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Abstract

Gestational diabetes mellitus (GD) is a form of insulin resistance triggered during gestation, which affects approximately 10% of
pregnant women. Although previously considered a transient condition with few long-term consequences, growing evidence
suggest that GD may be linked to permanent metabolic and neurologic changes in the offspring. Currently available GD models
fail to recapitulate the full spectrum of this disease, thus providing limited information about the true burden of this condition.
Here, we describe a new mouse model of GD, based on the administration of an insulin receptor antagonist (S961, 30 nmol/
kg s.c. daily) during pregnancy. Pregnant mice developed increased fasting glycemia and glucose intolerance in the absence of
maternal obesity, with a return to normoglycemia shortly after parturition. Moreover, we showed that the adult offspring of GD
dams presented pronounced metabolic and cognitive dysfunction when exposed to short-term high-fat diet (HFD). Our data
demonstrate that S961 administration to pregnant mice comprises a valuable approach to study the complex pathophysiology of
GD, as well as strategies focused on prevention and treatment of both the mother and the offspring. Our findings suggest that the
offspring of GD mothers are more susceptible to metabolic and cognitive impairments when exposed to high-fat diet later in life,
thus indicating that approaches to prevent and treat these late effects should be pursued.
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Abbreviations

GD Gestational diabetes
GTT  Glucose tolerance test
HFD High-fat diet

i.p. Intraperitoneal

ND Normal diet

normoglycemic women, include family history of overweight
and obesity, nonwhite race, and advanced maternal age [2, 3].
The prevalence of GD is increasing over the years and it is
currently estimated to affect up to 10% of all pregnancies in
the USA [4]. The consequences of GD to infants include
macrosomia, neonatal hypoglycemia, hypocalcemia, and re-

NOR Novel object recognition spiratory distress syndrome [S]. For many years, the transient
nature of GD has led researchers and physicians to underesti-
mate its long-term consequences. However, evidences for late

Introduction metabolic and behavioral consequences are emerging, and late

Extensive research has been conducted to unravel the bases of
type 1 and type 2 diabetes, but few studies have assessed the
physiopathological mechanisms and long-term consequences
on gestational diabetes (GD) [1]. Risk factors for GD, a form
of insulin resistance triggered during pregnancy in previously
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effects of intra-uterine exposure to high levels of glucose and
insulin as well as a pro-inflammatory profile in this critical
period of development are only beginning to be understood.
Infants born from diabetic mothers show increased risk of
becoming obese and developing type 2 diabetes later in life
[6]. More recent and concerning evidences, however, point to
detrimental neurological effects of GD in their offspring. An
increased risk of developing schizophrenia in children from
GD mothers has been suggested [7], and other neuropsychiat-
ric disorders might also be associated [8]. Several putative
mechanisms, common to other cognitive dysfunctions, includ-
ing iron deficiency, increased oxidative stress, and lipid
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peroxidation as well as inflammation and maternal immune
activation, have been proposed [7, 9, 10]. Previous studies
described that transient intra-uterine exposure to these
stressors could program fetal brain and peripheral cells to re-
spond differently when exposed to a second hit later in life,
increasing the susceptibility to develop metabolic and behav-
ioral alterations [7, 11, 12].

Animal models of GD are mandatory to studying its long-
term consequences and molecular mechanisms. However, the
current models of GD have several limitations [13]. Strategies
described include surgical, pharmacological, nutritional, and
genetic approaches. Pancreatectomy removes both endocrine
and exocrine tissues, and results in changes in not necessarily
related to diabetes, such as inflammation [14]. Diabetogenic
drugs like streptozotocin induce widespread destruction of (3-
cells and have been demonstrated to have toxic effects on the
embryos [15, 16]. Both surgical and chemical inductions re-
sult in a permanent state of diabetes and severe elevation of
blood glucose whereas GD is characterized by mild glucose
intolerance. Diet interventions like high-fat diet reproduce GD
phenotype but induce increased adiposity [17], a condition
associated but not necessary for GD development, as many
women manifest the disease despite being lean [18]. Genetic
models including mutants for the leptin receptor [19, 20], mice
deficient for prolactin or insulin receptor [21, 22], or mice
deficient for the hepatocyte nuclear factor 4cc (HNF-4)
[23] provide important insight into pathways that may influ-
ence disease development. However, these single-gene
models are in contrast to the disease in humans, which present
a phenotype resulting from complex interactions between en-
vironmental and polygenic factors. Although these models
have been proven useful for the assessment of the conse-
quences of hyperglycemia on mother and offspring, they fail
to truly mimic human GD, as most of them fail to recapitulate
key aspects of this condition, such as maternal peripheral tis-
sue insulin resistance and the return to euglycemia soon after
labor [13, 24]. The development of animal models that more
closely recapitulate its key aspects will undoubtedly help to
identify the long-lasting consequences of GD to brain and
behavior of the offspring and guide the development of pre-
vention strategies.

In this study, we developed a new mouse model of GD to
gain further insight into how hyperglycemia and glucose in-
tolerance during pregnancy affect metabolism and cognition
in the offspring. To this end, we used the insulin receptor
antagonist S961, which has been shown to induce features
of type 2 diabetes in rodents including hyperglycemia,
hyperinsulinemia, and glucose intolerance [25-27]. When ad-
ministered daily during pregnancy, starting on gestational day
7,S961 increased fasting glycemia and glucose intolerance in
pregnant dams, in the absence of obesity or changes in chow
intake. Moreover, animals recovered normoglycemia shortly
after parturition. This model resembles key aspects of GD that

have not been previously recapitulated in other models. In
addition, we found that both male and female offspring from
diabetic dams are more susceptible to the deleterious metabol-
ic effects of short-term high-fat diet (HFD), which also trig-
gered cognitive impairment. In conclusion, we showed that
the administration of S961 to pregnant mice comprises an
interesting alternative approach to study the complex patho-
physiology of GD. Using this model, we showed that the
offspring of GD mothers are more susceptible to late metabol-
ic and cognitive effects induced by diet, thus indicating that
approaches to prevent and treat these late effects should be
pursued.

Methods
Animals

Swiss mice were obtained from our own breeding facilities at
the Federal University of Rio de Janeiro (UFRJ), Brazil. All
procedures performed in the present study were approved by
the Ethics in Research Committee of the UFRJ (protocol 045/
16), followed the Brazilian legislation, and were in accordance
with the National Institutes of Health and ARRIVE guide-
lines. Animals from our own breeding facilities were housed
5 per cage with free access to food and water, under a 12-h
light/dark cycle, with controlled room temperature (22 +
2 °C). Twelve-week-old female and male Swiss mice were
mated in a 2:1 ratio, respectively, for 48 h, during the female
estrus phase. The estrus cycle was always identified between 3
and 5 pm. Successful mating was confirmed by the formation
of a vaginal plug and daily measures of body weight on the
following 7 days were used to confirm pregnancy. After mat-
ing, females were individually housed in cages until they gave
birth. Body weight, chow, and water consumption were eval-
uated once a week during the gestational period and every
5 days after birth of the offspring.

Treatment

S961 (30 nmol/kg/day; a kind gift from Dr. Lauge Schiffer,
Novo Nordisk) or an equal volume of vehicle (saline) was
injected daily at the same time of the day (5:00 pm) subcuta-
neously from the seventh day of pregnancy until the birth of
the offspring (Fig. 1a). The dose of S961 and the administra-
tion schedule were chosen based on previous work [25, 28]
and preliminary pilot studies.

Fasting Glucose Determination and Glucose Tolerance
Test

Glucose tolerance test (GTT) was performed on the seventh
day of treatment with S961 or saline in all dams and also in
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Fig. 1 S961 induces transient glucose intolerance in pregnant mice. a
Swiss mice were mated and pregnant females were treated daily with
30 nmol/kg 0f S961 or equal volume of saline subcutaneously (s.c.), from
gestational day (GD) 7 until the day before labor. b—d Fasting glucose (b;
n=>5 saline, 6 S961), glucose tolerance test curves (¢; n=>5 saline,
6 S961), and corresponding area under the curve (AUC) (d; n =5 saline,
6 S961) of data shown in C. e Body weight gain during pregnancy in

their offspring when they reached 90 days of age. Pregnant
mice were fasted for 5 h while non-pregnant female and male
mice (offspring of GD dams or control) were fasted for 12 h
before glucose measurements began. Blood samples were col-
lected from a tail incision for baseline values (fasting blood
glucose). Then, mice received an i.p. injection of glucose so-
lution (2 g/kg) and blood glucose measurements were per-
formed after 15, 30, 45, 60, 90, and 120 min using a One-
Touch® Ultra® Glucose Meter and strips (Johnson &
Johnson). For i.p. glucose administration, animals were gently
restrained and injection was performed between inner thigh
and genitals with an inclination of approximately 35°, in order
to ensure that no organs were punctured. Mice showing no
changes in blood glucose levels at any time point after glucose
injection were excluded from the study. The number of
dams with no changes in glucose levels did not exceed
5% of animals, which is in agreement with previous
studies from our group [29].
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S961- and saline-treated dams (n =11 saline, 13 S961). f Fasting blood
glucose of S961- and saline-treated mice, measured 1 day after parturition
(n=>5 saline, 6 S961). Food (g; n = 6 saline, 7 S961) and water intake (h;
n=6 saline, 7 S961) measured during S961 or saline treatment. In b:
*p=0.0004; in d: *p=0.0032; in h: *p =0.009; Student’s 7 test. White
bars, saline; black bars, S961

High-Fat Diet Administration

All litters were normalized to eight animals per dam: 4 males
and 4 females whenever possible. At weaning, animals were
housed in groups of no more than five in each cage and were
fed with regular chow until they were 60 days old. Adult off-
spring of S961- and saline-treated groups were subdivided to
receive normal diet (ND) or high-fat diet (HFD) ad libitum from
the 60th to the 90th day of life (saline + ND, S961 + ND, saline
+ HFD, S961 + HFD, respectively). The HFD (Prag
Solutions—1Jat, Sao Paulo, Brazil) contained 45% of energy
derived from fat, 36% from carbohydrates, and 19% from pro-
tein. Body weight was evaluated every 5 days during this peri-
od. GTT was performed at the end of the HFD administration,
as described above. Maternal behavior, as well as physical and
reflex development of the pups, was evaluated between post-
natal days 2 and 8, as described below. Other behavioral ses-
sions were carried out between post-natal days 90 and 100.
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Evaluation of Physical Development

Pups from each dam were observed daily between post-natal
days 2 and 8, to evaluate if intra-uterine exposure to S961
could cause a delay or hastening in the appearance
of physical developmental hallmarks. Variables analyzed were
as follows: beginning of fur growth, pinna detachment, incisor
eruption, and eye opening [30, 31].

Evaluation of Reflex Development

Pups from four S961- and four saline-treated dams were eval-
uated in terms of reflex development and neuromuscular mat-
uration on the negative geotaxis and posture straightening
reflex tests, performed between post-natal days 2 and 8 [32].
Negative geotaxis is an orientation movement that reflects
vestibular and/or proprioceptive function. For evaluation of
this reflex, pups were individually placed on a 45° inclined
surface facing downwards. Latency to turn 180° (facing up)
was measured. For the evaluation of posture straightening
reflex, pups were individually placed laying on their backs
on a flat surface and the time to turn and stand on the four
limbs was recorded.

Evaluation of Maternal Behavior

Maternal behavior from S961- and saline-treated dams (n =5/
group) were evaluated between post-natal days 2 and 8. The
number of events licking or feeding pups were assessed in
four 1-h-long observation sessions performed each day at
the following hours of the day: 8:00 AM, 1:00 PM, 4:00
PM, and 7:00 PM [33, 34]. Data are expressed as average
number of events per day.

Open Field Test

For the open field test, animals were individually placed in the
center of an arena made of wood measuring 30 x 30 x 45 cm.
All sessions were video recorded and the total distance trav-
eled and time in the center of the arena were evaluated during
a 5-min-long session using the ANY-maze software
(Stoelting, Wood Dale, IL). The arena was thoroughly cleaned
with 20% ethanol in between trials to eliminate olfactory cues
[35].

Novel Object Recognition Test

The test was carried out in the same arena used for the open
field test. The training consisted in a 5-min session during
which animals were placed at the center of the arena in the
presence of two identical objects. The amount of time spent
exploring each object was recorded. Sniffing and touching the
object were considered as exploratory behavior. The arena

was thoroughly cleaned with 20% ethanol in between trials
to eliminate olfactory cues. Two hours after the training, ani-
mals were again placed in the arena for the test session, in
which one of the objects was replaced by a new one, and the
amount of time spent exploring familiar and novel objects was
measured. All sessions were video recorded and evaluated
using the ANY-maze software, and the results were expressed
as percentage of time exploring each object [35].

Statistical Analysis

All data are expressed as means + standard error mean (SEM).
Significant differences were assessed by one sample Student’s
t test, or one-way ANOVA followed by Tukey’s post hoc, as
indicated in figure legends, using the GraphPad Prism 6.0
Software. A value of p <0.05 was considered statistically
significant.

Results

Treatment of Pregnant Mice with S961 Recapitulates
Several Aspects of Gestational Diabetes

In order to develop a rodent model that mimics different as-
pects of GD, pregnant Swiss mice were treated daily with s.c.
injections of the insulin receptor antagonist, S961 (30 nmol/
kg) from gestational day 7 until the day before parturition
(Fig. 1a). Pregnant females treated with S961 showed in-
creased fasting blood glucose (Fig. 1b) and became glucose-
intolerant (Fig. lc, d), reproducing the main features of gesta-
tional diabetes in humans. Most animal models designed to
recapitulate insulin resistance are associated to obesity and
ingestion of fat-enriched diets [13], but it is known that over
25% of all cases of GD occur in non-obese women [36]. We
found that S961-treated females did not develop obesity, as
their body weight gain was comparable with that seen saline-
treated dams throughout the pregnancy (Fig. 1¢). Moreover, as
shown for over 70% of patients [37], and rarely resembled by
animal models of the disease, blood glucose levels of S961-
treated females returned to normality shortly after the birth of
the offspring (Fig. 1f). In addition, no changes in daily food
intake were observed (Fig. 1g), but a significant increase in
water consumption during the period of drug administration
was observed (Fig. 1h), in agreement with the high blood
glucose levels seen in S961-treated dams.

S961 Does Not Affect Maternal Behavior or Neonatal
Development of the Offspring

Extensive evidence has shown that decreased maternal care

during the neonatal period has persistent effects on adult be-
havior [38, 39]. To investigate whether S961 administration
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during pregnancy in mice interfered with maternal care, the
behavior of dams was evaluated between post-natal days 2
and 8, at different moments of the day (see Methods). No
changes in licking (Fig. 2a) or feeding (Fig. 2b) behaviors
were seen between S961- and Saline-treated dams, thus ruling
out the possibility that impaired maternal behavioral during
early neonatal period could account for changes in behavior of
the offspring later in life.

We further investigated whether S961 treatment interfered
with normal physical and reflex development of pups.
Physical development of pups exposed to S961 was
comparable with the control group (Table 1).
Moreover, pups from S961-treated dams showed normal
performance in the posture straightening reflex and neg-
ative geotaxis tasks (Table 2), indicating that the admin-
istration of the insulin antagonist to the pregnant dams
has no effect on normal physical or neurological devel-
opment of the offspring.

Offspring from Diabetic Dams Show Increased
Susceptibility to High-Fat Diet-Induced Metabolic
and Cognitive Impairments

It is known that the offspring of diabetic mothers are at in-
creased risk of developing metabolic disorders throughout life
[40, 41]. In order to evaluate whether mice born from S961-
treated dams were more susceptible to metabolic dys-
function, adult mice (post-natal day 60) were kept in
normal diet (ND) or received high-fat diet (HFD) for
30 days (Fig. 3a). HFD induced increase in fasting gly-
cemia both in male and female mice born from saline-
treated dams, when compared with mice fed with ND
(Fig. 3b, e). Of interest, the impact of HFD on blood
glucose levels was markedly higher in female mice born
from S961-treated dams compared with those born from
Saline-treated dams (Fig. 3e). Male (Fig. 3c, d) and
female (Fig. 3f, g) offspring of GD dams showed worse

(V]

Fig.2 S961 given to pregnant

performance than the offspring born from saline-treated
dams, in a GTT performed after 30 days of HFD
administration.

Maternal diabetes is a known risk factor for perinatal com-
plications, but long-term consequences on offspring cognition
remain poorly understood. Thus, we assessed the impact of
intra-uterine hyperglycemia on cognitive function of adult
offspring subjected to normal diet or HFD for 30 days
(Fig. 4a). When evaluated in our open field paradigm,
mice showed no differences in locomotion (Fig. 4b, c)
or anxiety-like behavior (Fig. 4d, e) regardless of gen-
der, diet or maternal S961 treatment. All experimental
groups showed similar exploratory behavior during
training session of NOR (Fig. 4e, f). HFD-treated mice
born from normoglycemic dams (Sal + HFD) had no
effect on cognitive function (Fig. 4g, h), when evaluated
in the novel object recognition (NOR) task. Conversely,
both male (Fig. 4g) and female (Fig. 4h) mice born
from S961-treated dams and exposed to HFD were not
capable of differentiating familiar from novel objects in
the NOR test session, indicating that the offspring from
GD dams is more susceptible to cognitive impairment in
adulthood.

Discussion

Gestational diabetes (GD) is a transient and multifactorial
condition, making it challenging to experimentally recapitu-
late. Currently available GD animal models rely on surgical,
chemical, nutritional, or genetic approaches. Surgical and
chemical models consist on the removal or drug-induced per-
manent damage to the pancreas, causing a drastic and irrevers-
ible reduction in insulin secretion [13, 24]. These models are
useful tools for studying the effects of severe hyperglycemia
in the offspring, but fail in recapitulating key aspects of GD,
such as the transient nature of the disease. Moreover, it is

T
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Table 1 S961 given to pregnant mice does not affect pregnancy
outcome or physical development of pups
Saline S961 (30
nmol/kg)
Duration of gestation (days) 2133 £1.61 2121 £1.37
Number of live pups 825+349 9.75+3.72
Average pup weight (g) 1.91 £0.18 147 £0.23
Dam weight gain during pregnancy (%) 27.80 +7.27 37.00 + 6.46
Physical development (days)
Hair growth (beginning) 3.05+022 3.08+0.27
Pinna detachment 345+055  3.67=+0.57
Incisor eruption 585+036 5.87+040
Eye opening 1332 £0.57 13.35 £ 0.66

known that although 3-5% of GD patients remain diabetic,
most women regain euglycemia shortly after parturition [42],
highlighting that chemical and surgical models are not the best
models to evaluate the late consequences of GD since hyper-
glycemia remains throughout lactation. Here, we describe a
mouse model associated to moderately increased fasting blood
glucose levels and glucose intolerance during late stages of
pregnancy in mice, that mimicked the transitory condition of
GD, since fasting blood glucose returned to control levels at
the end of pregnancy.

Since obesity is a well-known risk factor for GD, several
studies perform nutritional manipulations to induce 3-cell
dysfunction and diabetes in pregnant mice and rats [43—45].

Table2 S961 given to pregnant mice does not affect offspring neonatal
reflexes development

Saline (s) S961 (30 nmol/kg) (s)

Posture straightening reflex

Post-natal day 2 (P2) 53.50 £ 5.48 49.36 + 6.45
Post-natal day 3 (P3) 24.24 £ 5.01 3449 £17.93
Post-natal day 4 (P4) 18.11 £ 17.26 18.45 + 8.45
Post-natal day 5 (P5) 12.89 £ 10.18 22.53 +£13.08
Post-natal day 6 (P6) 3.89 +£2.42 4.13 £3.07
Post-natal day 7 (P7) 345 +2.78 4.06 + 3.27
Post-natal day 8 (P8) 1.65 £+ 0.60 2.46 +0.95
Negative geotaxis
Post-natal day 2 (P2) 42.04 £10.23 44.68 £ 11.33
Post-natal day 3 (P3) 30.49 + 8.73 23.59 + 7.31
Post-natal day 4 (P4) 11.96 +£1.78 8.58 £3.23
Post-natal day 5 (P5) 7.62 £ 1.62 8.55+1.38
Post-natal day 6 (P6) 9.98 +3.62 941 £3.29
Post-natal day 7 (P7) 7.23 £2.80 7.35+£3.04
Post-natal day 8 (P8) 2.84 £ 0.63 2.94 £ 0.96

However, the increasing evidence suggest that GD incidence
is rising especially among non-obese women, and in certain
populations, obesity is the main driving cause of diabetes in
only 15% of cases [18]. Here, we describe a mouse model of
hyperglycemia and glucose intolerance during pregnancy,
with no induction of maternal obesity. Although we did not
directly assess whether our model was associated to peripheral
insulin resistance, previous studies have found that S961 ad-
ministration to mice leads to hyperinsulinemia and marked
insulin resistance [26, 27]. These findings suggest that our
model is useful to study the long-term consequences of mod-
erate and transient glucose intolerance during late stages of
gestation on the health of females and their offspring, since
it closely resembles the time course of GD seen in humans.
Our findings also suggest that S961 has no direct effect on
pups since there were no changes in physical and reflex de-
velopment at any stage after birth. However, in our study, we
did not directly address whether S961 crosses the placental
barrier and reaches the fetuses. S961 is a peptide containing
43 amino acid residues and therefore is not likely to freely
cross the brain and placental barriers. It is known that maternal
insulin cannot cross the placenta, indicating that this tissue
lacks insulin transporters [46], thus ruling out the possibility
that these transporters recognize S961 and carry it across the
placenta. It is unlikely that S961 is transported unspecifically
by other transporters present in the placenta, since it binds
with high selectivity to insulin receptors [28]. However, future
studies should experimentally address whether the placental
barrier is really impermeable to S961, especially under hyper-
glycemic conditions.

Early studies suggested a higher incidence of diabetes in
adults born to mothers with GD [47-49], but until recently, the
disease was considered a transient condition associated with
no major consequence to the mother or child. Longitudinal
studies following this population are still rare and with poor
conclusions regarding the long-term effects of GD on the off-
spring, which possibly underestimated the late consequences
of this metabolic misbalance [50]. More recent and
concerning experimental evidence point to detrimental effects
of GD on the development, metabolism, and behavior of the
offspring [51-53]. Our data showed that, while pups born
from GD dams are normoglycemic when become adults, they
are more susceptible to becoming glucose-intolerant when
exposed to a short period of high-fat diet. These findings are
in agreement with previous clinical and epidemiological data
and further strengthen the idea that exposure to high glucose
and insulin levels during critical embryonic stages may have
persistent effects on metabolic profile of the offspring.

The developing brain is extremely sensitive to endogenous
and exogenous signals. GD involves fetal exposure to high
levels of pro-inflammatory mediators during a critical period
of brain development [54, 55] and could have latent effects
and program brain’s response to aversive stimuli later in life.

@ Springer



7760 Mol Neurobiol (2019) 56:7754-7764
a
-~ 4 —
P21 P60 STHY e §e P90
Weaning XY S orﬁ.g;gf; GTT (C,D,FG)
Normal High-fat Beh_aviore_ll
diet (ND) diet (HFD) Evaluation (Fig. 4)
b Male c Male d Male
300 60 *k%k
Q 7 —_ -©- Sal+ND T *k
g o 3 600 -8 Sal+HFD & m
o * =4 -5 S961+ND e
= £ % S961+HFD x
200+ ~ 400 404
o @ =
o » -
L) 3 o
o =) Y=
o 1004 S 200 O 20-
= 3 g
7] S P
& o olV—vr—— od
0-"Sar —sal S961 5961 15304560 90 120 Sal Sal S961 S961
+ND +HFD +ND +HFD Time after glucose +ND +HFD +ND +HFD
injection (min)
e Female f Female g Female
*k*

o - —_ -© Sal+ND } #
8400 xw 3 600 . SN 50 —
o . > = S961+ND S
= 300- £ - S961+HFD ; 404 %
o =~ 400 ~
T e -
o * n - 30+

o
© 2004 8 0}

= p
- 5, 200 w5 20
c . °
£ 100 3 S 1o
17 o <
E O m O T T T T T T 0

“Sal Sal S961 S961 1530456 90 120 Sal Sal S961 S961

+ND +HFD +ND +HFD

Fig. 3 Adult offspring of diabetic dams show exacerbated glucose
intolerance when submitted to 30 days of high-fat diet. a The offspring
from control or diabetic dams were weaned at post-natal day 21 (P21) and
animals received normal diet (ND) or high-fat diet (HFD) for 30 days
starting at post-natal 60. b, e Fasting blood glucose measured in male (b;
n="7 Sal + ND, 7 Sal + HFD, 8 S961 + ND, 6 S961 + HFD) and female
(e; n=>5Sal +ND, 8 Sal + HFD, 11 S961 + ND, 10 S961 + HFD) mice at
P90. ¢, d, f, g Glucose tolerance test curves in male (¢; n =7 Sal + ND, 7
Sal + HFD, 8 S961 + ND, 6 S961 + HFD) and female (f; » =5 Sal + ND,

Clinical studies have reported delayed neurocognitive devel-
opment in babies born from GD mothers compared with those
born from patients who remained euglycemic throughout
pregnancy [56-58]. This delayed cognitive development ap-
pears to be reversible, since older children regained normal
memory function [58]. In agreement with these clinical find-
ings, we found that adult mice born from GD dams show
normal cognitive performance in the object recognition
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8 Sal + HFD, 11 S961 + ND, 10 S961 + HFD) mice at P90, and corre-
sponding area under the curve (AUC) (d, g). In b: *p=0.0153; **p=
0.0002, one-way ANOVA followed by Tukey. In d: *p =0.0086; **p =
0.0453; **%p=10.0005, one-way ANOVA followed by Tukey. In e:
*p <0.0001; **p<0.0001; ***p <0.0001, one-way ANOVA followed
by Tukey. In g: *p=0.0273; **p =0.0003; ***p =0.0006; #p = 0.0532,
one-way ANOVA followed by Tukey. White/black bars, Sal + ND; black
bars, Sal + HFD; white/gray bars, S961 + ND; gray bars, S961 + HFD

paradigm, although we did not evaluate cognitive abilities of
these mice during infancy. Long-term treatment of mice with
high-fat diet has been associated to cognitive impairment [59,
60], impaired insulin signaling in memory-related brain re-
gions [60, 61], and increased brain generation of amyloid-f3
peptides, the main neurotoxins in Alzheimer’s disease [61,
62]. Here, we report that mice born from GD dams show
increased susceptibility to develop cognitive impairment in
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Fig. 4 Adult mice born from diabetic dams show cognitive impairment
when submitted to 30 days of high-fat diet. a Adult offspring born from
control or diabetic dams received normal diet (ND) or high-fat diet (HFD)
for 30 days starting at post-natal 60 (P60). At post-natal day 90 (P90),
animals were submitted to the open field and novel object recognition
(NOR) tasks. b—c Distance traveled by male (b) and female mice (c¢) in the
open field task. d—e Time spent by male (d) and female (e) mice in the
center of the open field arena at P90. White/black bars, Sal + ND; black
bars, Sal + HFD; white/gray bars, S961 + ND; gray bars, S961 + HFD. f—
g The percentage of time spent by male (f) and female (g) mice exploring

the object recognition paradigm when exposed to a short-term
period of high-fat diet. Altogether, our results suggest that
although individuals might develop normal neurocognitive
capacities in adulthood, intra-uterine exposure to the diabetic
environment programs brain’s response to aversive stimuli
later in life. Disrupted maternal care early in life has been
shown to interfere with the proper development of the proge-
ny, resulting in neurobiological and behavioral abnormalities
in adulthood [63]. One could argue that the susceptibility to
behavioral alterations found in our study could be related to
variations in maternal care related to DG. However, we
observed no alteration on maternal care parameters
shortly after birth, thus excluding an unspecific effect
of the perinatal manipulation on late-life behavior alter-
ations found in the offspring.

Studies performed in other animal models have described
persistent molecular changes in the brains of GD offspring. It
is known that brain inflammation and microglial activation are
associated to cognitive impairment in several conditions
[64-67], and previous studies have showed that increased hip-
pocampal production of TNF-« can lead to impaired neuronal
insulin signaling and cognitive impairment in mice [68, 69].
Increased brain levels of pro-inflammatory markers [55, 70]
and persistent microglial activation were previously shown in
brains of mice born from GD dams [71]. In addition, deregu-
lation in the expression of both IGF-1 and insulin receptors
was described in the hippocampus of GD offspring [72], and
another study reported insulin signaling resistance in other
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the two identical objects used in NOR training session. h—i The percent-
age of time spent by male (h) and female (i) mice exploring familiar
(Fam.) and novel objects in NOR test session. White bars, fam. object;
black bars, novel object. n =7 Sal + ND, 8 Sal + HFD, 11 S961 + ND, 10
S961 + HFD for experiments in male mice. n =15 Sal + ND, 5 Sal + HFD,
6 S961 + ND, 6 S961 + HFD for experiments in female mice. In h: *p =
0.0294 for Sal + ND, *p =0.0396 for Sal + HFD, *p =0.0104 for S961 +
ND, one sample Student’s ¢ test. In i: *p=0.0213 for Sal + ND, *p=
0.0147 for S961 + ND, one sample Student’s 7 test

brain regions of GD offspring, mainly the hypothalamus
[70]. Therefore, whether insulin signaling is disrupted in
memory-related brain regions of the GD offspring and if con-
tributes to the increased susceptibility to cognitive impairment
in our study should be subject of future investigations. One
study also found that levels of endoplasmic reticulum stress
markers were higher in the brains of adolescent mice born
from GD dams, suggesting that an unfolded protein response
is triggered in the brains of these animals [70]. Leptin resis-
tance and reduced neural hypothalamic projections in adult
mice born from hyperglycemic dams were also reported
[73]. Future studies should be performed to elucidate the mo-
lecular mechanisms involved in the behavioral programing
induced by GD in the offspring, thus contributing to describe
molecular targets for intervention.

In conclusion, our findings provide evidence that treatment
of female pregnant mice with the insulin receptor antagonist
S961 comprises an interesting model of GD, recapitulat-
ing key aspects of this condition which have not been
mimicked by other animal models. This might be an
interesting tool to study the mechanisms underlying
GD and to test alternative treatments to prevent the late
consequences associated to this disease. Our findings
also suggest that the offspring of GD mothers are more
susceptible to metabolic and cognitive impairments
when exposed to high-fat diet later in life, thus indicat-
ing that approaches to prevent and treat these late ef-
fects should be pursued.
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