body weight, i.p.). It
showed that B-cell hyperactivity was present un-
der basal feed conditions in first-gestation age-
matched (12-week-old) non-diabetic NOD com-
pared to C5BL/6 controls. This conclusion is based
on the following observations:

1. Decreased glycemia during gestation after
an initial increase at G7.

2. Trend towards increased insulinemia associ-
ated with progressively increased pancreatic
insulin content. Notably, first-gestation
NOD mice exhibited higher percentages of
large islets than first-gestation controls, and
showed signs of islet neogenesis, which is in
fact not impaired in the NOD mouse [34, 35].

Basal glucagonemia rose progressively in first-
gestation non-diabetic fed NOD, but not in
C57BL/6 mice. Whilst NOD pancreatic glucagon
content was lower than in controls. Glucagon
anomalies before and after birth were observed
independently of the age of NOD mothers at mat-
ing (unpublished data).

Glucagon, an adaptive hormone to counterbal-
ance hypoglycemia, increases during pregnancy in
normal and gestational diabetic women [36].
Anomalies of circulating glucose-induced gluca-
gonemia, and a physiological «-cell insulin resis-
tance, have been noted in gestational (or post-
gestational) diabetic mothers compared to normal
mothers during pregnancy and the postpartum pe-
riod [37]. In non-diabetic gestate NOD mice, there
are several reasons why hyperglucagonemia can
result from an immune/endocrine imbalance in is-
lets or the periphery. First, as insulin affects glu-
cagon secretion [38, 39], «-cell disturbance may be
primary or secondary to $-cell anomalies or insulin
signaling. Conversely, as glucagon stimulates in-
sulin secretion [40-42], the relative hypergluca-
gonemia may be partially responsible for the basal
hyperinsulinemia. Second, cytokines such as inter-
leukin-1 (IL-1), produced by the primary infiltrat-
ing immune cells, are known to stimulate gluca-
gon secretion in vivo and in vitro [43]. Recently,
IL-6 was shown to regulate «-cell mass expansion

www.The-RDS.org

Diabetes-free survival time function

| I
0.8 + I
0.6 +
04 1= === 3 _l
0.2 +
0 1 1 1 1
0 5 10 15 20 25

Time (weeks)

Figure 6. Effect of successive gestations on diabetes onset
and survival in NOD mice mated at 2 different ages. Two
groups of pre-diabetic NOD females were mated at every
time starting at 6 weeks (group 1, 5 successive gestations, n
= 13) or 10 weeks (group 2, 4 successive gestations, n = 8),
and compared to never-gestate mice from the same colony
within the same period of time (group 3, n = 46). The dia-
gram shows a significant diabetes-free survival difference
among the 3 groups (p = 0.02, Kaplan-Meier analysis).

[44]. Notably, during normal pregnancy, systemic
inflammatory responses induce cytokines [45].
This phenomenon could be aggravated in NOD
mice, both in the periphery and within organs. In
particular, inflammation is a feature in pancreatic
islets of NOD mice, indicated by the presence of
high amounts of immune cells. We observed this
phenomenon in the present study. Third, NOD
hyperglucagonemia may partly reflect the pro-
gressive loss of normal inhibition of glucagon se-
cretion by the peri-islet GABAergic (glutamic acid
decarboxylase (GAD)-containing) innervation.
This disappears with age in NOD mice, in parallel
with the progression of insulitis [46, 47]. Simi-
larly, others have described early destruction of
peri-islet Schwann cells in NOD mice, but not in
NOD/SCID [48].

Pregnancy affects the hypothalamo-pituitary-
adrenal (HPA) axis leading to increased glucocor-
ticoids and ACTH levels during gestation [49]. The
HPA response to fasting was abnormally stimu-
lated in gestating NOD and NOD/SCID mice, and
peaked around G14 instead of the end of gestation,
as usually described in controls [18]. Moreover,
non-injected fasting NOD, and particularly
NOD/SCID mice, showed exaggerated responses at
G14 compared to controls. However, at G18, the
corticosterone response in non-injected fasting
NOD mice, and particularly NOD/SCID mice, ap-
peared to be lower than in controls, being the
same as after glucose injection. These observations
suggest abnormal regulation of the HPA axis in
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mice with the NOD genetic background, possibly
involving a rapid down-regulation of corticoster-
one secretion in response to supplementary stress
(e.g., i.p. injection after overnight fasting). In this
context, NOD mice had fewer islet glucocorticoid
receptors at 3 weeks of age [50]. When circulating
glucose, corticosterone, and IL-6 responses to re-
straint were compared between various control
strains (C57BL/6, DBA/2, and BALB/c) and pre-
diabetic NOD mice at 8 weeks of age, the two
strains with the highest corticosterone responses
(BALB/c and NOD) had the lowest hyperglycemic
and the highest IL-6 responses [16]. Due to the
well-known hyperglycemic and anti-inflammatory/
immunosuppressive effects of glucocorticoids,
these data suggest a certain degree of cortico-
resistance in the two strains. Also, other HPA
axis-related anomalies exist in NOD neonates be-
fore weaning, e.g. absence of stress hyporespon-
sive period, particularly after IL-1 injection [1],
and early depressed dentate gyrus cell prolifera-
tion [51]. Finally, during gestation, HPA axis
anomalies are more distinct after fasting in
NOD/SCID than NOD mice. In this regard,
athymic nude mice exhibit HPA axis alterations
which are normalized by immune reconstitution
with CD4" lymphocytes [52].

Interestingly, some of the NOD gestational en-
docrine features are shared by NOD/SCID mice:
high glycemic response, high insulinemia and
signs of insulin resistance (increased insu-
lin/glucose ratio) in response to glucose injection.
Indeed, the NOD strain shares a common origin
with the NON strain, a pre-T2D model that offers
the possibility of exploring some common features
such as insulin resistance [53]. Insulin resistance
appears to peak earlier in NOD/SCID than NOD
mice (G7 vs. G14). Various glucose-homeostasis
anomalies have been described in lymphocyte-
deficient mice: 1. Athymic nude mice exhibit sev-
eral endocrine anomalies, including impaired glu-
cose tolerance at very young age and peripheral
insensitivity to insulin [54]. 2. Defects in regula-
tory CD4 Foxp3 cells appear to be linked to insulin
resistance [55, 56]. 3. Gene studies of autoim-
mune-prone  NOD/SCID and non-autoimmune-
prone C57BL/6 mice suggest that, in the absence

of hyperglycemia and g-cell destruction, the NOD
genetic background may predispose to diabetic
complications, including insulin resistance [57].

In conclusion, these data demonstrate endo-
crine disturbances during gestation even in pre-
diabetic NOD mice. Maternal endocrine anomalies
may be responsible for fetal and neonatal endo-
crine disturbances for the following reasons: 1.
NOD mice produced by embryo transfer into ICR
or DBA/2 mothers had a very low incidence of
T1D, with only about 7% of the progeny develop-
ing diabetes by 40 weeks of age [58]. 2. NOD fetal
pancreatic organ cultures produce more insulin
that those from C57BL/6 or BALB/c controls [59].
3. At birth, both sexes of NOD neonates exhibit
signs of B-cell hyperactivity and «-cell anomalies,
and maternal insulin treatment lowers B-cell hy-
peractivity in female neonates [5, 8]. 4. These neo-
natal islet anomalies are associated with in-
creased numbers of some types of antigen-
presenting cells and/or disturbance of extracellu-
lar matrix proteins in NOD and/or NOD/SCID
pancreases [6, 7]. 5. Neonatal injection of glucose
and arginine leads to diabetes enhancement and
increased islet autoantigen expression (ICA and
GAD 67) only in NOD females [60]. 6. Prenatal
stress during the last week of gestation acceler-
ates diabetes onset and increases in its prevalence
in the NOD female progeny [61], while separation
of NOD neonates from their mothers increases the
risk of developing diabetes in both sexes [62]. It
was suggested in the latter study that overstimu-
lation of the HPA axis and induction of insulin re-
sistance led to overloaded g-cells. Others have de-
monstrated that NOD mice have different risks for
developing T1D depending on the strain of their
foster mothers [63].

In summary, these data suggest that diabetes
incidence in the NOD mouse is influenced by pre-
natal and postnatal maternal endocrine environ-
ment and/or behavior.
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