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Abstract

Intrauterine growth restriction (IJUGR) associates with increased preference for
palatable foods and altered insulin sensitivity. Insulin modulates the central
dopaminergic response and changes behavioral responses to reward. We
measured the release of dopamine in the accumbens during palatable food
intake in IUGR rats both at baseline and in response to insulin. From pregnancy
day 10 until birth, gestating Sprague—Dawley rats received either an ad libitum
(Control), or a 50% food restricted (FR) diet. In adulthood, palatable food
consumption and feeding behavior entropy was assessed using an electronic
food intake monitor (BioDAQ®), and dopamine response to palatable food was
measured by chronoamperometry recordings in the nucleus accumbens (NAcc).
FR rats eat more palatable foods during the dark phase, and their eating pattern
has a higher entropy compared to control rats. There was a delayed dopamine
release in the FR group in response to palatable food and insulin administration
reverted this delayed effect. Western blot showed a decrease in suppressor of
cytokine signaling 3 protein (SOCS3) in the ventral tegmental area (VTA) and
an increase in the ratio of phospho-tyrosine hydroxylase to tyrosine hydroxylase
(pTH/TH) in the NAcc of FR rats. Administration of insulin also abolished this
latter effect in FR rats. FR rats showed metabolic alterations and a delay in the
dopaminergic response to palatable foods. This could explain the increased
palatable food intake and behavioral entropy found in FR rats. IUGR may lead
to binge eating, obesity and its metabolic consequences by modifying the
central dopaminergic response to sweet food.
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Introduction

Exposure to fetal adversity is associated with altered impulsivity-based
behaviors such as, increased preference for sugary foods at different ages in
humans (Barbieri, Portella et al. 2009, Ayres, Agranonik et al. 2012, Portella,
Kajantie et al. 2012, Silveira, Agranonik et al. 2012, Portella and Silveira 2014,
Silveira 2014, Dalle Molle and Silveira 2015, Laureano, Molle et al. 2015, Reis
RS 2016) and animals (Alves, Molle et al. 2015, Cunha Fda, Dalle Molle et al.
2015, Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016).
Fetal adversity contributes to the development of prediabetes, type Il diabetes,
cardiovascular disease and mental health disorders. (Hales and Barker 1992,
Eriksson, Wallander et al. 2004, Lahti, Eriksson et al. 2014, Li, Ley et al. 2015).
Both humans and animals exposed to intrauterine growth restriction (IUGR)
show altered behavior towards sweet rewards starting at birth (Ayres, Agranonik
et al. 2012, Laureano, Dalle Molle et al. 2016). These findings suggest that fetal
adversity programs neurobiological pathways involved in reward sensitivity
(Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016). Insulin
receptors are found in the ventral tegmental area (VTA), the nucleus
accumbens (NAcc) and the prefrontal cortex (PFC). Insulin modulates the
activity within these pathways (Sipols, Bayer et al. 2002, Figlewicz 2003). Fetal
growth restriction impairs insulin secretion relative to insulin sensitivity in
children and adults, and this phenomenon occurs before the onset of insulin
resistance (Jensen, Storgaard et al. 2002, Veening, van Weissenbruch et al.
2003, Mericg, Ong et al. 2005). The behavioral phenotype of children and
adults exposed to IUGR may be due to variations in insulin sensitivity within
these neural pathways and these variations may in turn predispose these
individuals to an enhanced risk for metabolic and psychiatric disorders in later
life.

Insulin acts on the dopaminergic neurons of the ventral tegmental area
(VTA), that project to the nucleus accumbens and PFC (Figlewicz, MacDonald
Naleid et al. 2007), and insulin modulates behavioral responses including
reward sensitivity and conditioning (Figlewicz, Bennett et al. 2008). Perinatal
adversity affects insulin signaling within the mesocorticolimbic pathway and

alters behavioral responses to sweet rewards suggesting changes in reward
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sensitivity. (Portella, Silveira et al. 2015). Insulin acts on its receptors located
on dopamine neurons in the midbrain including in the VTA and substantia nigra
(Figlewicz, Evans et al. 2003). Insulin then triggers Mitogen-activated Protein
Kinase (MAPK) and Phosphatidylinositol-3-Kinase (PI-3K) intracellular signaling
cascades. The activation of PI-3K is especially linked to metabolic functions and
induces the phosphorylation of protein kinase B (Akt). SOCS3 binds to distinct
domains of the insulin receptor (Emanuelli, Peraldi et al. 2000), inhibiting the
phosphorylation of insulin receptor substrate-1 (IRS-1) and IRS-2 in vivo and in
vitro (Ueki, Kondo et al. 2004). This attenuation of insulin signaling by SOCS3
results in reduced activation of glycogen synthesis and glucose transport in
cultured cells (Ueki, Kondo et al. 2004). SOCS3 activates an intracellular
negative feedback loop within the insulin receptor that is regulated in both a
phosphorylation and transcription-dependent manner. Changes in AKT
phosphorylation and SOCS3 levels are indicative of modifications in insulin
sensitivity within the tissues that are affected.

Maternal protein restriction during gestation alters brain systems involved
in hedonic responses to sucrose. For example, these animals have increased
levels of tyrosine-hydroxylase (TH) and dopamine in the VTA and PFC,
respectively, and enhanced expression of genes responsible for TH and
dopamine reuptake transporter (DAT) production in areas of the
mesocorticolimbic system (Vucetic, Totoki et al. 2010). IUGR adult rats show
robust reductions in the expression of enzymes involved in dopamine synthesis
in the NAcc and orbitofrontal cortex (Alves, Molle et al. 2015, Dalle Molle,
Laureano et al. 2015). In this current work we hypothesized that insulin would
differentially modulate the behavioral and neurochemical DA responses to

palatable foods in adult rats exposed to IUGR compared to controls.

Experimental Procedures

Animals

Primiparous Sprague Dawley dams were time-mated at approximately 80

days of age (CEMIB Laboratory Animal Reference Center, Campinas, SP,
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Brazil) were time-mated within our institutional animal facility. Throughout
pregnancy the dams were single-housed in Plexiglas home cages (49 x 34 x 16
cm) and maintained in a controlled environment. Lights were turned on between
7AM and 7PM, temperature was maintained at 22 + 2°C, and the cages were
changed once per week. Food and water was provided ad libitum until
gestational day 10. At 10 days of gestation, dams were randomly assigned to
one of two groups: control (Adlib)(n=24), receiving an ad libitum (AdLib) diet of
standard laboratory chow (Nuvilab®) or 50% food restriction (FR)(n=12),
receiving 50% of the ad libitum-fed mothers intake. The FR group’s ration of
food was based on the daily consumption of normal chow in a cohort of
gestating Sprague Dawley rats) (Desai, Gayle et al. 2005). These modified
feeding conditions were maintained from gestational day 10 until the birth of the
litters. Within 24 hours after birth, the pups litters were culled to 8 pups per litter
(4 males and 4 females) and all pups were cross-fostered to other AdLib dams,
forming the following groups (considering the biological/adoptive mother, i.e.,
gestation/lactation maternal diet): AdLib/AdLib (control - CTRL) and FR/AdLib
(FR). Weaning occurred on postnatal day 21. Pups were separated by sex and
housed four per cage. The excess male pups and the females were used in
different studies (projects HCPA/GPPG 12-0353, 13-0544, 14-0289 and
140111). All rat pups were maintained on standard laboratory chow and water
available ad libitum and were kept in a controlled environment as described
above. Body weights were recorded weekly from weaning age using a digital
scale with 0.01 g precision (Marte®, Canoas, Brazil). The males (n=64 animals)
were assigned to one of two experiments, a) evaluation of feeding behavior
(n=16 animals) and evaluation of insulin signaling in the mesocorticolimbic
system (n=34 animals, Study 1) and b) chronoamperometric evaluation of the
accumbal dopamine response to palatable food (n= 14 animals, Study 2). To
avoid litter effects, a maximum of two rats per litter was used in each
experiment.

The Research Ethics Committee of Hospital de Clinicas de Porto Alegre
(GPPG/HCPA, project numbers 13-0420, 13-0264, 14-0111, 13-0544, 11-0053,
14-0289, 120353) approved all the animal procedures described here. All

procedures were conducted in a climate-controlled environment within our
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animal facility’s behavioral testing rooms (Unidade de Experimentacéo
Animal/HCPA).

Study 1. Evaluation of feeding behavior and insulin signaling in the

mesocorticolimbic system

Analysis of feeding behavior

Rats were singly housed in cages equipped with a BioDAQ® food intake
monitoring system (Research Diets) at 80 days of age. BioDAQ® is a computer-
based software program that can provide detailed feeding behavior data. Total
food intake and meal patterns were analyzed with the BioDAQ® system as
previously described (Farley, Cook et al. 2003, Machado, Dalle Molle et al.
2013, Dalle Molle, Laureano et al. 2015). Briefly, the system uses a food hopper
mounted on an electronic strain gauge-based load cell to measure food
consumption. The food hopper is weighed 50 times per second (accurate to
0.01 g) and the mean and standard deviation (S.D.) of food consumption over
approximately 1 sec is calculated by a peripheral computer. Food consumption
is signaled by a change in the food hopper weight (defined as a S.D. > 2000
mg) caused by the animal ingesting food. Each feeding event including
cage/animal number, start date and time, feeding duration, final hopper weight
and amount of food eaten is recorded and exported to a central computer,
where it is entered into a Microsoft Excel spreadsheet (Microsoft, Redmond,
WA). There were two kinds of events recorded in BioDAQ®: feeding bouts and
meals. The end of a feeding bout was signaled when the hopper was left
undisturbed for 5s (defined as a S.D.<2000 mg), at which point the duration of
the feeding event and the amount eaten (initial hopper weight minus final
hopper weight) was calculated. A meal was defined as a difference in hopper
weight of >0.1g, separated from other feeding bouts within a range of 15 min
(Surina-Baumgartner, Langhans et al. 1995, Eckel, Langhans et al. 1998). Rats
feeding behavior was analyzed for 8 days. During the habituation phase,
consisting of the first four days, the rats were given access to standard rat chow

containing 2.95Kcal/g, 22% protein, 4,5% fat, 54% carbohydrate in each kg
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(NUVILAB®) and water ad libitum. During the last four days, the rats were
provided with access to both the previously described standard laboratory rat
chow and a highly palatable diet containing 4.82 kcal/g, 8% mineral, 14%
protein, 34% fat, 6% fiber, 30% carbohydrate in each kg (Prag Solucdes
Biociéncias®). This latter diet derived 20% of its carbohydrate content from
sucrose. The rats were provided with a small quantity of the highly palatable
diet in their home cages for 2 days prior to the start of the food choice
experiment as a means to reduce possible effects of heophobia on the results.
Each day, the diets were replenished at the same time that the cages and

BioDAQ® system were cleaned and maintained (Kowalski, Farley et al. 2004).

Peripheral measurements — ELISA

At 100 days of age, the rats were fasted for 4h and injected with insulin
(1 IU/kg) or saline through the intraperitoneal route (i.p.) and decapitated 15
minutes later for protein measurements or received no injection prior to
decapitation for insulin measurements. Brain tissue and blood were collected.
Blood was collected in tubes and centrifuged at +4°C at 4000 rpm for 10min.
Plasma was separated in aliquots and frozen at —-80°C until further analysis.
Plasma insulin levels were measured using the Rat/Mouse Insulin ELISA Kit
(Millipore, EZRMI-13K).

Central measurements — Western Blotting

Brains were flash frozen in isopentane and stored at —80 °C until further
analyses. The brains were then warmed to —20 °C and cut into thick sections of
0.1 cm with the aid of an Atlas (Paxinos and Watson 2007). Bilateral 1 mm
diameter punches were taken from the ventral tegmental area (VTA) and
nucleus accumbens (NAcc) (Shahrokh, Zhang et al. 2010).

Tissue samples were homogenized in cytosol extraction buffer with the
addition of a protease inhibitor cocktail, (Sigma- Aldrich, P8340) and
phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail Tablets,
Roche, 4906845001). The samples were then centrifuged at 6000 rpm for 2 min
at +4 °C. Total protein was quantified using a Bicinchoninic Acid (BCA) kit with
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bovine serum albumin as a standard (Pierce BCA Protein, Thermo Scientific,
23225). Aliquots of the supernatant containing 35 pg of VTA or 25 ug of NAcc
protein were incubated with LDS (Invitrogen, NPOOO7) and DTT (Sigma-Aldrich,
43815) at 99°C for 3 min. The samples were subjected to electrophoresis using
a 4 to 12% polyacrylamide gradient gel (Invitrogen, NP0323BOX) together with
the addition of a standard molecular weight (Spectra™ Multicolor Broad Range
Protein Ladder, Thermo scientific, 26634), before being transferred to a
nitrocellulose membrane (GE Healthcare, RPN303C). Blots were blocked in Tris
buffered saline containing 5% non-fat milk concentrate and 1% Tween®20
(Sigma, P1379). We measured TH, pTH, in the NAcc, and SOCS3, AKT and
PAKT in the VTA. The membranes were incubated overnight at +4°C with
primary antibodies: TH 1:5000 (anti-tyrosine hydroxylase, Sigma-Aldrich,
T2928), pTH 1:500 (anti-phospho tyrosine hydroxylase (Ser40), Invitrogen,
368600), SOCS3 1:500 (suppressor of cytokine signaling) (Cell Signaling,
#2923), Akt (pan) (11E7) 1:1000 (Cell signaling, #4685), Phospho-Akt (Ser473)
1:1000 (Cell Signaling, #4060), followed by anti-mouse secondary antibodies
(1:2500) (Anti-Mouse 1IgG, Cell Signaling, #7076s) or anti-rabbit (1:2500) (Anti-
Rabbit IgG, Cell Signaling, #7074s) at room temperature for 1h. The membrane
was then exposed on ImageQuant LAS 4000 GE Healthcare Life Sciences
using ECL (ECL western blotting analysis system, GE healthcare, RNP2106).
Results were calculated as a ratio of intensity of the protein of interest to that of
actin 1:2000 (Sigma—Aldrich, A4700) in the same membrane, using a stripping
protocol as needed (Laureano, Dalle Molle et al. 2016). The results were
expressed as a percentage of control values (Colman, Laureano et al. 2015,

Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016).

Study 2: Chronoamperometric evaluation of the accumbal dopamine
response to palatable food

Surgery

Between 80-120 days of age, rats (n=14) underwent stereotaxic surgery.

They were anesthetized with ketamine 40 mg/kg (ip.) and xylazine 5mg/kg (ip.)
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and maintained under isoflurane anesthesia during the surgery. Animals
received tramadol 5 mg/kg (ip.) before surgery, and tramadol 2.5 mg/kg (ip.)
immediately post-surgery, and sodium dipyrone 200 mg/kg (IM)was given to
reduce pain post-surgery. Tramadol 5 mg/kg (ip.) was kept 12h/12 h thereatfter,
as well as and cetoprofen 5 mg/kg (ip.) 1x day for 2 consecutive days
postoperative. Forty puL of bupivacaine with epinephrine (0.2 mg per animal)
was injected subcutaneously at the surgical site. Electrochemical probes were
lowered into the NAcc shell (coordinates: 1.2 mm anterior to bregma, 0.8 mm
lateral to the midline, and 7.0 mm ventral to the surface of the cortex)
(Shahrokh, Zhang et al. 2010). Animals were also implanted with a Ag/AgCl
reference electrode in the contralateral parietal cortex. Miniature pin connectors
soldered to the voltammetric and reference electrodes were inserted into a
connector (9-pin ABS Plug, Ginger Scientific, GS09PLG-220). The assembly
was secured with acrylic dental cement to four stainless steel screws threaded
into the cranium (Paxinos and Watson 2007, Shahrokh, Zhang et al. 2010).

Animals were returned to their home cages after a 2-5h recovery.

Electrochemical probes and measurements in freely moving rats

This experiment was performed during the early afternoon according to
Shahrokh, Zhang et al. 2010). The voltammetric electrodes consisted of a
bundle of three 30-um-diameter carbon fibers (Textron Systems, Wilmington,
MA) extending 50-100um beyond the sealed tip of a pulled glass capillary
(outer diameter 0.5 mm), and repeatedly coated with a 5% solution of Nafion®
(Sigma-Aldrich, 274704), a perfluorinated ionomer that promotes the exchange
of cations such as dopamine but impedes the exchange of interfering anionic
species such as ascorbic acid (AA) and 3,4 dihydroxyphenylacetic acid. Each
electrode was calibrated to determine dopamine sensitivity and selectivity
compared with AA in 0.1 M PBS (pH 7.4) that contained 250 uM AA to mimic
brain extracellular conditions. The electrodes had a mean (£SEM) dopamine to
AA selectivity ratio of 1619:1 + 133:1 (Doherty and Gratton 1997, Shahrokh,
Zhang et al. 2010, McCutcheon, Beeler et al. 2012).
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Dopamine was detected as current through its oxidation and reduction,
and measurements were recorded using a computer controlled, high-speed
chronoamperometric apparatus (Quanteon, Lexington, KY). An oxidation
potential of +0.55mV (with respect to the reference electrode) was applied to
the electrode for 100 ms at a rate of 2 Hz. The oxidation current was digitally
integrated during the last 80 ms of each pulse. The sum of every 10 digitized
oxidative cycles from the chronoamperometric waveform was automatically
converted into equivalent values of dopamine concentration using an in vitro
calibration factor. The reduction current generated when the potential was
returned to resting state (0.0 V for 100 ms) was digitized and summed in the
same manner and served as an index to identify the main electroactive species
contributing to the electrochemical signals. The magnitude of the increase in
reduction current elicited by an elevation in dopamine concentration is typically
60-80% of the corresponding increase in oxidation current [reduction to
oxidation ratio (red:ox)], 0.6—0.8 using nafion-coated electrodes and a sampling
rate of 2 Hz (Doherty and Gratton 1997, Gerhardt, Ksir et al. 1999, Shahrokh,
Zhang et al. 2010, McCutcheon, Beeler et al. 2012). Supplementary
information is available at https://www.youtube.com/watch?v=Sf7L-34pgmc.

In vivo electrochemical recordings

One day following surgery the rats received 6 Froot Loops® pellets in
their home cages to reduce the influence of food neophobia during the
experiment. The rats started to be habituated to the voltammetry apparatus two
days following surgery. They were given 6 Froot Loops® pellets within a
voltammetry cabinet (60 x 60 x 60 cm) containing a single hole at the top of the
box to connect the voltammetry cable and a glass front door. Rats were
habituated to the box for 1 hr.

Voltammetry recordings took place on the 3™ and 5™ days following
surgery at afternoon. During the first two hours of recording, the rat was placed
in the voltammetry cabinet to allow for habituation and electrochemical signal
stabilization. The rat then received 30 grams of standard rat chow given in small
pieces and the dopaminergic response to the presentation of standard rat chow
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was recorded. The remaining food was removed and the rat remained in the
box for 1 hour to allow for signal stabilization.  Fifteen pellets of Froot Loops®
were then offered for 30 minutes and the recordings continued for another hour
to record the dopaminergic response to palatable food. Standard rat chow
available at 80% of the free-feeding rate was available in the home cage
between recording sessions. The next day, the rats underwent another 2 hours
of acclimatization to the voltammetry cabinet. Rats were then injected with 100
microliters saline solution (ip.) and given15 Froot Loops® pellets for 30 minutes.
The food was then removed and the recordings continued for another hour. On
the third day of recordings, rats received an injection of 5 Ul/kg insulin (i.p.) in a

total volume of 100 microliters using saline for dilution.

Histological confirmation of electrode placement

On the sixth day, the electrode placement in the recording site was
validated by histology. Rats were deeply anesthetized with isoflurane and a
+4.5 DC current was applied to the carbon fiber electrode in order to produce a
lesion at the exact recording site in the brain (Ledo, Lourenco et al. 2015). Rats
were then decapitated, and the brains were fixed in 4% paraformaldehyde
(PFA) solution in PBS for 24h. The brains were cryoprotected in 30% sucrose
solution and frozen in isopentane and liquid nitrogen. Coronal sections (50 ym)
of the brain were made using a cryostat (Leica, Wetzlar, Germany) with the aid
of an atlas (Paxinos and Watson 2007). The sections were mounted on gelatin-
coated glass slides and stained with hematoxylin-eosin to verify the lesion site
caused by the current applied to the microelectrodes. Rats with incorrect
electrode placements in the recording site (n=5) were excluded from statistical

analyses (Figure 1).

Statistical analyses

Data were expressed as means + SEM and were analyzed using
Student’s t-tests when comparing two groups (FR vs. Adlib groups).
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Generalized Estimating Equations (GEE) were used to analyze differences in
birth weight and body weight at weaning since this method takes the
interdependent effect of litter into account. We used group and sex as variables
and adjusted by litter size. The models were adjusted for both litter number at
birth and at weaning age.

BioDAQ® data was analyzed in three different ways: a) GEEs were used
with group, experimental day, time of day (light vs. dark phase) as independent
variables and total amount of food consumed was the dependent outcome
variable. Food consumption was adjusted by body weight and analyzed as
grams consumed per 100g of body weight; b) Using continuous recordings from
the BioDAQ® system, we divided 24 hours in a day into 96 bins of 15 minutes
and categorized the rat’s behavior into one of three possible states: resting,
eating rat chow or eating palatable food. We then measured unpredictability
which is a measure of transitions from one type of state to another. We derived
a measure of unpredictability by focusing on the conditional probabilities that
describe transitions in behavior. This method is described in Molet et al. (2016).
Briefly, we characterized the rats’ behavior using an empirical transition matrix
of conditional probabilities of changing from one behavioral state to another.

Entropy is a natural summary measure of randomness or the
unpredictability of a distribution and can be defined in many ways. We focused
on the Shannon entropy. We first calculated the probabilities to be in each of
the three states for all rats together and used them as the stationary distribution
of the Markov chain. The stationary probabilities serve as weights for the
entropy values, which produce a measure known as the entropy rate (Molet,
Heins et al. 2016), and these were compared between the groups using
Student’s t-test; c) Approximate entropy (ApEn) was calculated according to
Richman and Moorman, 2000) using the continuous measure as described in
b), we then calculated the tolerance, r, (0.3 times standard deviation of the
consumption per 100g) for each subject. We defined that two sequences xi and
xj will match if they are within a tolerance r, i.e. the distance between xi and xj is
less than or equal to r. Then for each subject we calculated two probabilities:
that two sequences of two consecutive periods will match and that two
seqguences of three consecutive periods will match. Further, for each subject we
calculated approximate entropy, ApEn, as a negative logarithm of conditional
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probability that two sequences within a tolerance r for two consecutive periods
will remain within tolerance r for the next period.

Voltammetry data was analyzed using GEEs, and group and type of food
exposure (rat chow, Froot Loops®, IP Saline_Froot Loops®, IP Insulin_Froot
Loops®) were independent factors within the model. Post hoc group
comparisons were completed using the Bonferroni post hoc test. Three aspects
of the dopaminergic response to food and injection presentation were analyzed
based on the model developed by Joyce et al. (2007). The time it takes
dopamine to reach its peak value (T rise), the amplitude of the dopaminergic
response (in mMol) and the time it takes for 80% of the original dopamine
content to be cleared (T80) were measured. The T80 value is a measure of
dopamine reuptake.

Data were analyzed using the Statistical Package for the Social Sciences
(SPSS) version 20.0 (SPSS Inc., Chicago, IL, USA) and R statistical software.
Significance levels for all measures were set at p= 0.05.

RESULTS

Body weight

We found a significant effect of group [B= —0.834, p=0.004] on birth
weight where FR rats weighed less than controls, and there was a significant
effect of sex [B= —-0.324, p<0.001] in which females weighed less than males
(Figure 2A).

At weaning age, the body weight difference between FR and controls
disappeared [B= -1.236, p=0.355], indicating catch up growth in the FR group.
Females still weighed less than males at weaning age [B= —-2.536, p<0.001],
(Figure 2B). Sample size in this experiment reflects all the animals used in the
different projects listed in the Methods since we decided not to trace the pups
that were eventually assigned to each project at weaning age since we did not

want to disturb the litters in the first 21 days of life.
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The rats that were used in the analyses of BioDAQ® food consumption
data and dopaminergic responses to food and injection presentation had no
significant differences in body weights between the FR and control groups
(body weights in BioDAQ® experiment, Student’s T Test t(14)=0.530, p=0.605,
(Figure 2C) and body weights in voltammetry experiment, Student’'s T Test
t(7)=2.037, p=0.09, (Figure 2D).

Study 1

FR animals eat more palatable foods in the dark phase

Our analyses of food consumption during the last 4 days of study 1
showed that the rats ate very little or no regular rat chow. We focused our
further analyses on the consumption of palatable food. We found no effect of
the experimental day (1 to 4) (Wald= 3.17; df= 3; p= 0.37) and no effect of the
group (Wald= 1.12; df= 1; p= 0.27) on palatable food consumption across the
whole day. There was an effect of time of day (light vs. dark phase) (Wald=
9.63; df= 1; p= 0.002). There was also a significant interaction between group
and time of day (Wald= 10.43; df= 1; p= 0.001), in which FR rats consumed
more palatable food than control rats during the dark (active) phase of the light

cycle (Figure 3A).

FR animals have differential behavioral entropy

There were no significant differences in behavioral entropy rates between
FR and control groups over the course of the 96 hours food consumption
experiment (Student’s t-test, t(14)=1.79, p=0.09). However, the FR group
showed significantly higher entropy during the dark phase (t(14)= 2.72, p=0.02)
but not during the light phase (t(14)=1.42, p=.18) (Figure 3 B, C, D) compared
to the control group.

Approximate entropy, a measure that also takes into account the
variability in the amount consumed (ApEn), was also calculated. The FR group
had increased ApEn during the dark phase compared to the control group
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(FR=0.282+0.020, control=0.163+ 0.023, Student’s t-test, t(14)=3.76, p=0.002),
but there were no group differences during the light phase (FR=0.091+0.010,
control=0.115+0.012, Student’s t-test, t(14)=1.51, p=0.153).

FR rats have higher peripheral insulin

Figure 4 shows that FR rats had significantly higher insulin levels than
control rats (Student’s t-test, t(11)=2.472 p=0.031) (Figure 4).

NAcc pTH/TH ratio is higher in the FR group but this is reverted by insulin

There were no statistically significant differences between groups in TH
levels after saline [Student’s t-test, t(10)=0.198, p=0.847] or insulin injection
[Student’s t-test, 1(10)=0.633, p=0.541]. pTH levels were also similar between
groups when exposed to saline [Student’s t-test, t(10)=0.952, p=0.364] or
insulin [Student’s t-test, t(10)=0.800, p=0.442]. However, the ratio of pTH/TH
was increased in the FR group compared to controls when exposed to saline
[Student’s t-test, t(10)=2.599, p=0.027], which was completely reverted by
insulin injection [Student’s t-test, t(10)=1.007, p=0.338] (Table 1).

VTA SOCS3 levels are diminished in FR animals

AKT levels in the VTA were similar between groups when exposed to
saline [Student’s t-test, t(7)=1.022, p=0.341] or insulin [Student’s t-test,
t(9)=1.009, p=0.340]. pAKT levels were also not significantly different between
groups after saline [Student’s t-test, t(7)=0.916, p=0.390] or insulin [Student’s t-
test, t(9)=1.501, p=0.168] injections. Similarly, the pAKT/AKT ratio was similar
between groups after saline [Student’s t-test, 1(7)=0.621, p=0.554] and insulin
injection [Student's T Test, t(9)=0.280, p=0.786]. SOCS3 levels were
significantly diminished in the FR compared to control group after saline
injection [Student’s t-test, t(7)=3.584, p=0.009], but no significant differences
were observed following insulin injection [Student’s t-test, 1(9)=0.428, p=0.678]
(Table 2).
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Study 2

FR animals show a delayed dopaminergic response to palatable food and

this effect is reversed by insulin

Food consumption of both regular rat chow and Froot Loops® presented
in the voltammetry cabinet was measured. Rat chow consumption was minimal
during the experiment, similar to the findings from Study 1 reported above. Rat
chow intake frequency was similar between the FR and control groups during
the 30 minutes of food presentation [Control = 7.842.3, FR=10.7+2.8, Student’'s
T Test, t(7)=1.007, p=0.35]. All the rats ate the entire portion of Froot Loops that
was offered 1 hour later, as well as on the following days of the experiment.

The time it took for the dopaminergic response to reach peak amplitude
(T rise) was not significantly different between the groups (Wald= 0.185; df= 1;
p= 0.667), but there was an effect of food exposure (Wald= 8.972; df= 3; p=
0.030), and a significant interaction between the group and food exposure
condition (Wald= 24.951; df= 3; p < 0.001). Posthoc analysis showed that the
FR and control groups differed significantly after exposure to Froot Loops® (p =
0.006). The FR group took a significantly longer time to reach the dopaminergic
peak. This finding is completely reversed when rats were injected with insulin (p
= 0.006), Figure 5A.

The amplitude of the dopaminergic response was not significantly
different between the FR and control groups (Wald= 1.134; df= 1; p= 0.287), but
there was an effect of the food exposure condition (Wald= 8.215; df= 3; p=
0.042) and an interaction between group and the food exposure condition (Wald
= 93.226; df= 3; p < 0.001). Bonferroni analyses showed that while there were
no significant differences in amplitude in the different food exposure conditions
in the control group, the FR rats responded with higher amplitude levels in the
presence of Froot Loops® only in comparison to IP Saline_ Froot Loops®
(p=0.038), Figure 5B.

The T80 value was not significantly different between the groups (Wald=
0.420; df= 1; p= 0.517), but there was an effect of the food exposure condition
(Wald= 13.063; df= 3; p= 0.005) and an interaction between the group and food
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exposure condition (Wald= 45.415; df= 3; p < 0.001). However, posthoc
analysis was not able to detect a significant interaction. The only detectable
difference was in the general comparison between the response after rat chow
and IP Insulin_ Froot Loops®, in which the T80 value was longer after insulin
injection (p= 0.024). Visual inspection of the graph suggests this finding is
greater in the FR group (Figure 5C).

DISCUSSION

In this study, we confirmed previous findings of increased palatable food
intake in FR (IUGR) animals, in agreement with several previous studies from
our group (Alves, Molle et al. 2015, Dalle Molle, Laureano et al. 2015,
Laureano, Dalle Molle et al. 2016) and others (Vucetic, Totoki et al. 2010), and
to the findings in humans that experienced IUGR (Lussana, Painter et al. 2008,
Barbieri, Portella et al. 2009, Migraine, Nicklaus et al. 2013). We have
previously shown that FR animals have increased preference for palatable food
throughout the light-dark cycle(Dalle Molle, Laureano et al. 2015). In the current
experiment, we focused exclusively on the consumption of palatable food, since
the rats ate very little if any standard rat chow that was offered during the
experiment. We showed that while FR and control rats ate a similar amount of
palatable food over the course of the whole day, FR rats ate more palatable
food during the dark phase of the light/dark cycle when rats are active. We also
found a greater behavioral entropy or transitions between different behavioral
states in the FR compared to the control rats. The FR group had a more
unpredictable and disorganized behavior in the dark phase, as shown by the
higher entropy rates. These refinements in measurements are important
advances in our understanding of how gestational FR affects the behavioral
response to palatable foods in adulthood.

In addition, we showed that FR animals have increased peripheral
insulin, in agreement with the “thrifty phenotype” hypothesis proposed by Hales
and Barker in 1992 (Hales and Barker 1992). We also found altered insulin
sensitivity as reflected through lower levels of SOCS3 in the VTA of FR rats. FR

rats also appear more sensitive to insulin’s action at a molecular level by
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showing normalization of the pTH/TH ratio after insulin injection. FR rats also
showed a delayed dopaminergic peak response to palatable food in the
accumbens and this finding was reversed by systemic insulin injection.

It is interesting that the well-known increased preference for palatable
foods seen in FR rats is accompanied by higher behavioral unpredictability and
higher approximate entropy, especially when considering that impulsivity seems
to be a behavioral phenotype associated with the increased intake of palatable
foods in humans exposed to IUGR (Ayres, Agranonik et al. 2012, Reis, Dalle
Molle et al. 2016). It has been suggested that behavioral patterns are altered
through the shifting of entropy to different regions across the brain, or that
unpredictable behavioral patterns are coupled with more predictable brain
activation patterns (Smotherman, Selz et al. 1996, Hong, Barton et al. 2012).
This seems to be especially evident in models of altered striatal dopamine
function (Hong, Barton et al. 2012). Therefore, our behavioral findings showing
increased palatable food consumption and increased entropy rates in FR rats
strongly suggests the involvement of altered dopaminergic responsivity to
palatable foods, and this hypothesis was confirmed by the electrochemical
experiment.

We found a delay in the peak dopaminergic response to sweet foods but
not in response to regular chow in FR rats compared to controls. The increased
intake of palatable foods observed in FR rats may be an attempt to reach the
same dopaminergic peak in a similar amount of time compared to control rats.
Activation of dopaminergic neurons facilitates the development of positive
reinforcement during reward-seeking and behavioral flexibility (Adamantidis,
Tsai et al. 2011). The delayed time it takes FR rats to reach a peak
dopaminergic response to palatable food agrees with our previous finding of
decreased place conditioning to palatable foods despite higher consumption in
FR compared to control rats (Dalle Molle, Laureano et al. 2015). Deficits in
striatal dopaminergic transmission are also related to impulsivity in humans and
in animals (Trifilieff and Martinez 2014), a feature that characterizes individuals
with JUGR..

Importantly, the time to reach the peak dopaminergic response to
palatable foods is significantly lower in FR rats following insulin injection
compared to control rats. These findings suggest that rats exposed to
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gestational food restriction are more sensitive to the effects of systemic insulin
in adulthood than control rats. The elimination of pTH/TH protein level
differences in the nucleus accumbens of FR rats following insulin injection, the
longer time to achieve dopamine reuptake (T80 value) and the lower levels of
SOCS3 in the VTA are all aligned with the concept that gestational food
restriction alters the response to palatable food possibly through alterations in
insulin sensitivity in adulthood.

IUGR is associated with insulin resistance. In young rats, peripheral
levels of insulin are increased in FR rats and this may facilitate insulin signaling
in some brain regions before reaching exhaustion. Central insulin resistance
first appears in the hypothalamus (Sears and Perry 2015).We have evidence
that IUGR animals at this age already have increased hypothalamic SOCS3
levels (Mucellini et al., in prep). Therefore, the behavioral phenotype observed
in IUGR individuals may be the result of different patterns of insulin resistance
in different brain regions.

Our findings indicate that fetal adversity alters brain sensitivity to insulin
and modulates behavioral responses to palatable foods. Our findings in rats
corroborate with our findings in humans where individual differences in
dopamine function are associated with increased palatable food consumption in
IUGR individuals (Silveira, Pokhvisneva et al. 2018). These current findings
have important implications as early life adversity during gestation associates
with the development of chronic diseases later in life including increased risk for
obesity, metabolic syndrome, cardiovascular disease and psychiatric disorders.
Our further understanding of the molecular mechanisms involved in increasing
the risk for these diseases in the face of early life gestational adversity allows us

to develop preventative and therapeutic programs to target individuals at risk.
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FIGURE LEGENDS:

Figure 1: Schematic illustration of electrode placement in NAcc shell (A).
Hematoxylin-eosin-stained coronal sections of rat brain were used to confirm

the microelectrode recording site in the NAcc shell (B).

Figure 2: Body weight at birth and at weaning, in male and female rats from FR
and control groups. Data is expressed as mean + SEM. A) Birth weight in
grams. There is an effect of the group, in which FR animals weighed less than
controls (GEE, n=114-176/group/sex, *p<0.05) and females weighed less than
males (GEE, n=114-176/group/sex,**p<0.05). B) Body weight at weaning. Body
weights were similar between the FR and control groups at weaning age. There
was no effect of the group, demonstrating the catch-up growth in the FR
animals. Females weighed less than males (GEE, n=51-82/group/sex, *p<0.05).
C) There were no significant differences in body weight between FR and control
rats used in Study 1 to measure food intake using the BioDAQ® system
(Student’s T Test, n=8/group, p>0.05). D) There were no significant differences
in body weight between FR and control rats used in Study 2 for

chronoamperometric measurements (Student’s T Test n=4-5/group, p>0.05).

Figure 3: Palatable and regular food consumption were measured using the
BioDAQ® system. Data is expressed as mean + SEM. A) Average palatable
food consumption/100g body weight measured during the light and dark phases
of the 24 hr light cycle. GEE analysis showed a significant interaction between
group and time of day, in which the FR group ate more palatable food during
the dark phase (Generalized Estimating Equation, n=8/group,*p<0.05). B)
Entropy rates across 96 hours and divided by the light (C) and dark phase (D).



©CO~NOOOTA~AWNPE

In D, there was higher behavioral entropy in the FR group during the dark phase
(Student’s T test, n=8/group, *p<0.05).

Figure 4: Peripheral insulin levels. Data is expressed as mean + SEM. FR rats
had significantly higher insulin levels than control rats (FR= 2,034+ 0,322,
control= 1,086+ 0,244, Student’s t-test, n=12-15/group, p=0.031).

Figure 5: In vivo electrochemical NAcc DA response to different conditions:
exposure to rat chow and Froot loops at baseline and after IP saline or insulin.
Data is expressed as mean = SEM. Three variables summarize the DA
response: A) T rise or time to reach DA peak after the stimulus. There was an
interaction between group and food exposure condition in which FR rats took a
longer time to reach the dopaminergic peak after Froot loops presentation and
this finding is completely reversed by insulin injection (Generalized Estimating
Equation, n=4-5/group,*p<0.05); B) Amplitude of the dopaminergic response.
There was an interaction between food exposure condition and group, in which
FR rats responded differently to Froot Loops® when comparing baseline vs.
saline injection conditions (Generalized Estimating Equation, n=4-5/group, p=
0.038); C) T80 or time taken to reach 80% dopaminergic signal clearance
following stimulus presentation. Although there was a significant interaction
between group and food exposure condition, a post-hoc analysis showed only a
longer T80 value after IP insulin and Froot Loops® compared to regular rat
chow presentation chow. This pattern appears more evident in the FR group

(Generalized Estimating Equation, n=4-5/group, p= 0.024).
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Abstract

Intrauterine growth restriction (IJUGR) associates with increased preference for
palatable foods and altered insulin sensitivity. Insulin modulates the central
dopaminergic response and changes behavioral responses to reward. We
measured the release of dopamine in the accumbens during palatable food
intake in IUGR rats both at baseline and in response to insulin. From pregnancy
day 10 until birth, gestating Sprague—Dawley rats received either an ad libitum
(Control), or a 50% food restricted (FR) diet. In adulthood, palatable food
consumption and feeding behavior entropy was assessed using an electronic
food intake monitor (BioDAQ®), and dopamine response to palatable food was
measured by chronoamperometry recordings in the nucleus accumbens (NAcc).
FR rats eat more palatable foods during the dark phase, and their eating pattern
has a higher entropy compared to control rats. There was a delayed dopamine
release in the FR group in response to palatable food and insulin administration
reverted this delayed effect. Western blot showed a decrease in suppressor of
cytokine signaling 3 protein (SOCS3) in the ventral tegmental area (VTA) and
an increase in the ratio of phospho-tyrosine hydroxylase to tyrosine hydroxylase
(pTH/TH) in the NAcc of FR rats. Administration of insulin also abolished this
latter effect in FR rats. FR rats showed metabolic alterations and a delay in the
dopaminergic response to palatable foods. This could explain the increased
palatable food intake and behavioral entropy found in FR rats. IUGR may lead
to binge eating, obesity and its metabolic consequences by modifying the
central dopaminergic response to sweet food.
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Introduction

Exposure to fetal adversity is associated with altered impulsivity-based
behaviors such as, increased preference for sugary foods at different ages in
humans (Barbieri, Portella et al. 2009, Ayres, Agranonik et al. 2012, Portella,
Kajantie et al. 2012, Silveira, Agranonik et al. 2012, Portella and Silveira 2014,
Silveira 2014, Dalle Molle and Silveira 2015, Laureano, Molle et al. 2015, Reis
RS 2016) and animals (Alves, Molle et al. 2015, Cunha Fda, Dalle Molle et al.
2015, Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016).
Fetal adversity contributes to the development of prediabetes, type Il diabetes,
cardiovascular disease and mental health disorders. (Hales and Barker 1992,
Eriksson, Wallander et al. 2004, Lahti, Eriksson et al. 2014, Li, Ley et al. 2015).
Both humans and animals exposed to intrauterine growth restriction (IUGR)
show altered behavior towards sweet rewards starting at birth (Ayres, Agranonik
et al. 2012, Laureano, Dalle Molle et al. 2016). These findings suggest that fetal
adversity programs neurobiological pathways involved in reward sensitivity
(Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016). Insulin
receptors are found in the ventral tegmental area (VTA), the nucleus
accumbens (NAcc) and the prefrontal cortex (PFC). Insulin modulates the
activity within these pathways (Sipols, Bayer et al. 2002, Figlewicz 2003). Fetal
growth restriction impairs insulin secretion relative to insulin sensitivity in
children and adults, and this phenomenon occurs before the onset of insulin
resistance (Jensen, Storgaard et al. 2002, Veening, van Weissenbruch et al.
2003, Mericq, Ong et al. 2005). The behavioral phenotype of children and
adults exposed to IUGR may be due to variations in insulin sensitivity within
these neural pathways and these variations may in turn predispose these
individuals to an enhanced risk for metabolic and psychiatric disorders in later
life.

Insulin acts on the dopaminergic neurons of the ventral tegmental area
(VTA), that project to the nucleus accumbens and PFC (Figlewicz, MacDonald
Naleid et al. 2007), and insulin modulates behavioral responses including
reward sensitivity and conditioning (Figlewicz, Bennett et al. 2008). Perinatal
adversity affects insulin signaling within the mesocorticolimbic pathway and

alters behavioral responses to sweet rewards suggesting changes in reward
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sensitivity. (Portella, Silveira et al. 2015). Insulin acts on its receptors located
on dopamine neurons in the midbrain including in the VTA and substantia nigra
(Figlewicz, Evans et al. 2003). Insulin then triggers Mitogen-activated Protein
Kinase (MAPK) and Phosphatidylinositol-3-Kinase (PI-3K) intracellular signaling
cascades. The activation of PI-3K is especially linked to metabolic functions and
induces the phosphorylation of protein kinase B (Akt). SOCS3 binds to distinct
domains of the insulin receptor (Emanuelli, Peraldi et al. 2000), inhibiting the
phosphorylation of insulin receptor substrate-1 (IRS-1) and IRS-2 in vivo and in
vitro (Ueki, Kondo et al. 2004). This attenuation of insulin signaling by SOCS3
results in reduced activation of glycogen synthesis and glucose transport in
cultured cells (Ueki, Kondo et al. 2004). SOCS3 activates an intracellular
negative feedback loop within the insulin receptor that is regulated in both a
phosphorylation and transcription-dependent manner. Changes in AKT
phosphorylation and SOCS3 levels are indicative of modifications in insulin
sensitivity within the tissues that are affected.

Maternal protein restriction during gestation alters brain systems involved
in hedonic responses to sucrose. For example, these animals have increased
levels of tyrosine-hydroxylase (TH) and dopamine in the VTA and PFC,
respectively, and enhanced expression of genes responsible for TH and
dopamine reuptake transporter (DAT) production in areas of the
mesocorticolimbic system (Vucetic, Totoki et al. 2010). IUGR adult rats show
robust reductions in the expression of enzymes involved in dopamine synthesis
in the NAcc and orbitofrontal cortex (Alves, Molle et al. 2015, Dalle Molle,
Laureano et al. 2015). In this current work we hypothesized that insulin would
differentially modulate the behavioral and neurochemical DA responses to

palatable foods in adult rats exposed to IUGR compared to controls.

Experimental Procedures

Animals

Primiparous Sprague Dawley dams were time-mated at approximately 80

days of age (CEMIB Laboratory Animal Reference Center, Campinas, SP,
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Brazil) were time-mated within our institutional animal facility. Throughout
pregnancy the dams were single-housed in Plexiglas home cages (49 x 34 x 16
cm) and maintained in a controlled environment. Lights were turned on between
7AM and 7PM, temperature was maintained at 22 + 2°C, and the cages were
changed once per week. Food and water was provided ad libitum until
gestational day 10. At 10 days of gestation, dams were randomly assigned to
one of two groups: control (Adlib)(n=24), receiving an ad libitum (AdLib) diet of
standard laboratory chow (Nuvilab®) or 50% food restriction (FR)(n=12),
receiving 50% of the ad libitum-fed mothers intake. The FR group’s ration of
food was based on the daily consumption of normal chow in a cohort of
gestating Sprague Dawley rats) (Desai, Gayle et al. 2005). These modified
feeding conditions were maintained from gestational day 10 until the birth of the
litters. Within 24 hours after birth, the pups litters were culled to 8 pups per litter
(4 males and 4 females) and all pups were cross-fostered to other AdLib dams,
forming the following groups (considering the biological/adoptive mother, i.e.,
gestation/lactation maternal diet): AdLib/AdLib (control - CTRL) and FR/AdLib
(FR). Weaning occurred on postnatal day 21. Pups were separated by sex and
housed four per cage. The excess male pups and the females were used in
different studies (projects HCPA/GPPG 12-0353, 13-0544, 14-0289 and
140111). All rat pups were maintained on standard laboratory chow and water
available ad libitum and were kept in a controlled environment as described
above. Body weights were recorded weekly from weaning age using a digital
scale with 0.01 g precision (Marte®, Canoas, Brazil). The males (n=64 animals)
were assigned to one of two experiments, a) evaluation of feeding behavior
(n=16 animals) and evaluation of insulin signaling in the mesocorticolimbic
system (n=34 animals, Study 1) and b) chronoamperometric evaluation of the
accumbal dopamine response to palatable food (n= 14 animals, Study 2). To
avoid litter effects, a maximum of two rats per litter was used in each
experiment.

The Research Ethics Committee of Hospital de Clinicas de Porto Alegre
(GPPG/HCPA, project numbers 13-0420, 13-0264, 14-0111, 13-0544, 11-0053,
14-0289, 120353) approved all the animal procedures described here. All

procedures were conducted in a climate-controlled environment within our
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animal facility’s behavioral testing rooms (Unidade de Experimentacéo
Animal/HCPA).

Study 1. Evaluation of feeding behavior and insulin signaling in the

mesocorticolimbic system

Analysis of feeding behavior

Rats were singly housed in cages equipped with a BioDAQ® food intake
monitoring system (Research Diets) at 80 days of age. BioDAQ® is a computer-
based software program that can provide detailed feeding behavior data. Total
food intake and meal patterns were analyzed with the BioDAQ® system as
previously described (Farley, Cook et al. 2003, Machado, Dalle Molle et al.
2013, Dalle Molle, Laureano et al. 2015). Briefly, the system uses a food hopper
mounted on an electronic strain gauge-based load cell to measure food
consumption. The food hopper is weighed 50 times per second (accurate to
0.01 g) and the mean and standard deviation (S.D.) of food consumption over
approximately 1 sec is calculated by a peripheral computer. Food consumption
is signaled by a change in the food hopper weight (defined as a S.D. > 2000
mg) caused by the animal ingesting food. Each feeding event including
cage/animal number, start date and time, feeding duration, final hopper weight
and amount of food eaten is recorded and exported to a central computer,
where it is entered into a Microsoft Excel spreadsheet (Microsoft, Redmond,
WA). There were two kinds of events recorded in BioDAQ®: feeding bouts and
meals. The end of a feeding bout was signaled when the hopper was left
undisturbed for 5s (defined as a S.D.<2000 mg), at which point the duration of
the feeding event and the amount eaten (initial hopper weight minus final
hopper weight) was calculated. A meal was defined as a difference in hopper
weight of >0.1g, separated from other feeding bouts within a range of 15 min
(Surina-Baumgartner, Langhans et al. 1995, Eckel, Langhans et al. 1998). Rats
feeding behavior was analyzed for 8 days. During the habituation phase,
consisting of the first four days, the rats were given access to standard rat chow

containing 2.95Kcal/g, 22% protein, 4,5% fat, 54% carbohydrate in each kg
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(NUVILAB®) and water ad libitum. During the last four days, the rats were
provided with access to both the previously described standard laboratory rat
chow and a highly palatable diet containing 4.82 kcal/g, 8% mineral, 14%
protein, 34% fat, 6% fiber, 30% carbohydrate in each kg (Prag Solucdes
Biociéncias®). This latter diet derived 20% of its carbohydrate content from
sucrose. The rats were provided with a small quantity of the highly palatable
diet in their home cages for 2 days prior to the start of the food choice
experiment as a means to reduce possible effects of heophobia on the results.
Each day, the diets were replenished at the same time that the cages and

BioDAQ® system were cleaned and maintained (Kowalski, Farley et al. 2004).

Peripheral measurements — ELISA

At 100 days of age, the rats were fasted for 4h and injected with insulin
(1 IU/kg) or saline through the intraperitoneal route (i.p.) and decapitated 15
minutes later for protein measurements or received no injection prior to
decapitation for insulin measurements. Brain tissue and blood were collected.
Blood was collected in tubes and centrifuged at +4°C at 4000 rpm for 10min.
Plasma was separated in aliquots and frozen at —-80°C until further analysis.
Plasma insulin levels were measured using the Rat/Mouse Insulin ELISA Kit
(Millipore, EZRMI-13K).

Central measurements — Western Blotting

Brains were flash frozen in isopentane and stored at —80 °C until further
analyses. The brains were then warmed to —20 °C and cut into thick sections of
0.1 cm with the aid of an Atlas (Paxinos and Watson 2007). Bilateral 1 mm
diameter punches were taken from the ventral tegmental area (VTA) and
nucleus accumbens (NAcc) (Shahrokh, Zhang et al. 2010).

Tissue samples were homogenized in cytosol extraction buffer with the
addition of a protease inhibitor cocktail, (Sigma- Aldrich, P8340) and
phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail Tablets,
Roche, 4906845001). The samples were then centrifuged at 6000 rpm for 2 min
at +4 °C. Total protein was quantified using a Bicinchoninic Acid (BCA) kit with
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bovine serum albumin as a standard (Pierce BCA Protein, Thermo Scientific,
23225). Aliquots of the supernatant containing 35 pg of VTA or 25 ug of NAcc
protein were incubated with LDS (Invitrogen, NPOOO7) and DTT (Sigma-Aldrich,
43815) at 99°C for 3 min. The samples were subjected to electrophoresis using
a 4 to 12% polyacrylamide gradient gel (Invitrogen, NP0323BOX) together with
the addition of a standard molecular weight (Spectra™ Multicolor Broad Range
Protein Ladder, Thermo scientific, 26634), before being transferred to a
nitrocellulose membrane (GE Healthcare, RPN303C). Blots were blocked in Tris
buffered saline containing 5% non-fat milk concentrate and 1% Tween®20
(Sigma, P1379). We measured TH, pTH, in the NAcc, and SOCS3, AKT and
PAKT in the VTA. The membranes were incubated overnight at +4°C with
primary antibodies: TH 1:5000 (anti-tyrosine hydroxylase, Sigma-Aldrich,
T2928), pTH 1:500 (anti-phospho tyrosine hydroxylase (Ser40), Invitrogen,
368600), SOCS3 1:500 (suppressor of cytokine signaling) (Cell Signaling,
#2923), Akt (pan) (11E7) 1:1000 (Cell signaling, #4685), Phospho-Akt (Ser473)
1:1000 (Cell Signaling, #4060), followed by anti-mouse secondary antibodies
(1:2500) (Anti-Mouse 1IgG, Cell Signaling, #7076s) or anti-rabbit (1:2500) (Anti-
Rabbit IgG, Cell Signaling, #7074s) at room temperature for 1h. The membrane
was then exposed on ImageQuant LAS 4000 GE Healthcare Life Sciences
using ECL (ECL western blotting analysis system, GE healthcare, RNP2106).
Results were calculated as a ratio of intensity of the protein of interest to that of
actin 1:2000 (Sigma—Aldrich, A4700) in the same membrane, using a stripping
protocol as needed (Laureano, Dalle Molle et al. 2016). The results were
expressed as a percentage of control values (Colman, Laureano et al. 2015,

Dalle Molle, Laureano et al. 2015, Laureano, Dalle Molle et al. 2016).

Study 2: Chronoamperometric evaluation of the accumbal dopamine
response to palatable food

Surgery

Between 80-120 days of age, rats (n=14) underwent stereotaxic surgery.

They were anesthetized with ketamine 40 mg/kg (ip.) and xylazine 5mg/kg (ip.)
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and maintained under isoflurane anesthesia during the surgery. Animals
received tramadol 5 mg/kg (ip.) before surgery, and tramadol 2.5 mg/kg (ip.)
immediately post-surgery, and sodium dipyrone 200 mg/kg (IM)was given to
reduce pain post-surgery. Tramadol 5 mg/kg (ip.) was kept 12h/12 h thereatfter,
as well as and cetoprofen 5 mg/kg (ip.) 1x day for 2 consecutive days
postoperative. Forty puL of bupivacaine with epinephrine (0.2 mg per animal)
was injected subcutaneously at the surgical site. Electrochemical probes were
lowered into the NAcc shell (coordinates: 1.2 mm anterior to bregma, 0.8 mm
lateral to the midline, and 7.0 mm ventral to the surface of the cortex)
(Shahrokh, Zhang et al. 2010). Animals were also implanted with a Ag/AgCl
reference electrode in the contralateral parietal cortex. Miniature pin connectors
soldered to the voltammetric and reference electrodes were inserted into a
connector (9-pin ABS Plug, Ginger Scientific, GS09PLG-220). The assembly
was secured with acrylic dental cement to four stainless steel screws threaded
into the cranium (Paxinos and Watson 2007, Shahrokh, Zhang et al. 2010).

Animals were returned to their home cages after a 2-5h recovery.

Electrochemical probes and measurements in freely moving rats

This experiment was performed during the early afternoon according to
Shahrokh, Zhang et al. 2010). The voltammetric electrodes consisted of a
bundle of three 30-um-diameter carbon fibers (Textron Systems, Wilmington,
MA) extending 50-100um beyond the sealed tip of a pulled glass capillary
(outer diameter 0.5 mm), and repeatedly coated with a 5% solution of Nafion®
(Sigma-Aldrich, 274704), a perfluorinated ionomer that promotes the exchange
of cations such as dopamine but impedes the exchange of interfering anionic
species such as ascorbic acid (AA) and 3,4 dihydroxyphenylacetic acid. Each
electrode was calibrated to determine dopamine sensitivity and selectivity
compared with AA in 0.1 M PBS (pH 7.4) that contained 250 uM AA to mimic
brain extracellular conditions. The electrodes had a mean (£SEM) dopamine to
AA selectivity ratio of 1619:1 + 133:1 (Doherty and Gratton 1997, Shahrokh,
Zhang et al. 2010, McCutcheon, Beeler et al. 2012).
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Dopamine was detected as current through its oxidation and reduction,
and measurements were recorded using a computer controlled, high-speed
chronoamperometric apparatus (Quanteon, Lexington, KY). An oxidation
potential of +0.55mV (with respect to the reference electrode) was applied to
the electrode for 100 ms at a rate of 2 Hz. The oxidation current was digitally
integrated during the last 80 ms of each pulse. The sum of every 10 digitized
oxidative cycles from the chronoamperometric waveform was automatically
converted into equivalent values of dopamine concentration using an in vitro
calibration factor. The reduction current generated when the potential was
returned to resting state (0.0 V for 100 ms) was digitized and summed in the
same manner and served as an index to identify the main electroactive species
contributing to the electrochemical signals. The magnitude of the increase in
reduction current elicited by an elevation in dopamine concentration is typically
60-80% of the corresponding increase in oxidation current [reduction to
oxidation ratio (red:ox)], 0.6—0.8 using nafion-coated electrodes and a sampling
rate of 2 Hz (Doherty and Gratton 1997, Gerhardt, Ksir et al. 1999, Shahrokh,
Zhang et al. 2010, McCutcheon, Beeler et al. 2012). Supplementary
information is available at https://www.youtube.com/watch?v=Sf7L-34pgmc.

In vivo electrochemical recordings

One day following surgery the rats received 6 Froot Loops® pellets in
their home cages to reduce the influence of food neophobia during the
experiment. The rats started to be habituated to the voltammetry apparatus two
days following surgery. They were given 6 Froot Loops® pellets within a
voltammetry cabinet (60 x 60 x 60 cm) containing a single hole at the top of the
box to connect the voltammetry cable and a glass front door. Rats were
habituated to the box for 1 hr.

Voltammetry recordings took place on the 3™ and 5™ days following
surgery at afternoon. During the first two hours of recording, the rat was placed
in the voltammetry cabinet to allow for habituation and electrochemical signal
stabilization. The rat then received 30 grams of standard rat chow given in small
pieces and the dopaminergic response to the presentation of standard rat chow
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was recorded. The remaining food was removed and the rat remained in the
box for 1 hour to allow for signal stabilization.  Fifteen pellets of Froot Loops®
were then offered for 30 minutes and the recordings continued for another hour
to record the dopaminergic response to palatable food. Standard rat chow
available at 80% of the free-feeding rate was available in the home cage
between recording sessions. The next day, the rats underwent another 2 hours
of acclimatization to the voltammetry cabinet. Rats were then injected with 100
microliters saline solution (ip.) and given15 Froot Loops® pellets for 30 minutes.
The food was then removed and the recordings continued for another hour. On
the third day of recordings, rats received an injection of 5 Ul/kg insulin (i.p.) in a

total volume of 100 microliters using saline for dilution.

Histological confirmation of electrode placement

On the sixth day, the electrode placement in the recording site was
validated by histology. Rats were deeply anesthetized with isoflurane and a
+4.5 DC current was applied to the carbon fiber electrode in order to produce a
lesion at the exact recording site in the brain (Ledo, Lourenco et al. 2015). Rats
were then decapitated, and the brains were fixed in 4% paraformaldehyde
(PFA) solution in PBS for 24h. The brains were cryoprotected in 30% sucrose
solution and frozen in isopentane and liquid nitrogen. Coronal sections (50 ym)
of the brain were made using a cryostat (Leica, Wetzlar, Germany) with the aid
of an atlas (Paxinos and Watson 2007). The sections were mounted on gelatin-
coated glass slides and stained with hematoxylin-eosin to verify the lesion site
caused by the current applied to the microelectrodes. Rats with incorrect
electrode placements in the recording site (n=5) were excluded from statistical

analyses (Figure 1).

Statistical analyses

Data were expressed as means + SEM and were analyzed using
Student’s t-tests when comparing two groups (FR vs. Adlib groups).
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Generalized Estimating Equations (GEE) were used to analyze differences in
birth weight and body weight at weaning since this method takes the
interdependent effect of litter into account. We used group and sex as variables
and adjusted by litter size. The models were adjusted for both litter number at
birth and at weaning age.

BioDAQ® data was analyzed in three different ways: a) GEEs were used
with group, experimental day, time of day (light vs. dark phase) as independent
variables and total amount of food consumed was the dependent outcome
variable. Food consumption was adjusted by body weight and analyzed as
grams consumed per 100g of body weight; b) Using continuous recordings from
the BioDAQ® system, we divided 24 hours in a day into 96 bins of 15 minutes
and categorized the rat’s behavior into one of three possible states: resting,
eating rat chow or eating palatable food. We then measured unpredictability
which is a measure of transitions from one type of state to another. We derived
a measure of unpredictability by focusing on the conditional probabilities that
describe transitions in behavior. This method is described in Molet et al. (2016).
Briefly, we characterized the rats’ behavior using an empirical transition matrix
of conditional probabilities of changing from one behavioral state to another.

Entropy is a natural summary measure of randomness or the
unpredictability of a distribution and can be defined in many ways. We focused
on the Shannon entropy. We first calculated the probabilities to be in each of
the three states for all rats together and used them as the stationary distribution
of the Markov chain. The stationary probabilities serve as weights for the
entropy values, which produce a measure known as the entropy rate (Molet,
Heins et al. 2016), and these were compared between the groups using
Student’s t-test; c) Approximate entropy (ApEn) was calculated according to
Richman and Moorman, 2000) using the continuous measure as described in
b), we then calculated the tolerance, r, (0.3 times standard deviation of the
consumption per 100g) for each subject. We defined that two sequences xi and
xj will match if they are within a tolerance r, i.e. the distance between xi and xj is
less than or equal to r. Then for each subject we calculated two probabilities:
that two sequences of two consecutive periods will match and that two
seqguences of three consecutive periods will match. Further, for each subject we
calculated approximate entropy, ApEn, as a negative logarithm of conditional
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probability that two sequences within a tolerance r for two consecutive periods
will remain within tolerance r for the next period.

Voltammetry data was analyzed using GEEs, and group and type of food
exposure (rat chow, Froot Loops®, IP Saline_Froot Loops®, IP Insulin_Froot
Loops®) were independent factors within the model. Post hoc group
comparisons were completed using the Bonferroni post hoc test. Three aspects
of the dopaminergic response to food and injection presentation were analyzed
based on the model developed by Joyce et al. (2007). The time it takes
dopamine to reach its peak value (T rise), the amplitude of the dopaminergic
response (in mMol) and the time it takes for 80% of the original dopamine
content to be cleared (T80) were measured. The T80 value is a measure of
dopamine reuptake.

Data were analyzed using the Statistical Package for the Social Sciences
(SPSS) version 20.0 (SPSS Inc., Chicago, IL, USA) and R statistical software.
Significance levels for all measures were set at p= 0.05.

RESULTS

Body weight

We found a significant effect of group [B= —0.834, p=0.004] on birth
weight where FR rats weighed less than controls, and there was a significant
effect of sex [B= —-0.324, p<0.001] in which females weighed less than males
(Figure 2A).

At weaning age, the body weight difference between FR and controls
disappeared [B= -1.236, p=0.355], indicating catch up growth in the FR group.
Females still weighed less than males at weaning age [B= —-2.536, p<0.001],
(Figure 2B). Sample size in this experiment reflects all the animals used in the
different projects listed in the Methods since we decided not to trace the pups
that were eventually assigned to each project at weaning age since we did not

want to disturb the litters in the first 21 days of life.
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The rats that were used in the analyses of BioDAQ® food consumption
data and dopaminergic responses to food and injection presentation had no
significant differences in body weights between the FR and control groups
(body weights in BioDAQ® experiment, Student’s T Test t(14)=0.530, p=0.605,
(Figure 2C) and body weights in voltammetry experiment, Student’'s T Test
t(7)=2.037, p=0.09, (Figure 2D).

Study 1

FR animals eat more palatable foods in the dark phase

Our analyses of food consumption during the last 4 days of study 1
showed that the rats ate very little or no regular rat chow. We focused our
further analyses on the consumption of palatable food. We found no effect of
the experimental day (1 to 4) (Wald= 3.17; df= 3; p= 0.37) and no effect of the
group (Wald= 1.12; df= 1; p= 0.27) on palatable food consumption across the
whole day. There was an effect of time of day (light vs. dark phase) (Wald=
9.63; df= 1; p= 0.002). There was also a significant interaction between group
and time of day (Wald= 10.43; df= 1; p= 0.001), in which FR rats consumed
more palatable food than control rats during the dark (active) phase of the light

cycle (Figure 3A).

FR animals have differential behavioral entropy

There were no significant differences in behavioral entropy rates between
FR and control groups over the course of the 96 hours food consumption
experiment (Student’s t-test, t(14)=1.79, p=0.09). However, the FR group
showed significantly higher entropy during the dark phase (t(14)= 2.72, p=0.02)
but not during the light phase (t(14)=1.42, p=.18) (Figure 3 B, C, D) compared
to the control group.

Approximate entropy, a measure that also takes into account the
variability in the amount consumed (ApEn), was also calculated. The FR group
had increased ApEn during the dark phase compared to the control group
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(FR=0.282+0.020, control=0.163+ 0.023, Student’s t-test, t(14)=3.76, p=0.002),
but there were no group differences during the light phase (FR=0.091+0.010,
control=0.115+0.012, Student’s t-test, t(14)=1.51, p=0.153).

FR rats have higher peripheral insulin

Figure 4 shows that FR rats had significantly higher insulin levels than
control rats (Student’s t-test, t(11)=2.472 p=0.031) (Figure 4).

NAcc pTH/TH ratio is higher in the FR group but this is reverted by insulin

There were no statistically significant differences between groups in TH
levels after saline [Student’s t-test, t(10)=0.198, p=0.847] or insulin injection
[Student’s t-test, 1(10)=0.633, p=0.541]. pTH levels were also similar between
groups when exposed to saline [Student’s t-test, t(10)=0.952, p=0.364] or
insulin [Student’s t-test, t(10)=0.800, p=0.442]. However, the ratio of pTH/TH
was increased in the FR group compared to controls when exposed to saline
[Student’s t-test, t(10)=2.599, p=0.027], which was completely reverted by
insulin injection [Student’s t-test, t(10)=1.007, p=0.338] (Table 1).

VTA SOCS3 levels are diminished in FR animals

AKT levels in the VTA were similar between groups when exposed to
saline [Student’s t-test, t(7)=1.022, p=0.341] or insulin [Student’s t-test,
t(9)=1.009, p=0.340]. pAKT levels were also not significantly different between
groups after saline [Student’s t-test, t(7)=0.916, p=0.390] or insulin [Student’s t-
test, t(9)=1.501, p=0.168] injections. Similarly, the pAKT/AKT ratio was similar
between groups after saline [Student’s t-test, 1(7)=0.621, p=0.554] and insulin
injection [Student's T Test, t(9)=0.280, p=0.786]. SOCS3 levels were
significantly diminished in the FR compared to control group after saline
injection [Student’s t-test, t(7)=3.584, p=0.009], but no significant differences
were observed following insulin injection [Student’s t-test, 1(9)=0.428, p=0.678]
(Table 2).
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Study 2

FR animals show a delayed dopaminergic response to palatable food and

this effect is reversed by insulin

Food consumption of both regular rat chow and Froot Loops® presented
in the voltammetry cabinet was measured. Rat chow consumption was minimal
during the experiment, similar to the findings from Study 1 reported above. Rat
chow intake frequency was similar between the FR and control groups during
the 30 minutes of food presentation [Control = 7.842.3, FR=10.7+2.8, Student’'s
T Test, t(7)=1.007, p=0.35]. All the rats ate the entire portion of Froot Loops that
was offered 1 hour later, as well as on the following days of the experiment.

The time it took for the dopaminergic response to reach peak amplitude
(T rise) was not significantly different between the groups (Wald= 0.185; df= 1;
p= 0.667), but there was an effect of food exposure (Wald= 8.972; df= 3; p=
0.030), and a significant interaction between the group and food exposure
condition (Wald= 24.951; df= 3; p < 0.001). Posthoc analysis showed that the
FR and control groups differed significantly after exposure to Froot Loops® (p =
0.006). The FR group took a significantly longer time to reach the dopaminergic
peak. This finding is completely reversed when rats were injected with insulin (p
= 0.006), Figure 5A.

The amplitude of the dopaminergic response was not significantly
different between the FR and control groups (Wald= 1.134; df= 1; p= 0.287), but
there was an effect of the food exposure condition (Wald= 8.215; df= 3; p=
0.042) and an interaction between group and the food exposure condition (Wald
= 93.226; df= 3; p < 0.001). Bonferroni analyses showed that while there were
no significant differences in amplitude in the different food exposure conditions
in the control group, the FR rats responded with higher amplitude levels in the
presence of Froot Loops® only in comparison to IP Saline_ Froot Loops®
(p=0.038), Figure 5B.

The T80 value was not significantly different between the groups (Wald=
0.420; df= 1; p= 0.517), but there was an effect of the food exposure condition
(Wald= 13.063; df= 3; p= 0.005) and an interaction between the group and food
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exposure condition (Wald= 45.415; df= 3; p < 0.001). However, posthoc
analysis was not able to detect a significant interaction. The only detectable
difference was in the general comparison between the response after rat chow
and IP Insulin_ Froot Loops®, in which the T80 value was longer after insulin
injection (p= 0.024). Visual inspection of the graph suggests this finding is
greater in the FR group (Figure 5C).

DISCUSSION

In this study, we confirmed previous findings of increased palatable food
intake in FR (IUGR) animals, in agreement with several previous studies from
our group (Alves, Molle et al. 2015, Dalle Molle, Laureano et al. 2015,
Laureano, Dalle Molle et al. 2016) and others (Vucetic, Totoki et al. 2010), and
to the findings in humans that experienced IUGR (Lussana, Painter et al. 2008,
Barbieri, Portella et al. 2009, Migraine, Nicklaus et al. 2013). We have
previously shown that FR animals have increased preference for palatable food
throughout the light-dark cycle(Dalle Molle, Laureano et al. 2015). In the current
experiment, we focused exclusively on the consumption of palatable food, since
the rats ate very little if any standard rat chow that was offered during the
experiment. We showed that while FR and control rats ate a similar amount of
palatable food over the course of the whole day, FR rats ate more palatable
food during the dark phase of the light/dark cycle when rats are active. We also
found a greater behavioral entropy or transitions between different behavioral
states in the FR compared to the control rats. The FR group had a more
unpredictable and disorganized behavior in the dark phase, as shown by the
higher entropy rates. These refinements in measurements are important
advances in our understanding of how gestational FR affects the behavioral
response to palatable foods in adulthood.

In addition, we showed that FR animals have increased peripheral
insulin, in agreement with the “thrifty phenotype” hypothesis proposed by Hales
and Barker in 1992 (Hales and Barker 1992). We also found altered insulin
sensitivity as reflected through lower levels of SOCS3 in the VTA of FR rats. FR

rats also appear more sensitive to insulin’s action at a molecular level by
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showing normalization of the pTH/TH ratio after insulin injection. FR rats also
showed a delayed dopaminergic peak response to palatable food in the
accumbens and this finding was reversed by systemic insulin injection.

It is interesting that the well-known increased preference for palatable
foods seen in FR rats is accompanied by higher behavioral unpredictability and
higher approximate entropy, especially when considering that impulsivity seems
to be a behavioral phenotype associated with the increased intake of palatable
foods in humans exposed to IUGR (Ayres, Agranonik et al. 2012, Reis, Dalle
Molle et al. 2016). It has been suggested that behavioral patterns are altered
through the shifting of entropy to different regions across the brain, or that
unpredictable behavioral patterns are coupled with more predictable brain
activation patterns (Smotherman, Selz et al. 1996, Hong, Barton et al. 2012).
This seems to be especially evident in models of altered striatal dopamine
function (Hong, Barton et al. 2012). Therefore, our behavioral findings showing
increased palatable food consumption and increased entropy rates in FR rats
strongly suggests the involvement of altered dopaminergic responsivity to
palatable foods, and this hypothesis was confirmed by the electrochemical
experiment.

We found a delay in the peak dopaminergic response to sweet foods but
not in response to regular chow in FR rats compared to controls. The increased
intake of palatable foods observed in FR rats may be an attempt to reach the
same dopaminergic peak in a similar amount of time compared to control rats.
Activation of dopaminergic neurons facilitates the development of positive
reinforcement during reward-seeking and behavioral flexibility (Adamantidis,
Tsai et al. 2011). The delayed time it takes FR rats to reach a peak
dopaminergic response to palatable food agrees with our previous finding of
decreased place conditioning to palatable foods despite higher consumption in
FR compared to control rats (Dalle Molle, Laureano et al. 2015). Deficits in
striatal dopaminergic transmission are also related to impulsivity in humans and
in animals (Trifilieff and Martinez 2014), a feature that characterizes individuals
with JUGR..

Importantly, the time to reach the peak dopaminergic response to
palatable foods is significantly lower in FR rats following insulin injection
compared to control rats. These findings suggest that rats exposed to
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gestational food restriction are more sensitive to the effects of systemic insulin
in adulthood than control rats. The elimination of pTH/TH protein level
differences in the nucleus accumbens of FR rats following insulin injection, the
longer time to achieve dopamine reuptake (T80 value) and the lower levels of
SOCS3 in the VTA are all aligned with the concept that gestational food
restriction alters the response to palatable food possibly through alterations in
insulin sensitivity in adulthood.

IUGR is associated with insulin resistance. In young rats, peripheral
levels of insulin are increased in FR rats and this may facilitate insulin signaling
in some brain regions before reaching exhaustion. Central insulin resistance
first appears in the hypothalamus (Sears and Perry 2015).We have evidence
that IUGR animals at this age already have increased hypothalamic SOCS3
levels (Mucellini et al., in prep). Therefore, the behavioral phenotype observed
in IUGR individuals may be the result of different patterns of insulin resistance
in different brain regions.

Our findings indicate that fetal adversity alters brain sensitivity to insulin
and modulates behavioral responses to palatable foods. Our findings in rats
corroborate with our findings in humans where individual differences in
dopamine function are associated with increased palatable food consumption in
IUGR individuals (Silveira, Pokhvisneva et al. 2018). These current findings
have important implications as early life adversity during gestation associates
with the development of chronic diseases later in life including increased risk for
obesity, metabolic syndrome, cardiovascular disease and psychiatric disorders.
Our further understanding of the molecular mechanisms involved in increasing
the risk for these diseases in the face of early life gestational adversity allows us

to develop preventative and therapeutic programs to target individuals at risk.
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FIGURE LEGENDS:

Figure 1: Schematic illustration of electrode placement in NAcc shell (A).
Hematoxylin-eosin-stained coronal sections of rat brain were used to confirm

the microelectrode recording site in the NAcc shell (B).

Figure 2: Body weight at birth and at weaning, in male and female rats from FR
and control groups. Data is expressed as mean + SEM. A) Birth weight in
grams. There is an effect of the group, in which FR animals weighed less than
controls (GEE, n=114-176/group/sex, *p<0.05) and females weighed less than
males (GEE, n=114-176/group/sex,**p<0.05). B) Body weight at weaning. Body
weights were similar between the FR and control groups at weaning age. There
was no effect of the group, demonstrating the catch-up growth in the FR
animals. Females weighed less than males (GEE, n=51-82/group/sex, *p<0.05).
C) There were no significant differences in body weight between FR and control
rats used in Study 1 to measure food intake using the BioDAQ® system
(Student’s T Test, n=8/group, p>0.05). D) There were no significant differences
in body weight between FR and control rats used in Study 2 for

chronoamperometric measurements (Student’s T Test n=4-5/group, p>0.05).

Figure 3: Palatable and regular food consumption were measured using the
BioDAQ® system. Data is expressed as mean + SEM. A) Average palatable
food consumption/100g body weight measured during the light and dark phases
of the 24 hr light cycle. GEE analysis showed a significant interaction between
group and time of day, in which the FR group ate more palatable food during
the dark phase (Generalized Estimating Equation, n=8/group,*p<0.05). B)
Entropy rates across 96 hours and divided by the light (C) and dark phase (D).
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In D, there was higher behavioral entropy in the FR group during the dark phase
(Student’s T test, n=8/group, *p<0.05).

Figure 4: Peripheral insulin levels. Data is expressed as mean + SEM. FR rats
had significantly higher insulin levels than control rats (FR= 2,034+ 0,322,
control= 1,086+ 0,244, Student’s t-test, n=12-15/group, p=0.031).

Figure 5: In vivo electrochemical NAcc DA response to different conditions:
exposure to rat chow and Froot loops at baseline and after IP saline or insulin.
Data is expressed as mean = SEM. Three variables summarize the DA
response: A) T rise or time to reach DA peak after the stimulus. There was an
interaction between group and food exposure condition in which FR rats took a
longer time to reach the dopaminergic peak after Froot loops presentation and
this finding is completely reversed by insulin injection (Generalized Estimating
Equation, n=4-5/group,*p<0.05); B) Amplitude of the dopaminergic response.
There was an interaction between food exposure condition and group, in which
FR rats responded differently to Froot Loops® when comparing baseline vs.
saline injection conditions (Generalized Estimating Equation, n=4-5/group, p=
0.038); C) T80 or time taken to reach 80% dopaminergic signal clearance
following stimulus presentation. Although there was a significant interaction
between group and food exposure condition, a post-hoc analysis showed only a
longer T80 value after IP insulin and Froot Loops® compared to regular rat
chow presentation chow. This pattern appears more evident in the FR group

(Generalized Estimating Equation, n=4-5/group, p= 0.024).
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Table 1

Table 1 — Ratio protein OD/Actin OD expressed as percentage of

controls in NAcc

Protein Controls FR
Saline Insulin Saline Insulin
TH 100+33.92 100+24.84 | 109.59+34.70 | 83.66+6.99
- aw - - - ~—
pTH 100+27.59 100+24.96 | 149.92+44.62 | 79.28+6.90
—_ - - —— - -
pTH/TH 1.11+0.10 1.07+0.10 1.40+0.06* 0.96+0.06
Actin - v — p—p— -— -

Student’s t-test; data are expressed as mean + S.E.M.; * significant difference
from Control Saline (p<0.05).



Table 2

Table 2 — Ratio protein OD/Actin OD expressed as percentage of
controls in VTA

Protein Controls FR
Saline Insulin Saline Insulin

AKT 100+11.41 100+21.24 77.56+17.23 | 128.41+18.66

—— el — - -
PAKT 100+11.25 100+17.62 | 80.77+16.33 | 136.97+17.02

- - - - - —
PAKT/AKT 1.01+0.09 1.06+0.09 1.06+0.03 1.09+0.07
SOCS3 100+7.42 100422.99 | 46,72+11,78* | 111.93+16.81

— - - - -
Actin W e - - - o

Student’s t-test; data are expressed as mean + S.E.M.; * significant difference

from Control Saline (p<0.05).






