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ARTICLE INFO ABSTRACT

Keywords: Early overnutrition disrupts leptin sensitivity and the development of hypothalamic pathways involved in the
Development regulation of metabolism and feeding behavior. While previous studies have largely focused on the development
PYOOPiomelanﬂcortin of neuronal projections, few studies have examined the impact of early nutrition on hypothalamic synaptic
Leptin . physiology. In this study we characterized the synaptic development of proopiomelanocortin (POMC) neurons in
g‘;;?mu;:;?zs the arcuate nucleus of the hypothalamus (ARH), their sensitivity to leptin, and the impact of early overnutrition
Arcuate on the development of these neurons. Electrophysiology recordings were performed in mouse ARH brain slices

containing POMC-EGFP neurons from postnatal age (P) 7-9 through adulthood. We determined that pre- and
postsynaptic components of inhibitory inputs increased throughout the first 3 weeks of the postnatal period,
which coincided with a decreased membrane potential in POMC neurons. We then examined whether chronic
postnatal overnutrition (CPO) altered these synaptic connections. CPO mice exhibited increased body weight
and circulating leptin levels, as described previously. POMC neurons in CPO mice had an increase in post-
synaptic inhibitory currents compared to controls at 2 weeks of age, but this effect reversed by the third week. In
control mice we observed heterogenous effects of leptin on POMC neurons in early life that transitioned to
predominantly stimulatory actions in adulthood. However, postnatal overfeeding resulted in POMC neurons
becoming leptin-resistant which persisted into adulthood. These studies suggest that postnatal overfeeding alters
the postsynaptic development of POMC neurons and induces long-lasting leptin resistance in ARH-POMC neu-

rons.

1. Introduction

Changes in early nutritional environment can result in lifelong
changes to metabolic systems and are likely a contributing factor to the
rising rates of obesity [1,2]. These changes also increase the suscept-
ibility to develop obesity-associated comorbidities such as diabetes,
cardiovascular disease, and mental health issues [3]. Studies in ma-
ternal obesity, undernutrition, and overnutrition models have demon-
strated that changes in nutritional environment may increase suscept-
ibility to obesity by compromising the proper development of
hypothalamic pathways regulating appetite [4-6].

One region critical for appetite and body-weight regulation is the
arcuate nucleus of the hypothalamus (ARH). Projections from ARH
neurons begin reaching target nuclei in the hypothalamus within the
first few weeks of life, and thus changes in nutrition during this period
may impact their development [7-9]. A key population of ARH neurons
involved in the control of food intake and metabolic regulation are the
anorexigenic proopiomelanocortin (POMC) neurons [10-13]. These

neurons respond to external stimuli such as glucose and endocrine
hormones and project to other hypothalamic sites involved with me-
tabolic regulation and ingestive behavior such as the dorsomedial hy-
pothalamus (DMH), lateral hypothalamus (LHA) and paraventricular
nucleus of the hypothalamus (PVH), as well as creating interconnec-
tions within the ARH [14,15].

Early overnutrition caused by manipulation of litter size, termed
chronic postnatal overnutrition (CPO), results in increased body
weight, hyperleptinemia, increased susceptibility to a high-fat diet
(HFD), and leptin resistance later in life [16,17]. CPO also disrupts the
development of ARH neuronal projections throughout the brain [18].
This appears to be, in part, due to a reduced ability of POMC neurons to
respond to the adipokine hormone leptin, which is critical for the
regulation of POMC and other ARH neuronal projections [12,13].
POMC neurons in the ARH express the leptin receptor on their somas
and dendrites and leptin signaling at these sites plays a crucial role in
the axonal outgrowth of POMC neurons [12,13]. One mechanism by
which leptin activates POMC neurons is through phosphorylations of
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the STAT3 signaling pathway, which is attenuated in early over-
nutrition models [16]. However, leptin also impacts the electrical ac-
tivity of POMC neurons.

Leptin receptor activation of POMC neurons depolarizes the mem-
brane through the activation of transient receptor potential (TRPC)
channels, which occurs independent of STAT3 [19,20]. Additionally,
leptin can inhibit presynaptic GABAergic neurons, reducing the in-
hibitory tone onto POMC neurons [21]. One population of GABAergic
neurons that synapse onto POMC neurons are the orexigenic neuro-
peptide Y (NPY)/agouti-related protein (AgRP) neurons [22]. Nutri-
tional changes during development impact the synaptic development of
both glutamatergic and GABAergic inputs onto NPY/AgRP neurons, as
well as Karp channel expression [23]. The development of leptin sig-
naling onto NPY neurons has been characterized, and interestingly,
these neurons undergo a developmental leptin ‘switch’ as leptin sti-
mulates these neurons during early development and, through in-
creased expression of Kap channels, leptin inhibits NPY neurons later
in development and into adulthood [24].

While much is appreciated in regard to the synaptic physiology of
leptin signaling on POMC neurons and the development of their reg-
ulatory counterparts, the development of inhibitory inputs onto POMC
neurons and leptin responsitivity of POMC neurons is unknown [24].
Additionaly, while it is known that changes in developmental nutrition
can impact the development of NPY neurons, it is not known whether
early overnutrition impacts the development of inhibitory inputs onto
POMC neurons [23]. Here we explore the synaptic development of in-
hibitory inputs onto POMC neurons, their response to leptin, and the
impact of overnutrition on the electrophysiological functioning of this
system.

2. Materials and methods
2.1. Animals

All animal procedures and experiments were approved by the
Oregon National Primate Research Center Animal Institutional Care
and Use Committee (IACUC) in accordance with the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals (PHS
Policy) and the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Guide). Male POMC-EGFP transgenic mice
on a C57BL/6 background were bred in-house (JAX stock #009593,
The Jackson Laboratory). All mice were group-housed at 22-24°C,
under a 12/12h light/dark cycle, with food (Purina, LabDiet 5001) and
water available ad libitum. A chronic postnatal overnutrition model was
generated by culling litters of 7-9 pups to three pups at postnatal age 3.
For induction of diet-induced obesity (DIO), mice were placed on a 60%
high-fat diet (HFD) fat 6-8 weeks of age for 12-16 weeks (D12492,
Research Diets). POMC-EGFP mice on a C57BL/6 background at various
developmental ages and adults between 12 and 16 weeks were used for
these studies (JAX stock #009593, The Jackson Laboratory) [22]. For
fasting experiments, mice were weaned from the dam at P21-23 before
the dark cycle and subjected to a 16-h overnight fast leading up to the
experiment. For electrophysiology and ELISA experiments, mice of
various ages were anesthetized in a chamber with isoflurane before
sacrifice by decapitation between zeitgeber time (ZT) 5 and ZT 7.

2.2. Brain slice electrophysiology

The forebrain was removed and placed for 1 min in cold (0-4°C)
artificial cerebrospinal fluid (aCSF) sucrose solution composed of (mM):
2 KCl, 1 MgCl,, 1.25 NaH,PO,4, 10 HEPES, 26 NaHCO;, 1 CaCl,, 2
MgS04, 10 glucose, 208 sucrose, 0.7 ascorbic acid, and aerated using
95% 05/5% CO,. The forebrain region containing the ARH was blocked
(rostral-caudal) and mounted in a vibrating microtome (Leica VT-
1000S). Brains were sectioned with a sapphire knife (Delaware
Diamond Knives) yielding roughly three slices (250-um) per mouse. A
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naive slice without previous exposure to leptin or synaptic blockers was
used for each recording. Slices were transferred and maintained at room
temperature in a six well-dish containing a recording aCSF solution
composed of (mM): 124 NaCl, 5 KCl, 2.6 NaH,PO,, 10 HEPES, 26
NaHCOs, 2 CaCl,, MgSO,, 10 dextrose, and bubbled using 95% 0,/5%
CO,. Sucrose was used to adjust the osmolarity to 310-314 mOsm. For
recordings, brain slices were transferred to a perfusion chamber con-
taining aCSF maintained at 34-37 °C. POMC-EGFP-tagged neurons were
visualized using an upright microscope (Zeiss Axoskop 2). Recording
electrodes were back-filled with experiment-specific internal solutions
as follows (mM): Current-clamp; 125 K-gluconate, 2 KCl, 5 HEPES, 10
EGTA, 5 MgATP, 0.25 NaGTP. Voltage-clamp IPSC; 140 CsCl, 5 MgCl,,
1 BAPTA, 10 HEPES, 5 MgATP, and 0.25 Na,GTP. All internal solutions
were brought to pH 7.3 using KOH (voltage-clamp) or CsOH (IPSC), and
had a final osmolarity of 301-304 mOsm. Neurons were recorded from
the lateral ARH, away from the median eminence and third ventricle.
Patch electrodes with a resistance of 3-5MQ were guided to neurons
using differential interference contrast (DIC) optics (Hammamatsu).
Patch-clamp recordings were made with Axopatch 700B (Molecular
Devices), a Digidata 1322A digitizer (Molecular Devices), and Clampex
10 recording software. Only neurons with holding currents not ex-
ceeding 100pA at Vi = -60 mV (holding voltage for voltage-clamp re-
cordings) for the 10-min control period (input resistance > 150 MQ)
were studied further. For voltage-clamp recordings the N-methyl-D-
aspartate (NMDA) receptor antagonist (DL)-2-amino-5-phosphonova-
leric acid (APV; 50uM), a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionate (AMPA) receptor antagonist (CNQX; 10 uM) and so-
dium-channel blocker tetrodotoxin (TTX; 1 uM) were bath applied for
10-min following the 10 min control period to isolate miniature in-
hibitory post-synaptic currents (mIPSCs). After 10 min bath application
of synaptic blockers in voltage-clamp experiments, leptin (100 nM) was
co-administered via bath applicitation for 15-min. In current-clamp
recordings, leptin was bath applied to the slice for 15 min following the
control period. Series resistance was monitored throughout the re-
cording, and neurons were not considered for further analysis if re-
sistance exceeded 24 MQ or drifted > 25%. Series resistance did not
differ between control (aCSF) and treatment. Current-clamp recordings
were made at resting membrane potentials, and current injections were
not used to hold the membrane at set potentials. All membrane po-
tentials reported were corrected for junction potential (13 mV). All
compounds were obtained from Tocris Cookson or Sigma Aldrich.

2.3. Engyme-linked immunosorbent assay (ELISA)

To measure circulating leptin concentrations, trunk blood was ob-
tained between ZT 5 and ZT 7 by decapitating and pipetting blood into
a collection tube. Samples were incubated at room temperature for
20 min before centrifugation at 988g for 10 min. Serum was then col-
lected and transferred to a fresh sample tube. Samples were frozen at
—20°C until all samples needed to run the assay were collected.
Samples were ran in duplicate at a 1:40 dilution according to manu-
facturer's instructions (Mouse Leptin DuoSet DY498/DY009, R&D
Systems) [25].

2.4. Statistical analysis

For electrophysiology experiments, statistical comparison of drug
effect between groups was made using one-way ANOVA with Tukey's
post hoc analysis for parametric data, except when data was only
compared to one group in which case Dunnett's post hoc was used. The
appropriate non-parametric tests were used when data did not meet the
statistical assumptions for parametric analysis (see results). For experi-
ments using a two-way ANOVA a Bonferroni post hoc test was used. N
values are presented as number of neurons recorded. The Kolmogrov-
Smirnov (KS) test was used to determine the significance of drug effect
within individual neurons (Mini Analysis, Synaptosoft). For all
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experiments, data are presented as mean *+ standard error of the mean
(SEM) and statistics were calculated using RStudio and Prism?7 software
(Graphpad).

3. Results

3.1. The frequency and amplitude of mIPSCs onto ARH-POMC-EGFP
neurons develop throughout the first three weeks of postnatal development

We determined the pre- and postsynaptic development of inhibitory
inputs onto POMC-EGFP neurons during several stages of development
by measurement of miniature (m) inhibitory post-synaptic currents
(IPSCs). To measure mIPSCs, recordings were performed in the pre-
sence of the AMPA receptor antagonist CNQX (10 uM) and the NMDA
receptor antagonist APV (50 uM) to block excitatory glutamatergic in-
puts. Additionally, we added the sodium channel blocker tetrodotoxin
(TTX; 1 uM) to the external solution to block action potential firing,
allowing us to capture changes occurring specifically at the synapse.
First we measured the frequency of mIPSCs which is associated with the
presynaptic release of GABA. mIPSC frequency greatly increased be-
tween postnatal day (P) 7-9 and P21-23, at which point they matched
the frequency seen in the adult (one-way ANOVA (F(3,43) = 4.64,
p = .007; Fig. 1A,B)). This data is consistent with previous studies
characterizing inputs onto ARH neurons during the third week of de-
velopment and adulthood [26].

We next examined changes in mIPSC amplitude in POMC-EGFP
neurons throughout development, which is the amount of current
coming into the cell during each event and influenced by postsynaptic
components such as receptor expression, kinetics, and membrane ca-
pacitance [27]. We observed that the basal amplitude of mIPSCs in-
creased between P7-9 and P21-23 (one-way ANOVA (F(3,40) = 3.34,
p = .003; Fig. 1A,0)).

To explore the postsynaptic component further, we ran I-V curves
using a 10 mV ramp protocol from —90 to 0 mV using our CsCl internal
solution. This allowed us to determine the maximum amount of current
that can enter the neuron in a highly depolarized state. Similar to our
observations in Fig. 1C, we found that the maximal inward current
significantly increased between P7-9 and P21-23 where it reached
adult-like levels, with reversal potentials of P7-9: —41.8 mV, P13-15:
-25.9mV, P21-23: -26.1 mV, adult: —29.2 mV. The maximal current at
P21-23 remained into adulthood (one-way ANOVA, F(3,33) = 7.99,
p < .001; Fig. 1D,E). Thus, there is a postsynaptic component to the
development of inhibitory inputs onto POMC neurons, possibly due to
changes in receptor expression or functionality throughout develop-
ment.

3.2. Resting membrane potential of ARH-POMC-EGFP neurons
hyperpolarizes throughout development and into adulthood

To determine whether this developmental increase in inhibitory
inputs impacted the functional output of POMC-EGFP neurons, we
switched to the current clamp configuration, which allowed us to
measure the functional output of the neuron such as changes in action
potential firing and membrane potential. In line with the increase in
inhibitory tone that we observed, the resting membrane potential of
POMC-EGFP neurons hyperpolarized through postnatal development
and into adulthood (one-way ANOVA, F(3,82) =5.79, p =.001;
Fig. 2A,B). Additionally, we observed a significant difference in base-
line action potential firing with a notable decrease in adult versus
P13-15 mice (one-way ANOVA, Kruskal-Wallis non-parametreic,
p < .05; Fig. 2C). Coinciding with the decrease in membrane potential,
we observed a significant increase in quiescent neurons throughout
development (Chi-Squared, X? (2, 83) 7.98, p = .047; Fig. 2D), which
supports our finding that the number and strength of inhibitory inputs
onto POMC neurons is increased throughout development.
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Fig. 1. Development of inhibitory inputs onto ARH-POMC-EGFP neurons. (A)
Representative trace of mIPSCs in POMC-EGFP neurons from various age
groups. (B) Average mIPSC frequency (Hz) in POMC-EGFP neurons at P7-9
(n=9), P13-15 (n = 9), P21-23 (n = 13), and adult (n = 16). (C) Average
mIPSC amplitude (pA) in POMC-EGFP neurons at P7-9, P13-15, P21-23, and
adult. (D) I-V curve of a voltage ramp in POMC-EGFP neurons with CsCl in-
ternal solution. (E) Average maximal inward current (pA) at a OmV a depo-
larization in age groups from panel (D). (Error bars indicate + SEM; one-way
ANOVA, Tukey's post-hoc; groups sharing the same letter are not significantly
different).

3.3. Chronic postnatal overnutrition alters post- but not presynaptic
development of inhibitory inputs onto ARH-POMC-EGFP neurons

To test the impact of early overnutrition on the synaptic develop-
ment of POMC neurons, we utilized the chronic postnatal overnutrition
(CPO) model. In this model litters are reduced to three pups at P3,
providing increased access to the lactating dam. CPO pups became
heavier than control counterparts by P7 and this lasted throughout the
preweaning period (two-way ANOVA, Bonferroni post hoc, F(6,
136) = 15.61, p < .001, Fig. 3A). To determine whether CPO had an
impact on the development of inhibitory inputs onto POMC-EGFP
neurons, we measured the frequency of mIPSCs and found no
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Fig. 2. Development of the membrane potential in ARH-POMC-EGFP neurons.
(A) Representative traces from current clamp recordings at various ages. (B)
Average basal membrane potential (mV) in POMC-EGFP neurons at P7-9
(n = 15), P13-15 (n = 21), P21-23 (n = 24), and adult (n = 26). (C) Average
action potential frequency (Hz) in POMC-EGFP neurons at P7-9, P13-15,
P21-23, and adult. (D) Percent of quiescent neurons in each age group. (Error
bars indicate + SEM; *p < .05, one-way ANOVA, Tukey's post-hoc; groups
sharing the same letter are not significantly different).

significant effect at P7-9, P13-15, or P21-23 compared to controls
(two-way ANOVA, F(2, 52) = 0.002, p = .998; Fig. 3C). We added an
adult diet-induced obesity (DIO) group to compare to CPO mice. We did
not see a difference in mIPSC frequency between adult control, CPO,
and DIO mice (one-way ANOVA, F(2, 44) = 0.29, p = .75; Fig. 4C).
However, when we looked at the amplitude of mIPSCs to determine
whether there was an impact on the postsynaptic strength of these in-
puts, we found P13-15 CPO mice had a significantly higher mIPSC
amplitude compared to control, an effect which reversed in the opposite
direction by P21-23 (two-way ANOVA, treatment-effect, F
(2,55) = 10.27, p < .001; Fig. 3B,D). By adulthood there was no dif-
ference in mIPSC amplitude between control, CPO, and DIO mice (one-
way ANOVA, F(2, 42) = 0.58, p = .56; Fig. 4E).

Although CPO altered the amplitude of mIPSCs at P13-15 and
P21-23, there was no resulting impact of CPO on the membrane po-
tential at P13-15 (student t-test, t(39) = 0.69, p = .50) or P21-23
(student t-test, t(38) = 0.14, p = .89) when compared to controls
(Fig. 3F). This suggests that although more inhibitory current is flowing
into the cell, this increase is not sufficient to change the resting state of
these neurons. We also measured the membrane potential in adult mice,
adding a DIO group to compare to the effects of CPO, which also led to a
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Fig. 3. Impact of CPO effects on inhibitory inputs and membrane potential in
ARH-POMC-EGFP mice. (A) Developmental body weight of control (n = 7-15)
and CPO (n = 6-9) mice (B) Representative trace comparing mIPSC frequency
in control and CPO mice at P13-15. (C) Average frequency (Hz) of mIPSCs at
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(Control: n = 13; CPO n = 15), and adult (Control: n = 16; CPO n = 16) mice.
(D) Average amplitude (pA) of mIPSCs at P7-9 (Control: n = 9; CPO n = 6),
P13-15 (Control: n =9; CPO n = 8), and P21-23 (Control: n = 12; CPO
n = 20). (E) Representative trace of a current-clamp recording comparing
membrane potential of adult control and CPO mice. (F) Average membrane
potential (mV) in P13-15 (Control: n = 25; CPO n = 16), P21-23 (Control:
n = 27; CPO n = 13), and adult (Control: n = 26; CPO n = 12; DIO n = 22)
mice. (Error bars indicate = SEM; *p < .05, **p < .01, ***p < .001).

null finding (one-way ANOVA; F(2, 57) = 0.35; p = .32; Fig. 3E,F).

3.4. CPO attenuates pre- and postsynaptic effects of leptin on mIPSCs in
ARH-POMC-EGFP neurons

Leptin plays a significant role in the development of hypothalamic
feeding circuits and there is a surge in circulating leptin between
roughly P7 and P12 [28,29]. In control mice circulating leptin was
significantly elevated at P7 and P9 when compared to P3 (one-way
ANOVA, F(6,35) = 3.37, p < .0001, Dunnett's post-hoc; Fig. 4A). We
observed similar timing for the initiation of the leptin surge in CPO
mice, but leptin levels remained elevated in CPO mice up to six days
longer than control mice (two-way ANOVA, Bonferroni post hoc, F(5,
50) = 2.77, p = .03, Fig. 4A). Because P3 was the day of culling, this
group was not included when comparing control to CPO circulating
leptin levels and is presented as a baseline value for CPO in the graph
(Fig. 4A). To ensure the reliability and consistency of our data with that
in the literature, we also compared fed versus fasted circulating leptin at
P21 as circulating leptin levels are known to decrease in fasted mice (t
(10) = 2.70, p = .02; Fig. 4B) [30]. We next determined if CPO altered
leptin effects on inhibitory inputs onto POMC neurons. For these
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Fig. 4. Alteration of leptin signaling on mIPSCs in CPO and DIO mice. (A)
Serum leptin concentration in control (n = 5-10) and CPO (n = 3-5) mice
throughout the first three weeks of development (two-way ANOVA, Bonferroni
post hoc) and (B) fed versus fasted mice at P21. (C) Representative traces of
mIPSC recordings before and after bath application of leptin (100 nM) in both
control and CPO P13-15 (left) and adult (right) mice. (D) Average mIPSC fre-
quency (Hz) after bath application of leptin (100nM) in P13-15 control
(n = 12) and CPO (n = 11; left) and P21-23 control (n = 12) and CPO (n = 11;
right) mice. (E) Average mIPSC frequency (Hz) after bath application of leptin
(100 nM) in POMC-EGFP neurons from adult control (n = 12), CPO (n = 17),
and DIO (n = 17) mice. (F) Average mIPSC amplitude (pA) in POMC-EGFP
neurons from P13-15 (left) and P21-23 (right) control and CPO before and after
bath application of leptin (100 nM). (G) Average mIPSC amplitude (pA) in
control and CPO mice from panel (C) before and after bath application of leptin
(100 nM). (Error bars indicate + SEM; *p < .05).

experiments we measured mIPSCs before and after a 15 min bath ap-
plication of leptin. At P13-15 and P21-23, leptin significantly de-
creased mIPSC frequency in control mice (paired t-test, P13-15: t
(6) = 2.82, p = .03; P21-23: t(11) = 2.51, p = .03), an effect that was
lost in CPO mice (Fig. 4C,D). Leptin also did not have an effect on
mIPSC amplitude in P13-15 and P21-23 mice (Fig. 4C,F).
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To determine whether the attenuating effect of CPO on leptin's
ability to increase mIPSC frequency persisted into adulthood we mea-
sured mIPSCs in adult control, CPO and DIO mice. As previously re-
ported, in adult control mice leptin significantly increased mIPSC fre-
quency (t(11) 4.09, p =.002, Fig. 4C,E) [21]. However, mIPSC
frequency was unchanged in response to leptin in both CPO and DIO
mice (CPO: t(32) =0.41, p=.68; DIO: t(32) =0.74, p = .47;
Fig. 4C,E). Neither leptin or CPO treatment had any impact on mIPSC
amplitudes at P13-15 or P21-23 (Fig. 4C,D). By adulthood, leptin de-
creased mIPSC amplitude in control (paired t-test, t(11) = 2.32,
p = .04), but not CPO or DIO mice (Fig. 4C,G). This suggests that lep-
tin's ability to decrease the strength of inhibitory inputs onto POMC
neurons is blunted by CPO and DIO (paired t-test, CPO: t(16) = 1.17,
p = .26; DIO: t(16) = 2.04, p = .06; Fig. 4C,G).

3.5. Leptin has heterogeneous effects on ARH-POMC-EGFP neurons during
early development

We demonstrated that increases in mIPSC frequency during devel-
opment resulted in the hyperpolarization of POMC neurons. Since
leptin has divergent effects on mIPSCs, which is dependent on age and
nutritional status, we next sought to determine the effect of leptin on
membrane potential during development and how this leptin response
may be impacted in CPO offspring. At P7-9, 45% of neurons depolar-
ized with an average increase of 1.7 = 0.5mV from the basal mem-
brane potential, while 55% of neurons hyperpolarized by
—3.2 + 1.2mV, with a non-significant combined net change
(Fig. 5A,B). At P13-15 43% of neurons depolarized (4.0 = 0.9 mV),
while 55% of neurons hyperpolarized by —1.5 = 0.4mV (Fig. 5C,D).
By P21-23, 79% of neurons depolarized (5.5 * 0.9 mV) from baseline
and only 21% of neurons hyperpolarized (—2.7 = 1.1 mV) with a
significant net change of 4.6 + 1.2mV (t(12) = 3.69, p = .003;
Fig. 5E,F). By adulthood, 94% of neurons depolarized in response to
leptin (one neuron did not respond) with an increase of 4.8 + 0.9 mV
from the basal membrane potential (t(16) = 4.89, p < .001;
Fig. 5G,H). Additionally, the net effect of leptin was significantly
greater in adult than mice at ages P7-9 and P13-15 (one-way ANOVA,
F(3,56) = 5.73, p = .002, Dunnett's post-hoc; data not shown). Linear
regression was run in each group to determine whether leptin's effect on
membrane potential was correlated with the resting membrane poten-
tial to address the hypothesis that leptin is less likely to depolarize a cell
with a high resting membrane potential. This proved to be false for
P7-9 (R* = 0.13), P13-15 (R* = 0.13), and adult (R* = 0.01), but true
for P21-23 mice (R? = 0.46, p = .001, Fig. 5B,D,F,H).

3.6. CPO induces leptin resistance in ARH-POMC-EGFP neurons

After we determined the leptin responsiveness of POMC neurons
during development, we investigated whether this is altered in CPO
mice. Given that leptin had a modest net effect on POMC-EGFP neurons
at P13-15 and leptin receptor expression in POMC neurons is low at this
age (Fig. 5C,D), it was not surprising that CPO did not alter leptin re-
sponsiveness at that age (Fig. 6A) [24]. However, by P21-23 POMC-
EGFP neurons in CPO mice were significantly less responsive to leptin
than controls (Fig. 6A). This decrease in leptin responsiveness in CPO
mice was perpetuated into adulthood and displayed a surprising simi-
larity to the reduced leptin responsivity of POMC-EGFP neurons in
adult DIO mice (one-way ANOVA, F(2,31) = 4.29, p = .023; Dunnett's
adjusted p = .025; Fig. 6A).

Previous studies have demonstrated that fasting decreases leptin
resistance via lowering circulating leptin levels and increasing leptin
receptor expression in the brain [31-33]. Therefore, we tested whether
an overnight fast at the time of weaning (P21-23) would alter leptin
effects on POMC-EGFP neurons. We recorded the membrane potential
in fasted P21-23 CPO mice and while there was no difference in basal
membrane potential, we demonstrated that an overnight fast restored
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Fig. 5. Leptin effects on membrane potential of ARH-POMC-EGFP neurons throughout postnatal development. (A) Representative traces of current clamp recordings

from POMC-EGFP neurons in control P7-9 (n = 9) and (C) P13-15 mice (n = 9) in
potential (mV). (B) Scatter-plot and average comparison of leptin (100 nM) induced c
basal membrane potential with linear regression analysis in P7-9 and (D) P13-15

which leptin either hyperpolarized (top) or depolarized (bottom) the membrane
hanges in the membrane potential of POMC-EGFP neurons compared against the
mice. (E) Representative traces of current clamp recordings from POMC-EGFP

neurons in control P21-23 (n = 9) and (G) adult mice (n = 13) in which leptin depolarized the membrane potential (mV). (F) Scatter-plot and average comparison as
described in (B) in P21-23 and (H) adult mice. (Error bars indicate = SEM; *p < .05, **p < .01, ***p < .001).

leptin effects on membrane potential (fed: t(10) = 1.82, p = .11; fasted:
t(6) = 5.19, p = .002; Fig. 6B,C) and leptin effects were significantly
larger when compared to the leptin response in fed CPO mice (t
(16) = 3.14, p = .006; Fig. 6D).

4. Discussion

Studies characterizing the electrophysiological development of
ARH-POMC neurons, and the impact of early changes in nutrition on
this development, are limited [26]. Here we identified the postsynaptic
development of inhibitory signals and leptin responsivity in POMC
neurons. We also demonstrated that early overnutrition disrupts this
development and promotes early-onset leptin resistance in POMC
neurons.

First, we showed that the number of inhibitory inputs as well as the
amplitude of the postsynaptic currents increase during development
and reached adult-like maturity by P21-23. The former is consistent
with previous studies demonstrating that GABAergic inputs from NPY
neurons develop onto POMC neurons during this period [26]. The in-
crease in amplitude of mIPSCs, however, is suggestive of postsynaptic
maturation of the POMC neuron, perhaps through changing receptor
expression or kinetics [34-36]. In support of this, we also saw that the
maximal inward current from a voltage ramp increased with age. As
expected, this overarching increase in inhibitory tone coincided with
the hyperpolarization of the membrane potential during development
and an increase in the number of quiescent POMC neurons [26]. Given
that the characterization of inhibitory inputs onto POMC neurons at
3 weeks of age is largely similar to findings in the adult, these results
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(right) mice. (D) Leptin induced change in membrane potential in fed versus
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suggests that the second and third week of postnatal life are a critical
time for the synaptic development of inhibitory signals onto the POMC
neuron.

Next we investigated whether early overnutrition during this critical
developmental period altered these inhibitory inputs. In control mice,
we observed a steady increase in the amplitude of inhibitory inputs.
Interestingly, CPO offspring had a significant increase in mIPSC am-
plitude at P13-15 and reverted to significantly smaller currents by
P21-23. Although intriguing, the functionality of this altered pattern in
mIPSC amplitude requires further investigation as increases in
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inhibitory currents did not coincide with a decrease in resting mem-
brane potential. It is possible that this change in amplitude primes the
neuron to be more responsive to other inhibitory signals during de-
velopment or that CPO causes a shift in synaptic development, since
this increase in amplitude coincides with what we observed in P21-23
control mice and both groups returned to similar levels during adult-
hood. Understanding that these changes coincided with the same ages
in which CPO alters circulating leptin and leptin's ability to activate
STAT3 phosphorylation, we investigated the link between circulating
leptin levels and inhibitory inputs onto the POMC neuron [16]. Leptin
undergoes a surge that peaks early in the second week of postnatal
development, during which circulating levels of leptin increase up to
10-fold before returning back to basal levels [28,37]. Here we de-
monstrated that early overnutrition extends the leptin surge, with leptin
levels decreasing by P21 [16]. Because this age range coincided with
the altered development of post-synaptic inihibitory currents in CPO
mice, we asked whether leptin modulates post-synaptic inhibitory
currents in POMC neurons and if CPO alters this effect.

In our configuration leptin induced a significant increase in in-
hibitory frequency on POMC neurons in adult control mice. While this
observation presents itself as counterintuitive given the excitatory ac-
tions of leptin on ARH-POMC neurons, this phenomenon is due to a
negative feedback loop [21]. Previous studies show that excitation of
POMC neurons can induce dendritic release of glutamate and aMSH,
which in turn stimulates presynaptic GABAergic neurons that synapse
back onto POMC neurons [21,22].

Interestingly, the effect of leptin on mIPSC frequency and amplitude
in POMC neurons was attenuated in adult CPO mice, an effect we also
observed in DIO mice. To determine whether this resulted in functional
changes of leptin actions, we switched to the current clamp config-
uration and measured the membrane potential. We characterized the
actions of leptin on the membrane potential of POMC neurons
throughout development, as this has not been established. Leptin had
heterogeneous effects on the membrane potential of POMC neurons
until P21-23, where the majority of POMC neurons were depolarized
by leptin. As demonstrated by Baquero et al., < 20% of POMC neurons
express the leptin receptor during the first 2 weeks of life and it is not
until the third week in which this number dramatically increases to
over 80% [24]. Unlike POMC neurons, the majority of NPY neurons
express the leptin receptor throughout these developmental ages [24].
Thus the heterogeneity of leptin responses on the membrane potential
may be due in part to leptin exciting presynaptic NPY neurons, which
release GABA and NPY onto POMC neurons [22,38]. Although leptin
inhibits NPY neurons in adulthood, for the first two weeks of life leptin
excites the majority of NPY neurons and this is due to increased ex-
pression of Karp channels causing a leptin ‘switch’ around P21-23,
which may also contribute to this heterogeneity [24]. POMC neurons
also express Karp channels, but in our recordings Kayp channels are
likely inactivated due to the high concentrations of glucose in our aCSF
[39]. However, previous reports do show that leptin is able to activate
Karp channels on NPY neurons in the presence of high glucose [24].
Additionally, the development of leptin signaling in POMC neurons is
likely independent of Karp channels because leptin signaling is medi-
ated by TRPC5 in POMC neurons [19,40].

Althought ARH-NPY neurons have inhibitory inputs onto POMC
neurons, another possible source of these inhibitory inputs are VGAT
and leptin receptor containing neurons in the DMH, which innervate
the ARH and have inhibitory inputs onto both POMC and NPY/AgRP
neurons [41]. NPY release may also contribute to the overall inhibitory
tone onto POMC neurons as POMC neurons receive inhibitory NPY-
containing inputs, and through Y1-receptor mediated activation of
GIRK channels, NPY robustly hyperpolarizes POMC neurons
[38,42,43]. Further studies are needed to identify exactly which in-
hibitory inputs are disrupted by CPO.

We next measured leptin responsivity of POMC neurons in CPO
mice. As mentioned, by the second week of life there are few leptin
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Fig. 7. Representative model demonstrating proposed development of in-
hibitory inputs onto ARH-POMC-EGFP neurons and the impact of CPO. Early
development (top) shows few inhibitory inputs onto POMC-EGFP neurons and
mixed effects of leptin on the membrane potential, while during late develop-
ment (bottom) there are more inhibitory inputs onto POMC-EGFP neurons with
leptin increasing the presynaptic release of GABA, while decreasing the am-
plitude of the postsynaptic current. Leptin's overall effects are excitatory during
late development and into adulthood. In early development (top), CPO increases
the amplitude of postsynaptic inhibitory currents, while during late develop-
ment (bottom) CPO decreases the amplitude of these currents, and the effect of
leptin on these curents.

receptors on POMC neurons and consistent with this we did not see an
effect of CPO on leptin sensitivity [24]. However, by P21 the net effect
of leptin on the membrane potential of POMC neurons was greatly di-
minished. This effect lasted into adulthood and looked similar to what
was observed in DIO mice, despite the CPO adult mice never consuming
a HFD. Thus similar to DIO mice, POMC neurons in CPO mice display
early-onset leptin resistance, potentially leading to decreased activation
of POMC neurons and presumably a net decrease in satiety signaling
that may play part in the weight gain observed in the CPO model.
The exact mechanism responsible for the physiological changes
observed in CPO mice is yet to be determined, but here we demon-
strated that changes in post-synaptic leptin signaling in POMC neurons
is likely a contributing factor. We were able to acutely restore leptin
actions on POMC neurons in CPO mice by a 16-h fast at time of
weaning, which is known to increase leptin receptor expression and
improve overall leptin sensitivity [31] Overnutrition could also be at-
tenuating leptin receptor signaling cascades [16]. Leptin activation of
the JAK2-PI3K-PLC signaling pathway attributes to the activation of
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TRPC5, which results in a large calcium influx [40]. Whether disruption
of TRPC5 expression or the JAK2-PI3K-PLC pathway contributes to CPO
induced leptin resistance in POMC neurons is an avenue to be explored
in future studies.

Taken together, these results show that (1) GABAergic inputs slowly
develop onto POMC neurons throughout the preweaning period (Fig. 7;
top), (2) leptin has hetereogeneous effects on POMC neurons until these
GABAergic inputs are well developed (Fig. 7; top), (3) early over-
nutrition disrupts the postsynaptic development of POMC neurons and
causes leptin resistance via a postsynaptic mechanism (Fig. 7; bottom),
and (4) fasting acutely rescues CPO induces leptin resistance in POMC
neurons (Fig. 7; bottom). Given that CPO effects last into adulthood, this
study suggests that nutritional environments during development are
able to program metabolic circuits at the level of the synapse for later in
life. Future studies are needed to determine the source of CPO-altered
inhibitory inputs, the exact mechanism by which POMC neurons be-
come leptin resistant, and if any interventions are able to reverse these
effects long-term.
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