I

MOLECULAR
METABOLISM

Check for
updates

Maternal overnutrition is associated with altered
synaptic input to lateral hypothalamic area
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ABSTRACT

Objective: Maternal overnutrition is associated with adverse outcomes in offspring, including increased risk for obesity and diabetes. Here, we
aim to test the effects of maternal obesity on lateral hypothalamic feeding circuit function and determine the relationship with body weight
regulation.

Methods: Using a mouse model of maternal obesity, we assessed how perinatal overnutrition affected food intake and body weight regulation in
adult offspring. We then used channelrhodopsin-assisted circuit mapping and electrophysiological recordings to assess the synaptic connectivity
within an extended amygdala-lateral hypothalamic pathway.

Results: We show that maternal overnutrition during gestation and throughout lactation produces offspring that are heavier than controls prior to
weaning. When weaned onto chow, the body weights of over-nourished offspring normalize to control levels. However, when presented with
highly palatable food as adults, both male and female maternally over-nourished offspring are highly susceptible to diet-induced obesity. This is
associated with altered synaptic strength in an extended amygdala-lateral hypothalamic pathway, which is predicted by developmental growth
rate. Additionally, lateral hypothalamic neurons receiving synaptic input from the bed nucleus of the stria terminalis have enhanced excitatory
input following maternal overnutrition which is predicted by early life growth rate.

Conclusions: Together, these results demonstrate one way in which maternal obesity rewires hypothalamic feeding circuits to predispose

offspring to metabolic dysfunction.
© 2023 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

As the prevalence of obesity and overweight continue to rise
throughout the world [1,2], the proportion of children born to over-
weight mothers also increases. In humans, elevated maternal weight
is associated with increased risk of neuropsychiatric illness and
metabolic dysfunction later in life [3—7]. This is recapitulated in
animal models in which perinatal exposure to obesogenic diets leads
to offspring that are predisposed to widespread phenotypic changes
including those that mirror the neuropsychiatric and metabolic dis-
orders seen in humans [8—12]. In rodent models, perinatal exposure
to obesogenic diets causes pronounced metabolic changes later in
life. Offspring born to mothers maintained on high fat diet (HFD) are
more likely to develop obesity and type 2 diabetes as adults [8,13],
which may be driven in part by a preference for highly palatable foods
[14]. It has long been thought that behavioral and metabolic alter-
ations associated with maternal overnutrition are caused by devel-
opmental programming within brain systems responsible for
regulating energy balance [15—18]. Currently, the circuit- and cell-
type specific mechanisms underlying these functional changes
remain largely unexplored.

The lateral hypothalamic area (LHA) is a critical node in the neuro-
circuitry that regulates feeding, energy balance, and reward-related
behavior across species [19—21]. LHA lesions disrupt food intake
and body weight regulation, whereas stimulation induces feeding and
weight gain [22—24]. The LHA contains molecularly distinct cell
types [25,26] that are capable of bidirectionally influencing food
intake, body weight, and reward-related behavior [27—29]. More-
over, LHA neurons have been shown to undergo transcriptional and
functional remodeling in response to acute and long-term changes in
energy balance in adulthood [26,30]. Similarly, the LHA has been
shown to exhibit physiological changes in response to maternal
overnutrition. Offspring born to overweight dams have increased
expression of orexigenic peptides and increased proliferation of the
peptide-producing cells within the LHA [31,32]. Maternal over-
nutrition is also associated with an increase in the density of synaptic
inputs to the LHA [33]. Despite this, little is known about how
maternal overnutrition impacts the function of hypothalamic feeding
circuits. Thus, we sought to test whether maternal overnutrition
predisposes offspring to diet induced obesity and determine the
associated functional changes in an LHA pathway that regulates food
intake.
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Within the LHA, glutamatergic neurons are a potent negative regulator
of feeding. Acute activation suppresses feeding [28,34], whereas se-
lective ablation yields susceptibility to diet-induced obesity [28]. Their
endogenous activity is inversely related to motivation for food, is
sensitive to leptin, and is suppressed by HFD in adulthood [26,30]. LHA
glutamatergic neurons are part of a larger circuitry that exerts control
over feeding. They receive inhibitory synaptic input from the bed nu-
cleus of the stria terminalis (BNST) [34]. In addition to its well char-
acterized roles in fear and anxiety [35,36], the BNST mediates feeding
behavior [34,37—40]. BNST neurons controlling food intake develop
during early postnatal life and are influenced by maternal nutrition [41].
Importantly, GABAergic BNST neurons project to the LHA where they
selectively synapse onto local glutamatergic neurons, and activation of
this pathway promotes feeding by inhibiting the glutamatergic cells
[34]. Thus, the BNST—LHA pathway critically mediates feeding
behavior in adulthood. We therefore reasoned that perinatal over-
nutrition may influence feeding behavior through modifications of such
pathways that exert bidirectional control over food intake.

Here, we tested the hypothesis that maternal overnutrition would in-
fluence food intake and energy balance through alterations in the
BNST — LHA pathway. We show that maternal overnutrition during
gestation and throughout lactation produces offspring that are heavier
than controls prior to weaning. When weaned onto chow, the body
weights of over-nourished offspring normalize to control levels.
However, when presented with highly palatable food as adults,
maternally over-nourished offspring are highly susceptible to diet-
induced obesity. This is associated with altered synaptic strength in
the BNST—LHA pathway, which is predicted by developmental
growth rate. Together, these results demonstrate one way in which
maternal obesity rewires hypothalamic feeding circuits to predispose
offspring to metabolic dysfunction.

2. MATERIALS AND METHODS

2.1. Subjects

Male and female C57BL/6 J mice (Jackson Laboratory) were used for all
experiments. Mice were maintained on a 12-hr light—dark cycle with ad
libitum food and water in their home cages at all times. All experiments
were conducted in accordance with National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the
Rutgers University Institutional Animal Care and Use Committee.

2.2. Maternal overnutrition

Female C57BL/6 J mice aged 7 weeks (n = 6 littermates) were given
ad libitum access to either high fat diet (HFD) (Bio-Serv #F3282:
5.49 kcal/g; 60% fat calories) and standard chow (Purina Mouse Diet
50,583: 3.56 kcal/g, 21% fat calories) or a taste matched low fat diet
(LFD) (Bio-Serv F4031: 3.93 kcal/g, 16% fat calories) and chow for 6
weeks. Mice were then separated and bred with a male C57BL/6 J
mouse that had been maintained on standard chow. HFD + chow or
LFD + chow diets were maintained throughout breeding, gestation,
and lactation. Offspring of HFD fed mothers (mHFD) and LFD fed
mothers (mLFD) were weighed at postnatal days 10, 15, and 21 and
were then weaned onto standard chow at p21. Food intake per cage
and individual mouse body weights were monitored >3 times per
week during the first 6 h of the lights on period of the light cycle for the
duration of experiments. Growth rate was defined as the slope of the
weight from p10 to p21. Litter size was not significantly different
between mLFD (mean: 8.0 + 0.71) and mHFD (mean: 6.8 4+ 1.72)
dams (t (9) = 1.16, p = 0.28). Nor was the time from the start of the
diet to the birth of each litter different between mLFD (mean:

87.4 + 13.2 days) and mHFD (mean: 88.33 + 25.7 days) dams (t
(9) = 0.06, p = 0.96). However, mHFD pups were less likely to survive
(50%) than mLFD pups (90%) (Fisher’s exact test, p = 9.9e-7).
Acute HFD intake: At ~ p40, mice were given access to HFD for 24 h.
At the start of the light cycle, mice were separated into individual cages
with ad libitum access to chow, HFD, LFD, and water simultaneously.
Food consumption for all diets was measured at 6-hr and 24-hr
timepoints. After 24 h, mice were returned to their home cages with
chow.

Chronic HFD intake: At ~ p60, all mice were given ad libitum access
to HFD and chow in their home cages for 3 weeks during which time
body weight and food intake (per cage) were monitored at least 3 times
per week. Data were averaged across 2-day increments to account for
the possibility different litters of mice being measured on different days
(e.q., the first data point after the start of HFD is an average of weights
taken during the first 2 days of HFD access). Following 3 weeks of HFD,
all mice were returned to chow.

2.3. Surgery

Approximately 2 weeks after the chronic HFD test ended, a subset of
mice (mLFD: 3 M/2 F; mHFD 3 M/3 M) were surgically injected with the
light-gated cation channel, channelrhodopin-2 (ChR2) in the BNST.
Mice were anesthetized with isoflurane (induction at 3%, maintenance
at <1.5%) and were placed in a stereotaxic frame (Kopf Instruments).
Ophthalmic ointment was placed on their eyes, and bupivacaine 2 mg/
kg was injected subcutaneously at the incision site. Burr holes were
drilled bilaterally above the BNST, and an adeno-associated virus
coding for ChR2 (AAV5-hsyn-ChR2-eYFP, 400 nL at 100 nL/min; UNC
Viral Vector Core, titer: 5.3 x 10'%) was injected into the BNST at the
following coordinates relative to Bregma: AP +0.15, ML +0.9, DV
-3.85 (from brain surface) via a custom steel injection cannula.
Following surgery, carprofen (20 mg/kg) was injected subcutaneously
daily for 3 days. Mice recovered for 4—6 weeks before electrophysi-
ological recordings were made.

2.4. Electrophysiological recordings

mHFD and mLFD mice that had been surgically injected with ChR2 in
the BNST were deeply anesthetized with pentobarbital and then
transcardially perfused with ice cold sucrose solution containing in
mM: 70 sucrose, 87 NaCl, 2.5 KCI, 1.25 NaH,P04, 25 NaHCO3, 7 MgCla
* 6H,0, 0.5 CaCl,, 306—312 mOsm. Brains were rapidly removed,
and coronal sections were taken through the BNST and LHA at
300 pm. Sections were incubated in artificial cerebrospinal fluid at
32 °C containing in mM: 126 NaCl, 2.5 KCI, 1.2 NaH,P04, 1.2 MgCl, *
6H,0, 26 NaHCO3, 15 glucose, and 2.4 CaCly; 299—303 mOsm. Cells
were visualized with a 40X objective under differential interference
contrast imaging on a BX51 (Olympus) microscope. Data were ac-
quired with an EPC 10 recording system running Patchmaster software
(Heka Elekironik) at 20 kHz and bandwidth filtered with a 10 kHz
Bessel filter and gain 10.

2.4.1. Current clamp recordings

Whole-cell voltage clamp recordings were used to assess excitability in
LHA neurons. Borosilicate pipettes were pulled to 4—8 MQ and
backfilled with solution containing in mM: 135 potassium gluconate,
10 HEPES, 4 KCl, 4 Mg-ATP, and 0.3, Na-GTP (pH 7.35, 285 mQOsm).
Current was injected to hold cells at —70 mV. A current ramp
of +200 pA over 10 s was used to assess rheobase. Action potential
characteristics were calculated from the first or second spike elicited
during the rheobase recording. Next, current ranging from —100 pA
to +300 pA in 20 pA steps was injected (500 ms duration). The
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number of action potentials elicited during positive current injections
were quantified per sweep post hoc. Input resistance was calculated
as the slope of the I-V curve from —100 to 0 pA current injections.
Finally, cells were recorded at 0 pA holding current to determine basal
firing rate and resting membrane potential. To validate ChR2 func-
tionality, ChR2+ neurons were patched within the BNST. Trains of 10
5-ms blue light pulses were delivered to the field of view at frequencies
of 1—40 Hz. Spike probability was calculated for each spike train.

2.4.2. Voltage clamp recordings

Whole-cell voltage clamp recordings were used to identify LHA neu-
rons receiving monosynaptic input from the BNST (_’BNSTLHA neurons)
and to assess spontaneous synaptic input. Borosilicate pipettes were
pulled to 4—8 MQ and backfilled with solution containing in mM: 117
Cs-Methanesulfonate, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 5 Mg-
ATP, and 0.5 Na-GTP (pH 7.35, 285 mOsm). Cells were held at —70
mV to evaluate EPSCs and +10 mV to evaluate IPSCs. 5 ms pulses of
470 nm light was delivered to the field of view (2 5-ms pulses spaced
100 ms apart; 10—20 sweeps of 10 s each). Spontaneous and evoked
EPSCs and IPSCs were recorded. To confirm that recorded LHA neu-
rons receive monosynaptic GABAergic input from BNST, TTX (500 nM)
and 4-AP (1 mM) were applied to the external solution while eliciting
optically evoked post-synaptic currents. Once monosynaptic connec-
tivity was confirmed, gabazine (10 M) was applied, which abolished
optically evoked IPSCs. In the rare instances in which evoked EPSCs
were observed in the presence of TTX, 4-AP, and gabazine, the AMPA
receptor blocker DNQX (10 pM) was applied to confirm glutamatergic
transmission.

2.5. Data analysis

Electrophysiological data were exported from Patchmaster (Heka) for
offline analysis. Excitability data were analyzed using custom Python
code to identify action potential characteristics and count spikes.
Spontaneous EPSCs and IPSCs were identified and quantified using
Clampfit v11.0.3 (Molecular Devices). Statistical analysis was per-
formed using GraphPad Prism (v9.4.1). All statistical tests were two-
sided and corrected for multiple comparisons and unequal variance
where appropriate. Outliers were identified by the Grubbs’ or ROUT
methods with alpha 0.05.

3. RESULTS

3.1. Maternal overnutrition causes hyperphagia that predisposes
offspring to diet-induced obesity

Maternal overnutrition was induced by allowing dams to consume an
obesogenic diet prior to mating, during gestation, and throughout
lactation [9,42]. Female C57BL/6 J mice were given ad libitum access
to either LFD or HFD and standard chow for 6 weeks, at which point
males were introduced (Figure 1A). Diets were maintained throughout
gestation and lactation. mHFD offspring had increased body weight
compared to mLFD offspring during lactation at postnatal days 10, 14,
and 21 (Figure 1B). At postnatal day 21, all mice were weaned onto
standard chow. Body weights were comparable between mHFD and
mLFD groups at postnatal day 50, suggesting metabolic normalization
in a low-fat, non-obesogenic environment.

To test whether maternal overnutrition causes hyperphagia in adult-
hood, we assessed intake of chow, LFD, and HFD in mLFD and mHFD
mice in an acute feeding assay (Figure 1C—J). At both 6-hr and 24-hr
timepoints, all mice showed strong preference for HFD with mHFD
mice showing pronounced increase in consumption compared with
mLFD. When food intake was normalized by body weight, we observed
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no difference between mHFD and mLFD groups at 6 h (Figure 1C—F).
At 24 h, there was no difference in chow (Figure 1G) or LFD (Figure 1H)
intake. However, mHFD mice consumed more HFD calories per gram
body weight (Figure 1l), which led to increased total caloric intake
(Figure 1J). This suggests that despite similar body weights and chow
consumption, mHFD mice become hyperphagic relative to mLFD
controls and overconsume highly palatable foods.

We therefore reasoned that this hyperphagia in response to highly
palatable foods may predispose mHFD mice to diet-induced obesity. To
test this, we provided mHFD and mLFD mice with ad libitum HFD
access in their home cages in addition to chow for 3 weeks while food
intake and body weights were measured. As predicted, mHFD mice
consumed significantly more calories in the obesogenic environment,
which rapidly returned to mLFD control levels when HFD was removed
(Figure 1K-L). Similarly, body weight of mHFD mice significantly
increased relative to mLFD mice during the HFD access period
(Figure TM—N). Consistent with their reduced energy intake when
returned to chow, both mHFD and mLFD mice lost weight when HFD
access was removed (Figure 1N).

Interestingly, we found that both male and female mHFD mice were
hyperphagic and obesity prone (Fig. S1). Male and female mHFD pups
were heavier than their mLFD counterparts prior to weaning but
normalized by p50 (Figs. S1A and B). Similarly, male and female mHFD
mice showed increased HFD intake in both acute and chronic feeding
assays (Fig. S1C-L). In the acute feeding assay, female mice
consumed more calories per gram body weight than males in both
mLFD and mHFD groups (Fig. S1J). Moreover, both mLFD and mHFD
female mice consumed more LFD during the acute feeding test than
did males (Fig. STH). Intriguingly, female mHFD mice tended to show
more pronounced weight gain during chronic HFD access than males
when compared to mLFD groups (Fig. S1M,N). Together, these results
suggest that maternal overnutrition predisposes offspring to obesity by
promoting overconsumption of highly palatable foods.

3.2. Maternal overnutrition increases LHA neuronal excitability

Neurons within the LHA are known to influence food intake and body
weight regulation and are sensitive to changes in metabolic state
[19,43]. Importantly, maternal overnutrition increases orexigenic
peptide expression, neurogenesis, and synaptic innervation within the
LHA [31—33]; however, how this affects the electrophysiological
characteristics of resident neurons remains unknown. We therefore
sought to determine if maternal overnutrition alters the excitability of
LHA neurons. We performed whole-cell current clamp recordings from
LHA neurons in mHFD and mLFD mice ex vivo in brain slices. Food
intake and body weight prior to surgery as well as body weight at the
time of recording were similar between mLFD and mHFD mice
(Figs. S2A—D). We observed no differences in the basic membrane
properties or action potential characteristics of LHA neurons recorded
from mHFD and mLFD mice. Maternal overnutrition did not affect the
resting membrane potential of LHA neurons (Figure 2A). Action po-
tential threshold (Figure 2B), amplitude (Figure 2C), width (Figure 2D),
and afterhyperpolarization (Figure 2E) were also similar between
mHFD and mLFD groups. Basal firing rate was recorded with zero input
current and revealed similarly low levels of spontaneous spiking in
mHFD (1.26 4 0.57 Hz) and mLFD (1.14 =+ 0.53 Hz) mice (Figure 2F).
We next tested LHA neuron responsivity to injections of current. The
minimum current required to elicit a single action potential (rheobase)
was unchanged by maternal overnutrition (Figure 2G). Interestingly,
LHA neurons recorded from mHFD mice were more sensitive to in-
jections of large amplitude positive current (200 pA), suggesting they
can achieve higher firing rates in response to input (Figure 2H—I).
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Figure 1: Maternal overnutrition causes hyperphagia and predisposes offspring to diet-induced obesity. A. Schematic of experimental timeline. Dams were maintained on
HFD or LFD for 6 weeks prior to mating, and diet was maintained through weaning. Offspring of HFD (mHFD) and LFD (mLFD) dams were weaned onto chow. B. mHFD pups have
increased body weight prior to weaning but normalize by p50 (two-way ANOVA, main effect of Group: F (1,45) = 42.83, p = 4.8e-8; main effect of Time: F (1.39,62.58) = 817.06,
p < 1.0e-15; interaction between Group and Time: F (3,135) = 5.02, p = 0.0025. ****Sidak’s multiple comparisons test p < 0.0001). n = 30/17 per group. C—F. 6hr food
consumption. Chow intake (C. t (41) = 0.41, p = 0.69), LFD intake (D. t (41) = 0.84, p = 0.40), HFD intake (E. t (41) = 1.37, p = 0.18), and total intake (F. t (41) = 2.31,
p = 0.03) were similar between groups. G-J. 24hr food consumption. G. Chow intake is similar between groups (t (41) = 0.07, p = 0.95). H. LFD intake is similar between groups
(t (41) = 0.05, p = 0.96). . HFD intake is increased in mHFD mice (t (41) = 2.26, p = 0.029). J. Total intake is increased in mHFD mice (t (41) = 2.12, p = 0.04). n = 26/16 per
group. *p < 0.05. K—N. Extended HFD access. K. Cumulative food intake. L. Average daily calorie intake was similar on chow but increased in mHFD mice when given HFD access
(two-way ANOVA, main effect of Group: F (1,11) = 5.99, p = 0.03; main effect of Diet: F (1.95,21.80) = 295.25, p < 1.0e-15; interaction between Group and Diet: F
(2,22) = 7.06, p = 0.004. *Sidak’s multiple comparisons test p < 0.05). n = 7/6 cages per group. M. Body weight. N. Average weight change (% body weight) during chow or
HFD consumption (two-way ANOVA, main effect of Group: F (1,44) = 37.48, p = 2.2e-7; main effect of Diet: F (1.15,50.42) = 870.79, p < 1.0e-15; interaction between Group

and Diet: F (2,88) = 36.69, p = 2.6e-12. ****Sjdak’s multiple comparisons test p < 0.0001). n = 30/16 per group. Values are mean =+ sem.

Together, these results suggest a modest increase in excitability
amongst mHFD LHA neurons.

3.3. BNST —LHA connectivity is primarily GABAergic and is
negatively correlated with early life growth rate

LHA neurons are embedded within a broader neurocircuitry that co-
ordinates feeding behavior and energy homeostasis. The BNST is an
important upstream region that provides synaptic input to the LHA to
mediate food intake [34,37]. Maternal nutrition is thought to influence
the development of BNST neurons that regulate feeding and provide
synaptic input to LHA cells that control energy intake [41]. Moreover,
the BNST— LHA pathway orchestrates feeding and reward related
behaviors through inhibition of LHA glutamatergic neurons [34]. In
adulthood, diet-induced obesity (i.e., prolonged hyperphagia) sup-
presses the anorexigenic functions of those LHA glutamatergic neu-
rons [26]. We therefore reasoned that functional remodeling of this

circuitry may also underlie the hyperphagia and increased LHA excit-
ability seen in mHFD mice.

We injected the light-gated cation channel, channelrhodopsin-2, under
control of the synapsin promotor (AAV-Syn-ChR2-eYFP) into the BNST
of mHFD and mLFD mice (Figure 3A—B). We first validated ChR2
functionality by recording from ChR2-expressing cells in the BNST
(Figure 3C). These cells reliably spiked in response to brief pulses of
blue light (Figure 3D). To identify LHA neurons receiving monosynaptic
input from the BNST cells, LHA neurons were patched near eYFP-
expressing axons while ChR2 was activated with 5-ms pulses of
blue light (Figure 3E). Light-evoked excitatory and inhibitory post-
synaptic currents (EPSCs and IPSCs, respectively) were recorded.
We found that 60% (42/70) of recorded LHA neurons received synaptic
input from BNST. Synaptically connected cells were found across the
anterior-posterior extent of the LHA but were most concentrated in
middle and posterior regions and weakest in the anterior part
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Figure 2: Maternal overnutrition increases LHA neuron excitability. A-G. LHA neurons recorded from mHFD and mLFD show similar basal electrophysiological properties. A.
Resting membrane potential (t (46) = 0.49, p = 0.63). B. Action potential threshold (t (46) = 0.34, p = 0.74). C. Action potential amplitude (t (46) = 0.68, p = 0.50). D. Action
potential width. Full-width half max (FWHM; t (46) = 0.64, p = 0.53). E. Afterhyperpolarization (AHP, t (44) = 0.38, p = 0.71). F. Basal firing rate (t (48) = 0.16, p = 0.88). G.
Rheobase (t (46) = 0.49, p = 0.63). H—I. mHFD mice show increased firing in response to positive current injection. H. Example traces from +260 pA current injection. I.
Population response. Two-way ANOVA, no main effect of Group: F (1,48) = 1.39, p = 0.24; main effect of Current: F (1.85,88.65) = 84.79, p < 1.0e-15; interaction between
Group and Current: F (15,720) = 2.32, p = 0.003). n = 23/27 cells from 5/6 mice per group. Values are individual data points with mean 4 sem overlaid.

(Figs. S2E—G). Consistent with previous findings that the BNST — LHA
pathway is largely GABAergic [34,44], 86% of connected LHA neurons
(36/42) exhibited light-evoked IPSCs, whereas 14% (6/42) exhibited
exclusively light-evoked EPSCs (Figure 3F,S3). Monosynaptic con-
nections were confirmed by the presence of optically evoked currents
after the addition of tetrodotoxin (500 nM) and 4-Aminopyridine (1 mM)
to the extracellular recording solution. To confirm that the IPSCs were
indeed mediated through GABA transmission, we applied the GABAa
receptor antagonist, gabazine (10 pM), and the amplitude of light-
evoked IPSCs was reduced to negligible levels (Figure 3G—H). We
observed no group difference in the amplitude of light evoked IPSCs
between mHFD and mLFD cells (Figure 3l). However, the rate of growth
prior to weaning (Figure 1B) significantly predicted the evoked IPSC
amplitude within the BNST — LHA pathway (Figure 3J). That is, mice
that gained more weight during lactation had weaker BNST — LHA
connectivity. Together, these results confirm the GABAergic compo-
sition of the BNST— LHA pathway and demonstrate that this con-
nectivity is negatively correlated with early life growth rate.

3.4. Maternal overnutrition increases excitatory input onto
~BNST) HA neurons

We next sought to understand how synaptic strength onto LHA neurons
receiving BNST input (~B“STLHA) is modified by maternal over-
nutrition. We recorded spontaneous EPSCs and IPSCs from ~BVSTLHA
neurons of mLFD and mHFD mice with whole-cell voltage clamp re-
cordings from neurons that were determined to receive monosynaptic

BNST input. Using a cesium-based internal solution, we recorded
spontaneous EPSCs at —70 mV and IPSCs at +10 mV (Figure 4A,B).
We observed no differences in inhibitory input; neither the rate nor
amplitude of IPSCs was altered by maternal overnutrition (Figure 4C,D
and Figure S4 A,B). While mHFD cells showed no change in the rate of
EPSCs relative to mLFD cells (Figure 4E, Figure S4 C), there was a
marked increase in EPSC amplitude onto mHFD cells (Figure 4F, S4D).
This was associated with an increase in the excitation/inhibition bal-
ance onto these cells (Figure 4G,S4E), which is consistent with our
observation of generally increased excitability within the LHA of mHFD
mice (Figure 2). Interestingly, we found that EPSC amplitude could also
be predicted by perinatal growth rate (Figure 4H). Faster weight gain
during lactation (Figure 1B) was associated with increased excitatory
input onto ~BNSTLHA neurons. These results suggest that maternal
overnutrition remodels the synaptic strengths onto LHA neurons.

To further evaluate the specificity of the observed changes in synaptic
strength in maternally over-nourished mice, we assessed spontaneous
synaptic input onto LHA cells that were not identified as direct
downstream targets of BNST neurons (Figure 5). We found no differ-
ences in IPSC rate (Figure 5A,S4F) or amplitude (Figure 5B,S4G) be-
tween mHFD and mLFD mice. Similarly, maternal overnutrition did not
alter EPSC rate (Figure 5C,S4H) or amplitude (Figure 5D,S4l), and the
excitatory/inhibitory balance was unaffected (Figure 5E,S4J). In
contrast to ~BVSTLHA neurons, EPSC amplitude onto LHA neurons that
do not receive direct BNST input was not predicted by juvenile growth
rate (Figure 5F). Collectively, this suggests that maternal overnutrition
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from 5/6 mice per group. Values are individual data points with mean + sem overlaid.

alters hypothalamic circuitry in the BNST— LHA pathway, but not
broadly across all LHA cells.

4. DISCUSSION

Here, we demonstrated that maternal HFD overnutrition results in
heavier offspring, but this body weight normalizes if returned to a low-
fat diet upon weaning. However, despite similar body weights in
adulthood, perinatally over-nourished mice remain primed for obesity.
When given access to highly palatable food in adulthood, mHFD mice
were hyperphagic and gained more weight than mLFD controls. When
mice were returned to an exclusively chow diet after extended HFD
access, both mHFD and mLFD groups exhibited pronounced weight
loss and reduced caloric intake (Figure 1K-N). This is consistent with
previous reports in which mice reduce chow intake following access to
highly palatable foods [45,46], suggesting mHFD mice retain sensitivity

to chow devaluation. Such weight loss may be driven by a reduction in
basal metabolic rate and energy expenditure [47,48]. Electrophysio-
logical recordings revealed that LHA neurons were more excitable in
mHFD mice. We then investigated how maternal overnutrition effects
the BNST—LHA pathway, which critically mediates food-seeking
behavior. In LHA neurons that receive input from the BNST, the
increased excitatory drive was especially evident. Increased perinatal
growth rate was associated with weaker inhibitory input from the BNST
and an overall increase in the excitatory input onto the same neurons.
This was not the case for LHA neurons that were not synaptically
connected with the BNST. Together, these results demonstrate that
perinatal environment rewires the brain circuits critical for orches-
trating feeding behavior in adulthood and predispose offspring to diet-
induced obesity and type 2 diabetes.

The BNST provides inhibitory input to the LHA that is critical for con-
trolling food intake [34,37]. The target of BNST afferents within the LHA
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are glutamatergic neurons [34], which suppress food intake and
become dysfunctional during diet-induced obesity [26]. Moreover,
maternal nutrition influences BNST neuron development [41], and BNST
dysfunction is implicated in neuropsychiatric conditions that are asso-
ciated with early life overnutrition [35,36,44]. Thus, we hypothesized
that the BNST — LHA pathway is a target of perinatal programming that
underlies the susceptibility to obesity in mHFD mice. Indeed, we found
an increase in the excitatory-inhibitory balance of ~BVSTLHA neurons

after maternal overnutrition. Optically evoked inhibitory transmission as
well as spontaneous excitatory inputs were negatively correlated with
early life growth, suggesting perinatal programming of LHA circuitry.
These results are consistent with previous findings demonstrating
increased density of afferents from the dorsomedial and ventromedial
hypothalamic nuclei in LHA following maternal overnutrition [33].
Furthermore, maternal overnutrition increases orexin/hypocretin
expression within LHA as well as neurogenesis of orexin containing
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neurons [31], which release glutamate [49,50] and can increase local
excitatory drive within the LHA [51].

Thus, our results are in accord with previous work implicating increased
glutamatergic signaling within the LHA following maternal overnutrition.
We show here for the first time that the BNST— LHA pathway is
selectively modified by early life overnutrition. While the source of the
increased glutamatergic inputs to ~ENSTLHA neurons remain to be
determined, we speculate that intra-hypothalamic signaling is a likely
candidate, specifically from the dorsomedial and ventromedial nuclei
[33]. Distal glutamatergic inputs from regions such as the parabrachial
nucleus [52] may also be involved. This suggests there may be wide-
spread rewiring of reward circuitry within the brain following maternal
overnutrition that is not limited to the BNST — LHA pathway.
Importantly, inhibitory BNST inputs to the LHA preferentially target the
local glutamatergic neurons [34]. Therefore, the synaptically connected
cells recorded here are putatively considered to be glutamatergic, which
are known to negatively regulate food intake and goal-directed actions
[26,28,30,34,53,54]. Thus, changes to the excitatory-inhibitory balance
of LHA glutamate neurons may underlie the increased weight, hyper-
phagia, and predisposition to diet-induced obesity seen in maternally
over-nourished offspring. Interestingly, maternal overnutrition was
associated with increased excitatory drive onto putative LHA gluta-
matergic neurons, but increased activity in these cells has been shown
to suppress feeding [26,34]. This paradoxical result may reflect
compensatory changes that occur in response to early life overnutrition
in an attempt to reign in food intake. Indeed, we found that the extent of
changes in both evoked IPSCs and spontaneous EPSCs could be pre-
dicted by the early life growth rate. This is in agreement with previous
observations that increased growth rate early in life is associated with
enhanced risk for obesity and diabetes [17,55,56]. However, given the
observation that mHFD mice are still obesity prone, the increased
excitatory drive onto ~BNSTLHA neurons is not sufficient to suppress
hyperphagia and subsequent weight gain. We speculate that increased
excitatory input in this pathway is one locus of compensation, but is
overshadowed by alterations in distributed parallel circuits regulating
food intake [27,57,58]. Although we found a strong relationship be-
tween synaptic input in ~BNSTLHA neurons and early life growth rate,
we did not observe such a relationship in LHA neurons that did not
receive input from BNST. While we do not know the neurochemical
identity of these unconnected neurons, they may be GABAergic or
represent functionally distinct subsets of glutamatergic cells (e.g.,
orexin/hypocretin neurons). This suggests that the functional alterations
inthe BNST — LHA pathway induced by maternal overnutrition are nota
general phenomenon but may be specific to feeding and reward
circuitry.

Although inhibitory BNST projections to the LHA synapse preferentially
onto glutamatergic neurons, there is evidence for sparse connections
with other known LHA cell types [34,44]. Moreover, LHA glutamatergic
neurons are anatomically, molecularly, and functionally heterogeneous
with  subsets exhibiting unique input—output organization
[25,26,28,30,34,53]. While increased excitatory input onto —BVSTLHA
neurons is unlikely to be the only neurocircuit rewiring following
maternal obesity, we have identified this pathway is an important entry
point in the neurocircuitry relevant for predisposing maternally over-
nourished offspring to weight gain and obesity that may be lever-
aged in future investigations.

Here, we show that maternal overnutrition before conception and
through weaning causes rewiring of hypothalamic circuitry that per-
sists into adulthood. This is consistent with the proposed critical

windows for such developmental programming [59]. The exact timing
of these windows is an area of active research. For example, limiting
overnutrition to the prenatal period still results in obesity and persistent
changes in hypothalamic function but to a lesser extent than if over-
nutrition occurs through lactation [31]. In contrast, limiting over-
nutrition to the early postnatal period still promotes obesity [60].
Lactation is generally thought to be a critical period for the program-
ming of brain systems that control energy homeostasis, likely because
many hypothalamic and hindbrain connections do not fully develop
until after birth [41,61]. Future studies are needed to further refine the
critical window for changes within BNST — LHA circuitry. In addition to
the direct effects of maternal nutrition on pup brains, other factors may
also influence developmental programming of offspring behavior and
metabolism. One such factor is maternal behavior. Dams fed HFD have
been reported to have reduced reproductive success, litter size, and
impaired pup care as well as increased plasma glucocorticoid levels
[60,62]. Although we did not observe differences in litter size, HFD-fed
dams did show reduced reproductive success. This may be driven by
impaired pup care, which may contribute to changes in brain reward
circuitry independently of those related to overnutrition per se [63].
Moreover, the present study has focused specifically on maternal diet.
However, evidence suggests that paternal overnutrition can also in-
fluence offspring health [64—66] even though maternal obesity may be
a stronger predictor of offspring body mass index [67]. Much evidence
also indicates that developmental programming is highly dependent on
the sex of the offspring [68]. Our results (Fig. S1) are consistent with
reports in which both males and females are at increased risk of
developing diet-induced obesity following perinatal overnutrition
[69,70]. Interestingly, female maternally over-nourished offspring
develop increased adiposity and impaired glucose regulation [69],
whereas over-nourished males may be at greater risk of developing
broader hypothalamic changes and impaired reward seeking behavior
[9,71]. Our results demonstrating pronounced HFD induced weight
gain in females are consistent with this. Much work is yet needed to
disentangle the effects of these influences on offspring behavior and
physiology.

The present results add to the growing body of literature indicating that
perinatal environment exerts profound influence over adult physiology
and metabolism. Consistent with previous reports [6,8], we found that
offspring of mothers who were maintained on HFD were hyperphagic
and predisposed to diet-induced obesity. Previous studies have also
found that maternal overnutrition is associated with increased risk for
psychiatric illness in adulthood and adolescence, including eating dis-
orders, anxiety, and depression [3,4]. In addition to their well-
characterized role in feeding, connections between the BNST and
LHA have been implicated in the control of anxiety-like and reward-
related behaviors [34,44]. Thus, synaptic modifications within this
pathway and associated circuitry have the potential to alter wide ranging
motivated behaviors in response to maternal overnutrition. Future
studies will be needed to determine if early life changes to the
BNST — LHA circuitry are also associated with altered anxiety-like or
reward-related behaviors.

Overall, the present results indicate that early life overnutrition pre-
disposes offspring to diet-induced obesity later in life. This predispo-
sition is associated with persisting enhancement of excitatory drive
within lateral hypothalamic circuitry. Together, these results suggest
that targeted manipulations of the BNST— LHA pathway or gluta-
matergic signaling within the LHA may be sufficient to mitigate the
effects of perinatal overnutrition.
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