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Abstract

Maternal obesity is an important risk factor for obesity, cardiovascular, and metabolic diseases in the
offspring. Studies have shown that it leads to hypothalamic inflammation in the progeny, affecting the
function of neurons regulating food intake and energy expenditure. In adult mice fed a high-fat diet, one of
the hypothalamic abnormalities that contribute to the development of obesity is the damage of the blood-
brain barrier (BBB) at the median eminence-arcuate nucleus (ME-ARC) interface; however, how the
hypothalamic BBB is affected in the offspring of obese mothers requires further investigation. Here, we
used confocal and transmission electron microscopy, transcript expression analysis, glucose tolerance
testing, and a cross-fostering intervention to determine the impact of maternal obesity and breastfeeding
on BBB integrity at the ME-ARC interface. The offspring of obese mothers were born smaller; conversely, at
weaning they presented larger body mass and glucose intolerance. In addition, maternal obesity induced
structural and functional damage of the offspring’s ME-ARC BBB. By a cross-fostering intervention, some of
the defects in barrier integrity and metabolism seen during development in an obesogenic diet were
recovered. The offspring of obese dams breastfed by lean dams presented a reduction of body mass and
glucose intolerance as compared to the offspring continuously exposed to an obesogenic environment
during intrauterine and perinatal life; this was accompanied by partial recovery of the anatomical structure
of the ME-ARC interface, and by the normalization of transcript expression of genes coding for
hypothalamic neurotransmitters involved in energy balance and BBB integrity. Thus, maternal obesity
promotes structural and functional damage of the hypothalamic BBB, which is, in part, reverted by

lactation by lean mothers.

Keywords: hypothalamus, blood-brain barrier, maternal programming, obesity, diabetes, breastfeeding

New & Noteworthy

Maternal dietary habits directly influence offspring health. In this study, we aimed at determining the
impact of maternal obesity on BBB integrity. We show that DIO offspring presented a leakier ME-BBB,
accompanied by changes in the expression of transcripts encoding for endothelial and tanycytic proteins, as
well as of hypothalamic neuropeptides. Breastfeeding in lean dams was sufficient to protect the offspring

from ME-BBB disruption, providing a preventive strategy of nutritional intervention during early life.
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Introduction

The excessive consumption of dietary fats triggers an inflammatory response in the hypothalamus
promoting functional and structural damage of neurons involved in the regulation of food intake and
energy expenditure (13, 15, 31). In addition to neuronal damage, dietary fats disrupt the proper function of
the blood-brain barrier (BBB) in the interface between the median eminence (ME) and the arcuate nucleus
(ARC) (2, 22, 36). As in other circumventricular organs, the BBB at the ME is more permissive than in other
brain regions, allowing the trafficking of peptides from the hypothalamus to the portal capillary system, as
well as the passage of nutrients and blood-born signals from the systemic circulation to the brain (10, 38).
This particular property of the ME-BBB is extremely important for hypothalamic function, as it controls, for
example, nutrient and hormonal access (including leptin and insulin) to the mediobasal hypothalamus
(MBH), where they regulate the function of key neurons involved in the control of whole-body energy
balance (2, 19, 24). At least in part, ME-BBB function depends on specialized radial glial cells called
tanycytes, which line along the third ventricle wall (16, 32, 44). Tanycytes sense the nutrient status of the
organism and dynamicaly adapt to the body’s own metabolic state (20, 29, 30). In diet-induced obese (DIO)
mice, there is a loss of organization of the ME tanycytes resulting in a leakier barrier and in an exacerbation
of hypothalamic inflammation (36). Approaches aimed at preserving the ME-BBB integrity can contribute to

mitigate the harmful effects of dietary fats and protect against obesity (27, 36).

Most studies evaluating the impact of dietary fats on hypothalamic integrity were performed in
adult rodents. However, it is widely documented that maternal dietary habits, including maternal obesity,
affect the development of hypothalamic centers regulating energy homeostasis in the offspring, and
significantly increase the probability of developing postnatal metabolic disorders, such as obesity and type
2 diabetes (DM2) (9, 14, 21, 39). In rodents, the melanocortin system begins its organization during
embryonic life and completes its maturation postnatally with the assembly of functional neuronal
circuitries (12). The specification and maturation of the neurons composing the melanocortin system,
mainly pro-opiomelanocortin (POMC) and agouti-related peptide (AgRP), require a complex interplay
between molecular, cellular, and nutritional factors acting during a particular developmental window (4).

Disruptions in this intricate mechanism during intrauterine and early postnatal life can impair maturation

3
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and function of the system impacting systemic metabolism and energy balance (7, 14). In addition,
maternal DIO leads to an abnormal spatial distribution of proopiomelanocortin (POMC) neurons (21) and
its axonal projections to target nuclei (21, 34, 42). It also promotes inflammation and disrupts the unfolded

protein response in the hypothalamus (9, 34, 37, 41).

Changes in the development of the BBB in the hypothalamus, particularly in the vicinity of the ME,
may predispose to obesity (26, 30). Maternal obesity increases BBB permeability in the offspring (26),
leading to greater exposure to leptin and ghrelin. Nevertheless, how maternal obesity affects the
development of the ME-BBB in the offspring and how nutitional interventions during lactation possibly
revert these effects is currently unkown. In this study, we hypothesized that maternal obesity promotes
changes in the structure and function of the ME-BBB in the offspring. We show that offspring of obese
dams presented a leakier ME-BBB at weaning and was accompanied by changes in the expression of
transcripts encoding for endothelial and tanycytic proteins, as well as of hypothalamic neuropeptides. In
addition, we show that breastfeeding of DIO offspring by lean dams is sufficient to partially protect the

offspring from ME-BBB disruption and metabolic impairments.

Methods

Animal care and diets

Swiss mice were housed under specific pathogen-free conditions, maintained in a temperature-controlled
room (22°C) with a 12-h light/dark cycle and free access to food and water. Six-week-old females were
separated in two groups according to the type of diet. Control females received Chow diet (Nuvilab) (3.85
kcal/g; 19.2g/100g protein, 67.3g/100g carbohydrate, and 4.3g/100g fat), and high-fat diet females
received HFD (5.4 kcal/g; 24g/100g protein, 24g/100g carbohydrate, and 41g/100g fat) over 4 weeks. After
this, females were crossed and the offspring were collected at specific stages of development (at birth (PO)
and at weaning (P21)). Litter size average was not affected by diet and litters were adjusted (between P1-
P4) to six to eight pups to ensure adequate and standardized nutrition until weaning. The experimental

procedures involving mice were performed in accordance with the guidelines of the Brazilian College for

4



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Animal Experimentation and were approved by the Ethics Committee of the University of Campinas (CEUA

number 3934-1).

Perinatal cross-fostering

To analyze the specific effects of lactation on neuronal programming and BBB structure and function, the
offspring of chow-fed dams (Chow-0) and high-fat diet dams (HFD-O) were cross-fostered at the day of
birth to females kept on different diets from the offspring until weaning. As a result, a litter originating
from a chow dam was allocated to a HFD dam, whereas the litter from the HFD dam was allocated to the
chow dam. To control the cross-fostering strategy per se, chow and HFD offspring were cross-fostered to a
different chow and HFD dam, respectively. Thus, the cross-fostering strategy resulted in four different
groups: (1) chow-offspring kept in chow during lactation (COCL); (2) chow-offspring cross-fostered by HFD
dams during lactation (COHL); (3) HFD-offspring cross-fostered by chow dams during lactation (HOCL); (4)
HFD-offspring kept under HFD during lactation (HOHL). Litter size was adjusted to six to eight pups as

described previously.

Physiological measurements

Maternal and offspring body weight measurements were performed weekly. For the glucose tolerance
tests, mice were acutely treated with a single intraperitoneal injection of glucose 25% (2.0 mg/kg) after 6
hours fasting and blood glucose levels were measured at baseline and at 15, 30, 60, 90, and 120 minutes

after glucose administration.

Quantitative expression analysis

Medio-basal hypothalami of PO and P21 mouse offspring were carefully dissected and rapidly frozen in
liquid nitrogen. Total RNA extraction was performed by RNeasy Micro Kit (Cat No. 74004, Qiagen) according
to manufacturer’s instructions. cDNA was generated by PCR reverse transcription using High Capacity cDNA

Reverse Transcription Kit (Life Technologies).

PCR Array
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A Mouse Tight Junctions PCR Array RT? Profiler (PAMM-143Z, Qiagen, USA) consisting of 84 target genes
was used in order to seek for candidate genes that could be modulated by HFD during intrauterine
development and lactation. 30ng of cDNA, 5.0 ul of QuantiFast SYBR Green PCR Kit (Cat No. 204056, Qiagen,
USA), and RNAse free water to a final volume of 10 uL were mixed before amplification. Validation of
differentially transcribed genes and gene expression analyses were performed in StepOne™ Real-Time PCR

System (Applied Biosystems).
Quantitative real time PCR

Gene expression analyses were carried out in a StepOne™ Real-Time PCR System (Applied Biosystems)
using LuminoCt® SYBR® Green qPCR ReadyMix™(Cat No. L6544, Sigma-Aldrich) and LuminoCt® gPCR
ReadyMix™ (Cat No. L6669, Sigma-Aldrich). The pre-designed primers (probe included or not included)
were purchased from Applied Biosystems and Integrated DNA Technologies. Gene expression levels were

expressed relative to Gapdh . The complete list of primers is described in Table 1.
Immunohistochemistry and image analysis

Anesthetized mice were perfused via transcardiac puncture with 4% paraformaldehyde (PFA). PO offspring
were not perfused. The brains were dissected and further fixed with 4% PFA overnight at 4° C and
cryoprotected. Brains were cut at 20 um on a cryostat (Leica) and collected into four series in SuperFrost
Plus slides (Thermo Fischer) and subsequently stored at -20° C. Selected 20 um thick sections (one of four
sections) throughout the ARC/ME of P21 offspring were blocked in 2% serum in PBS + 0.1% Triton X-100
and incubated with the following primary antibodies: rabbit anti-Fgf10 (1:200; ABN44 Millipore), mouse
anti-occludin, mouse anti-vimentin (1:200; sc-373717 Santa Cruz), and mouse anti-IGFbp2 (1:200; sc-
365368 Santa Cruz). The primary antibodies were visualized with goat anti-rabbit Alexa Fluor 488, goat anti-
mouse Alexa Fluor 488, or donkey anti-mouse Alexa Fluor 568 (1:300; Life Technologies). Nuclei were

counterstained using DAPI. Images were obtained in a Leica laser scanning Confocal Microscope.
AgRP and a-MSH immunohistochemistry and fiber density quantitative analysis

Selected 20 um thick sections (one of four sections) throughout the ARC/ME of P21 offspring were blocked
with 2% chicken serum in KPBS + 0.4% Triton X-100 and incubated with rabbit anti-AGRP antibody (1:500;
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Phoenix Pharmaceuticals) or sheep anti-oMSH (1:10.000; Millipore) in blocking solution for 72 hours at 4° C.
As secondary antibody, a chicken anti-rabbit Alexa Fluor 488 or a donkey anti-sheep Alexa 633 (1:300; Life
Technologies) were used. For quantification, representative sections through the PVH (bregma between -
0.59 mm and -1.23 mm) and ARC (bregma between -1.43 mm and -1.91 mm) of each animal were acquired
using a Leica laser scanning Confocal Microscope. Ten image stacks with 1 um distance interval throughout
the PVH and ARC of each animal were taken. AGRP and a-MSH fiber density analysis was then performed
using ImagelJ Launcher and based on previously published reports (5, 21). Briefly, each single image was
binarized to compensate for differences in fluorescence intensity, specified in a random 200 x 200 pum
region and skeletonized, so that each fiber segment was 1 pixel thick. The integrated intensity was then

measured for each image. The total density value was obtained by the sum of all image planes analyzed.

Electron microscopy

PO and P21 offspring mice were perfused with lanthanum and their brains were processed for
immunolabeling for electron microscopy examination. Ultrathin sections were then cut on a
ultramicrotome, collected on Formvar-coated single-slot grids, and analyzed with a Tecnai 12 BioTWIN

electron microscope (FEI).
Statistical analysis

All values were expressed as means + SEM. Two-group one-factor comparisons were performed using a
two-tailed unpaired Student’s t-test. Four-group two-factor comparisons were performed using two-way
ANOVA followed by Tukey’s multiple-comparison test when computing confidence intervals for every
comparison, or the Holm-Sidak test when not. Analysis was performed with GraphPad v8. Statistical

sighificance was considered p < 0.05.

Results

The metabolic phenotype of the offspring of diet-induced obese mothers
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To corroborate the effects of maternal diet-induced obesity on offspring metabolic health, six-week-old
female mice were fed either Chow or a high-fat diet (HFD) for 4 weeks prior to mating and throughout
gestation and lactation (Fig. 1A). As expected, HFD females gained more weight than those kept on Chow
(Fig. 1B-1C). DIO offspring were lighter at birth (P0) (Fig. 1D); however, at weaning (P21), the offspring from
HFD dams were heavier than controls (Fig. 1E). In addition, they presented systemic glucose intolerance
and hyperglycemia (Fig. 1F-1G). These results confirm that maternal DIO alters offspring glucose

homeostasis during perinatal life.

Maternal diet-induced obesity disrupts the structure of offspring ME-BBB

We next assessed whether maternal obesogenic environment was sufficient to induce alterations in ME-
BBB structure in the offspring. Transmission electron microscopy revealed that blood vessels at the
ME/ARC interface were leakier in the offspring of DIO mothers as compared to the offspring of lean
mothers (Fig. 2A—2B). The damage in barrier integrity could be seen by the detection of lanthanum outside
the capillaries surrounding ARC neurons (see arrowheads in Fig. 2B’,2B"”’, 2B"”’) in the offspring of mother
exposed to HFD, while control offspring showed preserved structure of the BBB (see arrowheads and
asterisks in Fig. 2A’,2A”, 2A’’). Using an RNA array for transcripts encoding proteins involved in
hypothalamic and BBB structure and function (Fig. 3A—3B), we identified several transcripts that were
significantly affected by gestational obesity. At birth, DIO offspring presented approximately 50%
modulation in the expression of genes related to tight junctions and angiogenesis (Fig. 3A; Table 2).
Notwithstanding, at weaning, the majority of the transcript’s expression was normalized, except for Actn3,
Cldn6, and Cldni6 (Fig. 3B; Table 3). In addition, at PO (Suppl. Fig. 1), several hypothalamic
neurotransmitters showed a reduction in expression in the offspring of DIO dams, including Agrp, Drd2,
Pmch, Crh, and Trh (Suppl. Fig. 1B), as well as the tanycytes/BBB transcripts Glast and Msfd2a (Suppl. Fig.
1C). At weaning, the developmental transcript Nkx2.2 was increased, whereas Wnt7a was decreased (Fig.
3C); the anorexigenic neurotransmitters Pomc and Cart, as well as the dopamine receptor 2 (Drd2), were
upregulated (Fig. 3D). The transcripts encoding for tanycyte proteins Glast and Igfbp2 were increased,

whereas Msfd2a, a gene critical for BBB formation and function, was reduced (Fig. 3E). Moreover, the
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transcripts encoding for cytokines Tnfa, 1110, and 1l6 were increased in the ME-ARC interface in the

ofsspring of DIO dams (Fig. 3F).

Cross-fostering from birth to weaning rescues the metabolic impairments led by intrauterine obesogenic

exposure

Previous studies have demonstrated the importance of the lactation period on the development of POMC
and AgRP neurons (42). To test the hypothesis that breastfeeding on lean mothers could provide a
beneficial impact on the ME-BBB abnormalities found in the offspring of DIO mothers, we submitted the
newborn mice to a cross-fostering protocol as depicted in Fig. 4A. As a result of the protocol design, we
obtained four groups: (1) gestation and lactation by lean dams (COCL); (2) gestation by lean dams and
lactation by DIO dams (COHL); (3) gestation by DIO dams and lactation by lean dams (HOCL); (4) gestation
and lactation by DIO dams (HOHL) (Fig. 4B). At weaning, offspring exposed to an obesogenic environment
during gestation and lactation (HOHL) were heavier, glucose intolerant, and presented greater fasting
glucose levels as compared with the offspring of all other three groups (Fig. 4C—E). Of note, lactation by
lean mothers reversed the effects of gestational obesogenic development (Fig. 4C—4E) while exclusive
breastfeeding on DIO mothers (COHL) was sufficient to induce a tendency of greater body weight and

greater fasting blood glucose in the offspring (Fig. 4C—4E).

Cross-fostering during breastfeeding restores the structural organization of the hypothalamus

The difference in the metabolic phenotype of offspring submitted to cross-fostering from birth to weaning
led us to ask how breastfeeding would interfere in the structure of the BBB near the ME. Using confocal
microscopy, we showed that, in control offspring (COCL), IGFbp2, a marker of B2-tanycytes, was expressed
in cells organized linearly in the interface between the ME and the ARC (Fig. 5A); and occludin, a tight-
junction protein present in the endothelial cells, appeared as a fine granular stain organized near the walls
of the third ventricle (3V) and in the vicinity of the organized p2-tanycytes (Fig. 5A). Moreover, FGF10,
which is present in 2-tanycytes and neurons during early development, was expressed in several cells
along the 3V, and in the bodies of tanycytes lining in the 3V walls (Fig. 5E); whereas vimentin, which is

expressed in ependymal cells and tanycytes, was detected as fine radial projections from the wall of the
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third ventricle but was not clearly co-expressed with FGF10 (Fig. 5E). Conversely, in DIO offspring
breastfeeding by DIO mothers (HOHL), there was a complete loss of the lining of B2-tanycytes expressing
IGFbp2, which were detected as isolated cells within the ARC, whereas occludin labelling was more intense
and dispersed across the MBH, as compared with the control group (Fig. 5D). Moreover, several FGF10
expressing cells co-expressed vimentin, suggesting the appearance of transdifferentiated cells (Fig. 5H).
These results show that components of the BBB at the ME undergo severe disorganization upon
intrauterine and early postnatal exposure to an obesgenic environment. Control offspring breastfeeding by
DIO mothers (COHL), IGFbp2 expressing cells were not lined in the interface between the ME and the ARC,
but rather concentrated in the region near the angle of the third ventricle in close vicinity with the granular
staining of occludin (Fig. 5B). In addition, there were very few cells expressing FGF10 and the tanycyte
projections expressing vimentin presented with a very strong and dense staining near the angle of the third
ventricle (Fig. 5F), suggesting that lactation by obese mothers is enough to induce alterations in the
structure of the ME-BBB. In the offspring of DIO mothers breastfeeding by lean mothers (HOCL), the
number of cells expressing IGFbp2 was greater than in both groups breastfeeding by DIO mothers;
moreover, occludin staining appeared near the 3V wall and in between the IGFbp2-expressing cells, in a
pattern that was similar to the one seen in the control group (Fig. 5C). Finally, the number and distribution
of FGF10 expressing cells in HOCL was similar to the control group, as well as the thin and radial vimentin
projections towards the ARC (Fig. 5G). This vimentin rearrangement took place despite its dense labeling in
the proximity of the 3V wall, as in the hypothalamus of control offspring breastfeeding by DIO mothers,
suggesting that lactation by lean mothers is able to partially revert the disarrangements in the ME-BBB

structure derived from intrauterine development in an obesogenic environment.

Impact of cross-fostering on AgRP and a.-MSH projections

Neurons from the melanocortin system establish their connectivity with other hypothalamic target areas,
including the paraventricular hypothalamus (PVH) during the first 2 weeks of postnatal life (4, 11). Using
confocal microscopy, we determined the density of AgRP and a-MSH fiber projections in the ARC and PVH
at weaning. As compared with the offspring of lean dams breastfeedin by lean dams (COCL), continuous

exposure to an obesogenic environment during gestation and lactation (HOHL; DIO offspring breastfeeding
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by DIO dams) presented increased AgRP projections to the PVH and ARC, and reduced a-MSH projections
to the PVH and ARC (Fig. 6A—L). Although not significant, exclusive lactation by DIO mothers seems to
increase AgRP axonal innervation into the PVH (Fig. 6C, Suppl. Fig. 2A) while offspring from DIO dams
breastfeeding by a lean mother seem to partially decrease AgRP fiber density in the PVH (Fig. 6C, Suppl. Fig.
2A), with no major changes in the intra-arcuate projections (Fig. 6F, Suppl. Fig. 2C and 2D), or in a-MSH

fiber densities to both the PVH and ARC (Fig. 61 and 6L, Suppl. Fig. 2E-H).

Cross-fostering during lactation partially rescues the expression of genes involved in energy balance and

BBB integrity in the hypothalamus

We next assessed the impact of cross-fostering on the expression of genes involved in energy balance and
BBB integrity in the hypothalamus. Continuous exposure to an obesogenic environment during intrauterine
and perinatal life (HOHL) increased the expression of Pomc and Cart transcripts (Fig. 7A and 7B).
Interestingly, a similar expression pattern was observed in the control offspring breastfeeding by DIO dams
(COHL) (Fig. 7A and 7B). Conversely, the expression of both Pomc and Cart transcripts in the hypothalamus
of the DIO offspring breastfeeding by lean dams (HOCL) were similar to controls (COCL) (Fig. 7A and 7B).
Drd2 expression was increased in the hypothalamus of the offspring of DIO mothers breastfeeding by DIO
mothers (HOHL), whereas in both the offspring of lean mothers breastfeeding by DIO mothers (COHL) and
offspring of DIO mothers breastfeeding by lean mothers (HOCL), Drd2 expression levels were unaltered (Fig.
7C), suggesting that exposure to DIO exclusively during gestation or lactation is not sufficient to influence
Drd2 expression. The expression of transcripts encoding for the neurodevelopmental protein, Nkx2.2, and
the tanycyte proteins Glast and Igfbp2, were increased in the hypothalamus of DIO offspring breastfeeding
by DIO mothers (HOHL) (Fig. 7D-7G); whereas in both the control offspring breastfeeding by DIO mothers
(COHL) and DIO offspring breastfeeding by lean mothers (HOCL), the levels of all three transcripts were
intermediate (Fig. 7D-7G). Finally, the expression of Msfd2a, a key marker for BBB formation and function,
was strongly downregulated in the offspring of DIO dams breastfeeding by DIO dams (HOHL) (Fig. 7G).
Breastfeeding by DIO mothers (COHL) was sufficient to decrease Msfd2a expression to similar levels of
HOHL, while cross-fostering of DIO offspring by lean mothers (HOCL) was able to rescue Msfd2a transcript

levels to control animals (COCL) (Fig. 7G).
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Long-term impact of cross-fostering on the structural organization of the mediobasal hypothalamus

Because maternal obesity results in increased risk of adult life metabolic diseases in the offspring (1), we
asked whether intrauterine and early postnatal development in an obesogenic environment could promote
long-lasting changes in the structure of the ME-ARC interface. Using confocal microscopy, we showed that
in the hypothalamus of 120-day old control offspring (COCL; control offspring breastfed in lean mothers),
vimentin staining was organized with predominant expression in the dorsal part of the 3V walls, in the ME-
ARC interface, and within the ME; projections were radial and thin (Fig. 8A and 8E). In addition, the
expression of Rax, which predominates in tanycytes and POMC precursors, was evident in the ventral walls
of the third ventricle and in cell bodies dispersed across the MBH parenchyma (Fig. 8A). In the DIO offspring
breastfeeding by DIO mothers (HOHL), vimentin was expressed in cells all along the lateral walls of the third
ventricle with thick radial projections towards the MBH and an intense staining in the ME-ARC interface,
which was constituted by thick and disorganized projections (Fig. 8D and 8F). In addition, there was intense
co-expression of Rax and vimentin, as well as a greater number of cells expressing Rax across the ME and
MBH parenchyma, as compared with COCL offspring (Fig. 8D). In the control offspring breastfeeding by DIO
mothers (COHL) and in the DIO offspring breastfeeding by lean mothers (HOCL), the expression of Rax
followed a pattern that was similar to control mice (COCL) (Fig. 8B and 8C). Moreover, quantification of
vimentin density in the ME-ARC intefrace was higher upon continuous exposure to obesogenic
environment during development (HOHL) (Fig. 8G), whereas in the control offspring breastfeeding by DIO
mothers (COHL) and in the DIO offspring breastfeeding by lean mothers (HOCL), the density of vimentin in

the MBH were not different from control offspring (COCL) (Fig. 8G).

Discussion

In this experimental study, we showed that maternal obesity results in defects in the structure and function
of the BBB at the hypothalamic ME-ARC interface, and that cross-fostering during lactation by lean mothers

corrects, at least in part, these abnormalities.
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In human populations, the increased risk for newborn health problems associated with maternal obesity
was first described as early as 1949, in a study that evaluated 5,000 pregnant women (17). Thereafter, a
rapidly growing number of studies consolidated this concept showing that health problems are not
restricted to the perinatal phase, but extends to the entire life, increasing the risk for obesity, DM2,
hypertension, and a number of other medical conditions (23, 25, 43). In order to provide mechanistic
advance that could help in preventing and treating the descendant diseases that emerge from maternal
obesity, experimental models have been optimized to reproduce much of the outcomes exhibited by
humans (39). In nonhuman primates, maternal obesity induced by the consumption of a HFD, resulted in
hypothalamic inflammation, which was accompanied by an abnormal development of the melanocortin
system (18, 40). Likewise, in mice, maternal obesity promoted hypothalamic inflammation in the offspring,
which was characterized by the activation of toll-like receptor-4 signaling, and activation of c-Jun N-
terminal kinase 1 and IkB-kinase (37, 41). Thus, it is currently known that, in addition to the well-known
impact of maternal obesity on offspring metabolic and cardiovascular health, the hypothalamus is also

affected.

In rodents, final development of the melanocortin system occurs postnatally, during the first 2 weeks after
birth (4, 6). Disturbances during this critical developmental window alters the organization of AgRP and
POMC axonal projections and increases the offspring susceptibility to develop obesity and DM2 in both
mice and nonhuman primates (34, 42). These data support the importance of postnatal nutrition on
hypothalamic programming. Here, we add important information to this concept by showing that lactation
by DIO dams, can not only disturb POMC and AgRP axonal projections to the paraventricular hypothalamus,
but it is also sufficient to modulate the expression of Pomc and Cart. Moreover, cross-fostering by lean
mothers during lactation is sufficient to prevent the impact of HFD on melanocortin projection
development, as well as to revert the defective expression of these neuropeptides. Of note, we have
observed an increase in AgRP fiber density reaching the PVH, opposing to what has been reported in
previous studies (34, 42). We identified two factors that could explain the difference: i, in our study,
analysis was performed at weaning, whereas in the other two studies, analysis occurred during adulthood;

ii, in addition, there were differences in diet composition, particularly the amount of fat and carbohydrates
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and also there were differences in the protocol of maternal nutritional intervention. Thus, in the future,

studies could be designed to explore in detail these factors.

Tanycytes are regarded as the gatekeepers that directly control the transport of nutrients to
neurons (28, 35). We show that maternal obesity induces a disruption in ME-BBB integrity, which is
accompanied by abnormal distribution of tanycytes, increased vimentin fibers, and rupture of the BBB
capilaries. Integrity of the BBB was evaluated using the gold-standard transmission electron microscopy in
mice perfused with lanthanum (8). The results provide evidence for the disruption of the BBB in the
offspring of obese mothers, which was further confirmed by gene expression and structural analysis. These
data support the idea that intrauterine and postnatal exposure to an obesogenic environment might
primarily affect BBB development (as seen by over 50% modulation in tight junction and angiogenesis
genes at birth). This defective BBB integrity might consequently induce a disarrangement in tanycytic
organization throughout the third ventricle wall, contributing to BBB leakage and impacting the access of
blood-borne signals to the brain parenchyma close to the ARC-adjacent neurons. Subsequent alterations in
neuronal uptake of nutrients, inflammation, and impaired development of the mediobasal hypothalamus,
may lead to impaired control of energy homeostasis. The possibility to partially restore ME-BBB structure

during breastfeeding provides a preventive strategy of nutritional intervention during early life.

In addition to the anatomical data showing that maternal obesity disrupts the structure of the ME-
BBB, our molecular studies show a striking reduction in Mfsd2a transcript. Interestingly, Mfsd2a has been
shown to be essential for BBB structure and function (3, 33). Our results show that cross-fostering of DIO
offspring by lean dams can restore the alterations in Mfsd2a transcript, while cross-fostering of chow
offspring by obese dams is enough to downregulate Mfsd2a expression. This supports the importance of
the lactation period on barrier integrity and plasticity and strengthens the possibility for nutritional
interventions during early life as possible preventive measures against obesogenic exposure during

intrauterine life.

As this was an exploratory study, we decided to evaluate only the male offspring; however,

considering the possibility of the existance of a sexual dimorphism in the defects herein reported, we
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acknowledge that this could be regarded as a weakness of the study, and we propose that in future studies,

female offspring should also be evaluated.

Collectively, our study strengthens the idea of the importance of the lactation period for proper
development of the mediobasal hypothalamus. The developing central nervous system during perinatal life
retains plasticity capacities that enable recovery from the damage occasioned from obesogenic gestational
development. Therefore, preventive nutritional strategies during breastfeeding can counteract the negative
impacts of maternal obesity. On the other side, it is also important to raise awareness that nutritional care
should continue throughout gestation and lactation, since lactation by obese mothers per se can have

some detrimental effects on barrier permeability and consequential metabolic outcomes in the offspring.

In conclusion, our study provides evidence that cross-fostering during lactation by lean dams can
improve the abnormalities of ME-BBB structure and function produced by the exposure to an obesogenic
environment during gestation; and this can positively impact the metabolic outcomes in the progeny.
Nutritional interventions during breastfeeding (maternal diet or milk donations from healthy mothers)

might account for a social health strategy that can improve the quality of life of future generations.
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Figure legends

Fig. 1 | Maternal HFD affects offspring physiology at weaning. (A) Experimental design of maternal dietary
conditions and offspring collection. (B) Maternal body weight gain throughout the experimental studies
(n=5 per group). (C) Female body weight gain at the onset of pregnancy (after 4 weeks in HFD) (n= 5 per
group). (D-E) Body weight differences between PO (D) and P21 (E) Chow and HFD offspring (n=9-20 per
group). (F) Glucose tolerance test and area under the curve (AUC) of P21 Chow and HFD male offspring
(n=10 per group). (G) Blood glucose levels of P21 Chow and HFD male offspring after 6 h of fasting (n=10
per group). Dots in all panels represent individual sample data. Data are expressed as the mean + SEM. *p <

0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001.

Fig. 2 | Maternal HFD disrupts the structure of the blood-brain barrier at the interface of the median
eminence. Representative electron micrographs of the BBB/ME interface in the arcuate nucleus of the
hypothalamus of Chow (A-C) and HFD (D-F) P21 male offspring (n=3 per group; representative images
shown of one animal per group). (A’) Blood capillaries surrounding the perfused lanthanum (see arrows).
(A”-A’"’) Images show intact hypothalamic parenchima and ARC neurons (see asterisks). (B’) BBB disruption
observed by the leakage of the tracer into the neural tissue (see arrow). (B”’-B””’) Images show the presence

of tracer aggregates (black arrows) in the cytoplasm of ARC neurons (asterisks).

Fig. 3 | Gene expression profile of tight junctions, developmental, hypothalamic neurotransmitters and
inflammation after maternal HFD exposure at weaning. (A-B) PCR array of main tight junctions, adhesion
and angiogenesis genes involved in BBB structure and function showing upregulated (red) and
downregulated genes (green) in PO (A) and P21 (B) upon maternal HFD exposure (HFD-O vs. Chow-0) (n=5
per group). Significance was considered upon fold change above * 2.0 and p < 0.05. (C-F) Transcript
expression of genes involved in neuronal development, axonal guidance and angiogenesis (C), main
hypothalamic neurotransmitters (D), glial markers (E), and inflammatory markers (F) P21 male offspring of

HFD dams (HFD-O vs. Chow-0) (n=5-6 per group). Dots in all panels represent individual sample data. Data
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are expressed as the mean * SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Nkx2.2: NK2 Homeobox 2; Sox2:
SRY-box 2; Tgff: transforming growth factor-beta; Shh: Sonic Hedgehog; Bmp7: Bone morphogenetic
proteins; Wnt5a: Wnt Family Member 5a; Wnt7a: Wnt Family Member 7a; Wnt7b: Wnt Family Member 7b;
Vegf: Vascular endothelial growth factor; Ang: angiotensin; Angptl: angiopoietin 1; Ednl: Endothelin 1;
Npy: neuropeptide Y; Agrp: agouti-related peptide; Pomc: pro-opiomelanocortin; Cart: cocaine- and
amphetamine-regulated transcript; Th: tyrosine hydroxylase; Drd2: dopamine receptor 2; Pmch: pro-
melanin concentrating hormone; Crh: corticotropin releasing hormone; Trh: Thyrotropin Releasing
Hormone; Glast: Solute Carrier Family 1Member 3; Glut: Solute Carrier Family 2 Member 1; Fgf10:
Fibroblast Growth Factor 10; Igfbp2: Insulin Like Growth Factor Binding Protein 2; Cav: caveolin; Gfap: Glial
Fibrillary Acidic Protein; Igf1: Insulin Like Growth Factor 1; Msfd2a: Major Facilitator Superfamily Domain
Containing 2A; Tnfa: Tumor Necrosis Factor; //10: Interleukin 10; //6: Interleukin 6; //13: Interleukin 1 Beta;

Cd11b: integrin Subunit Alpha M; Cx3c/1:C-X3-C Motif Chemokine Ligand 1.

Fig. 4 | Cross-fostering is sufficient to rescue physiological impairments led by intrauterine obesogenic
exposure. (A-B) Experimental design of maternal cross-fostering from birth to weaning (A) leading to four
experimental groups: intrauterine development in Chow environment (CO) and lactation either by Chow
dam (COCL) or HFD dam (COHL) and intrauterine development in obesogenic environment (HO) and
lactation either by Chow dam (HOCL) or HFD dam (HOHL) (B). (C) Body weight differences at weaning (n=6-
10 per group). (D) Glucose tolerance test and area under the curve (AUC) of P21 male offspring in each of
the 4 groups obtained (n=6-10 per group). (E) Blood glucose levels after 6 h of fasting of P21 male offspring
in each of the 4 groups obtained (n=6-10 per group). Dots in all panels represent individual sample data.

Data are expressed as the mean = SEM. *p < 0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001.

Fig. 5 | Cross-fostering restores BBB integrity. (A-D) Representative confocal images of occludin (red) and
Igfbp2 (green) expression in the ME/ARC of Chow (A) and HFD (D) offspring that were cross-fostered during

lactation by HFD (B) or Chow (C) dams. Nuclei are stained with DAPI (blue). (E-H) Representative confocal
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images of vimentin (red) and Fgf10 (green) expression in the ME/ARC of Chow (E) and HFD (H) offspring
that were cross-fostered during lactation by HFD (F) or Chow (G) dams. Nuclei are stained with DAPI (blue).

Scale bar: 50um.

Fig. 6 | Cross-fostering is sufficient to rescue axonal wiring disruptions consequent from intrauterine
obesogenic exposure. (A-F) Representative confocal images of AgRP fibers in the in the PVH (A-B) and ARC
(D-E) of COCL and HOHL P21 offspring and integrated density quantification (C and F) (n=3 per group). (G-L)
Representative confocal images of a-MSH fibers in the in the PVH (G-H) and ARC (J-K) of COCL and HOHL
P21 offspring and integrated density quantification (I and L) (n=3 per group). Dots in all panels represent
individual sample data. Data are expressed as the mean + SEM. *p < 0.05. Abbreviations: third ventricle

(3V), hypothalamic arcuate nucleus (ARC), hypothalamic paraventricular nucleus (PVH). Scale bar: 100um.

Fig. 7 | Cross-fostering is sufficient to rescue gene expression changes induced by intrauterine obesogenic
exposure. (A-G) Transcript expression of Pomc (A), Cart (B), Drd2 (C), Nkx2.2 (D), Glast (E), Igfbp2 (F) and
Msfd2a (G) in P21 male offspring of HFD dams (HFD-O vs. Chow-0) (n=5-6 per group). Dots in all panels
represent individual sample data. Data are expressed as the mean + SEM. *p < 0.05; **p < 0.01; ***p <
0.001. Pomc: pro-opiomelanocortin; Cart: cocaine- and amphetamine-regulated transcript; Drd2: dopamine
receptor 2; Nkx2.2: NK2 Homeobox 2; Glast: Solute Carrier Family 1Member 3; Igfbp2: Insulin Like Growth

Factor Binding Protein 2; Msfd2a: Major Facilitator Superfamily Domain Containing 2A.

Fig. 8 | Cross-fostering vimentin. (A-F) Representative confocal images of vimentin fibers (red) in the in the
ME/ARC interface of Chow (A) and HFD (D) offspring that were cross-fostered during lactation in by HFD (B)
or Chow (C) dams. (E-F) show higher magnification of (A) and (D). Nuclei are stained with DAPI (blue). Scale
bar: 100 um (A-F) and 50 um (E-F). (G) Integrated density quantification of vimentin (n=3 per group). Dots
in all panels represent individual sample data. Data are expressed as the mean + SEM. *p < 0.05.
Abbreviations: third ventricle (3V).
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634

635  Supplementary Data can be accessed here: https://doi.org/10.6084/m9.figshare.21769709

636

637  Table 11 Gene names, number of the assays, nucleotide and exon region used for primer design.

638 Table 2 | Fold Regulation of genes significantly altered in the mediobasal hypothalamus of Chow and HFD

639 male offspring at birth (P0).

640 Table 3 | Fold Regulation of genes significantly altered in the mediobasal hypothalamus of Chow and HFD

641 male offspring at weaning (P21).

642

643
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Figure 7
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Applied Biosystems probe Assay Ref Seq Exon
included primers Location
Agrp MmO00475829 g1 NM_001271806.1 3-4
Bmp7 Mm00432102_m1 NM_007557.3 3-4
Cartpt Mm04210469_m1 NM_001081493.2 2-3
Cav Mm00483057_m1 NM_001243064.1 1-2
Cd11b Mm00434455_m1 NM_001082960.1 3-4
Crh Mm01293920_s1 NM_205769.2 2-2
Cx3cl1 Mm00436454_m1 NM_009142.3 1-2
Drd2 MmO00438545 m1 NM_010077.2 7-8
Fgf10 MmO00433275_m1 NM_008002.4 1-2
Gapdh Mm99999915_g1 NM_008084.2 2-3
Gfap Mm01253033_m1 NM_001131020.1 6-7
Glast MmO00600697_m1 NM_148938.3 3-4
Glut MmO00441480_m1 NM_011400.3 8-9
Hert Mm01964031_s1 NM_010410.2 2-2
Igfbp2 Mm00805581_m1 NM_183029.2 6-7
Mg MmO00434228 m1 NM_008361.3 3-4
1§} Mm00446190_m1 NM_031168.1 2-3
10 MmO01288386_m1 NM_010548.2 4-5
Nkx2.2 MmO00839794_m1 NM_001077632.1 1-2
Npy MmO00445771_m1 NM_023456.2 2-3
Pomc MmO00435874_m1 NM_001278581.1 3-4
Sox2 Mm03053810_s1 NM_011443.3 1-1
Th MmO00447557_m1 NM_009377.1 12-13
Tgfb MmO01178820_m1 NM_011577.1 5-6
Tnf MmO00443258 m1 NM_001278601.1 1-2
Trh MmO01182425_g1 NM_009426.3 2-3
Vegf MmO00437306_m1 NM_001025250.3 3-4
Integrated DNA Technologies Assay Ref Seq Exon
probe not included primers Location
Ang Mm.PT.58.41283141 NM_001161731 1-3
Angpt1 Mm.PT.58.43888746 NM_009640 8-9
Ctnnb1 Mm.PT.58.12501105 NM_007614 10-11
Edn1 Mm.PT.58.42871461 NM_010104 1-2
Ednra Mm.PT.58.33133227 NM_010332 5-6
Gapdh Mm.PT.39a.1 NM_008084 2-3
Igf1 Mm.PT.58.5811533 NM_184052 4-5b




Msfd2a Mm.PT.58.32675283 NM_029662 13-14
Nestin Mm.PT.58.5953887 NM_016701 2-3
Sema3a Mm.PT.58.11314988 NM_001243073 17-18
Shh Mm.PT.58.14105875 NM_009170 2-3
Wntb5a Mm.PT.58.16402801 NM_009524 5-6
Wnt7a Mm.PT.58.10737548 NM_009528 5-6




Gene Fold Regulation p-Value
Actn3 2.46 0.000000
Actn4d 2.01 0.000000
Zak 2.35 0.000000
Cask 2.37 0.000000
Cd99 2.14 0.000000
Cldnl 3.85 0.000000
Cldn10 2.39 0.000000
Cldn11 2.35 0.000000
Cldn14 2.69 0.000000
Cldn15 2.85 0.000000
Cldn18 2.51 0.000000
Cldn4 6.19 0.000000
Cldn5 2.33 0.000000
Cldn8 3.59 0.000000
Cldn7 2.34 0.000000
Ybx3 2.33 0.000000
Csnk2al 2.48 0.000000
Csnk2a2 2.31 0.000000
Csnk2b 2.72 0.000000
Ctnna2 2.63 0.000000
Ctnna3 2.11 0.000000
Ctnnad 3.1 0.000000
Cttn 2.36 0.000000
Epb4.1 2.48 0.000000
Esam 2.93 0.000000
Gnail 2.12 0.000000
lcam1l 2.25 0.000000
Ik 2.2 0.000000
Magi3 2.47 0.000000
MIlt4 2.16 0.000000
Mpp6 2.08 0.000000
Pard3 2.41 0.000000
Pard6a 3.36 0.000000
Pecaml 2.08 0.000000
Prkcz 2.35 0.000000
Pten 2.39 0.000000
Smurfl 3.26 0.000000
Sptb 2.16 0.000000
Tiam1 2.1 0.000000
Tjpl 2.14 0.000000
Tjp2 2.04 0.000000




Vapa 2.36 0.000000
Gusb 2.09 0.000000
MGDC 3.14 0.000000




Fold

Gene Regulation p-Value
Actn3 -7.7 0.000000
Cldn16 -2.01 0.000000
Cldn6 2.96 0.000000
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