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Obesity Alters POMC and Kisspeptin Neuron Cross Talk
Leading to Reduced Luteinizing Hormone in Male Mice

Pedro A. Villa,' Rebecca E. Ruggiero-Ruff,' Bradley B. Jamieson,” ““Rebecca E. Campbell,” and ““Djurdjica Coss'
Division of Biomedical Sciences, School of Medicine, University of California, Riverside, Riverside, California 92521 and %Centre for
Neuroendocrinology, and Department of Physiology, School of Biomedical Sciences, University of Otago, Dunedin 9054, New Zealand

Obesity is associated with hypogonadism in males, characterized by low testosterone and sperm number. Previous studies
determined that these stem from dysregulation of hypothalamic circuitry that regulates reproduction, by unknown mechanisms.
Herein, we used mice fed chronic high-fat diet, which mimics human obesity, to determine mechanisms of impairment at the level
of the hypothalamus, in particular gonadotropin-releasing hormone (GnRH) neurons that regulate luteinizing hormone (LH), which
then regulates testosterone. Consistent with obese humans, we demonstrated lower LH, and lower pulse frequency of LH secretion,
but unchanged pituitary responsiveness to GnRH. LH pulse frequency is regulated by pulsatile GnRH secretion, which is controlled
by kisspeptin. Peripheral and central kisspeptin injections, and DREADD-mediated activation of kisspeptin neurons, demonstrated
that kisspeptin neurons were suppressed in obese mice. Thus, we investigated regulators of kisspeptin secretion. We determined that
the LH response to NMDA was lower in obese mice, corresponding to fewer glutamate receptors in kisspeptin neurons, which may be
critical for kisspeptin synchronization. Given that kisspeptin neurons also interact with anorexigenic POMC neurons, which are
affected by obesity, we examined their cross talk, and determined that the LH response to either DREADD-mediated activation
of POMC neurons or central injection of aMSH, a product of POMC, is abolished in obese mice. This was accompanied by diminished
levels of aMSH receptor, MC4R, in kisspeptin neurons. Together, our studies determined that obesity leads to the downregulation of
receptors that regulate kisspeptin neurons, which is associated with lower LH pulse frequency, leading to lower LH and
hypogonadism.
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Significance Statement

Obesity presents a significant health concern, with multiple comorbidities, including impaired reproduction. However,
mechanisms are not clear, and studies are confounded by the chronic nature of this condition that leads to synaptic changes
and alterations in neuron responsiveness to stimuli. Here, we demonstrate that the interaction between feeding circuitry and
reproductive circuitry is altered by chronic obesity. The reason may be that chronically higher activity of POMC neurons in
response to higher leptin in obesity downregulates aMSH receptors on target neurons, including kisspeptin. This may lead to
the suppression of kisspeptin neurons, and their inability to regulate pulsatile secretion of GnRH, which then lowers LH pulse
frequency, leading to lower LH in the circulation, lower testosterone, and lower sperm count.
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Introduction increasing in incidence (The Lancet Public Health, 2018) and is
one of the most prevalent endocrine disorders affecting fertility
in men (Sermondade et al., 2013; Santi et al., 2024). Obese men
experience hypogonadism, a decrease in testosterone, sperm
count, and sperm quality (Hammoud et al., 2008; Du Plessis

‘ . et al., 2010). Our group and others determined that obese males
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Reproduction is an energy-demanding process and proper regu-
lation relies on the intricate interplay between the reproductive
and feeding circuits in the hypothalamus. Obesity has been


https://orcid.org/0000-0002-0309-532X
https://orcid.org/0000-0003-0692-1612
mailto:djurdjica.coss@ucr.edu

2 « J. Neurosci., July 10, 2024 - 44(28):e0222242024

analyzed changes in reproductive circuitry in the hypothalamus,
during chronic DIO, to mimic the human condition.

LH levels, and fertility in general, rely on the tight regulation
of pulsatile gonadotropin-releasing hormone (GnRH) release
from neurons that are scattered in the rostral forebrain and
extend long processes to the median eminence (Goodman
et al., 2022). Pulsatile GnRH secretion is regulated by afferent
neurons, primarily kisspeptin neurons located in the arcuate
nucleus (ARC; Pielecka-Fortuna et al., 2008; Novaira et al.,
2014; Herbison, 2018). Recent findings revealed that kisspeptin
neurons may synchronize their own pulse initiation via
glutamate signaling (Voliotis et al., 2021; Han et al, 2023).
Dysregulation of kisspeptin function can significantly impact fer-
tility (Gottsch et al., 2011; Ronnekleiv and Kelly, 2013; Manfredi-
Lozano et al.,, 2018). Kisspeptin neurons integrate inputs from
the feeding circuitry, composed of several populations in the
hypothalamus. One such population is proopiomelanocortin
(POMC) that receives information on energy stores via leptin
from the adipose tissue. The activity of POMC neurons increases
in obesity, due to elevated leptin, which then stimulates satiety
and energy expenditure (Cowley et al.,, 2001). POMC neurons
secrete alpha melanocyte-stimulating hormone (aMSH) that
acts on the melanocortin 4 receptors (MC4R) in target neurons,
including kisspeptin (Fu and van den Pol, 2010; Cravo et al.,
2011; Stincic and Kelly, 2022). Central injection of aMSH or
an MC4R agonist stimulates LH secretion, through kisspeptin
neurons (Celis, 1985; Backholer et al., 2010; Manfredi-Lozano
et al,, 2016). In agreement, optogenetic activation of POMC neu-
rons activates ARC kisspeptin neurons (Stincic et al., 2018).
Although our understanding of this interplay between POMC
and kisspeptin neurons is beginning to emerge, whether this is
altered in chronic conditions such as obesity is unknown.

Chronic obesity leads to adaptations in the POMC network,
which in turn can negatively impact reproductive circuitry.
Obesity leads to a reduced number of synaptic contacts to
POMC neurons (Horvath et al,, 2010; Paeger et al, 2017).
High-fat diet increases POMC mRNA expression and increases
POMC neuron excitability (Ziotopoulou et al,, 2000; Benani
et al., 2012). These findings suggest a complex relationship
between the regulation of POMC neurons and obesity, wherein
changes can impact the ability of POMC neurons to regulate
energy homeostasis. Given the interconnectedness of the repro-
ductive and feeding circuits, dysregulation of POMC neurons
may have deleterious effects on reproductive health. This knowl-
edge gap underscores the need for further research to elucidate
the underlying mechanisms of obesity-mediated reproductive
dysfunction.

In this study, we employed a high-fat diet (HFD) mouse
model to investigate the effects of obesity on reproductive func-
tion. Our previous publications analyzed mechanisms of
impaired reproductive function in obesity and determined lower
LH specifically in males, but not in females (Lainez et al., 2018).
We further determined changes in the pituitary transcriptomes
using scRNA-sequencing (Ruggiero-Ruff et al, 2024) and
changes in neuropeptide and synaptic molecule gene expression
in the hypothalamus, using a custom NanoString probe panel
(Lainez et al, 2018; Chen et al, 2021b). These changes were
more pronounced in males than females (Lainez et al., 2018;
Chen et al, 2021b). We also reported neuroinflammatory
changes that were specific for males (Lainez et al., 2018; Chen
et al., 2021a,b; Li et al., 2023). Here, we identified that HFD led
to a remarkable increase in LH responsiveness to kisspeptin,
accompanied by unchanged pituitary responsiveness, in obese
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male mice, suggesting dysregulation of kisspeptin neurons.
Chemogenetic activation of kisspeptin and POMC neurons,
along with investigation of innervation, revealed downregulation
of several receptors in kisspeptin neurons that are important for
kisspeptin synchronization. This change in connectivity is asso-
ciated with alteration in the interaction between POMC and kis-
speptin neurons in HED. The disruption in the cross talk between
the feeding and reproductive circuitry may provide a mechanistic
link between HFD-induced obesity and reproductive dysfunction
in obese men.

Materials and Methods

Animals

All animal procedures were performed with the approval of the
University of California, Riverside, Institutional Animal Care and Use
Committee under the National Institute of Health Animal Care and
Use Guidelines. Three-week-old male C57BL/6] mice were obtained
from Jackson Laboratory, acclimated for 1 week in our facility and
randomly assigned to the high-fat diet group [HFD, catalog #D12492,
60% kcal from fat; 5.21kcal/g; carbohydrate 20% kcal, protein
20% kcal, fat 60% kcal (lard 0.32 g/g diet, soybean oil 0.03 g/g);
Research Diets] or the control diet group [CTR, D12450], 10% kcal
from fat; matching sucrose levels to HFD; 3.82 kcal/g; carbohydrate
70% kcal, protein 20% kcal, fat 10% kcal (lard 0.02 g/g diet, soybean
oil 0.025 g/g); Research Diets] for 12 weeks before experimentation.
Mice were maintained on a 12 h light/dark cycle and received food
and water ad libitum. All mice were handled daily for 2 weeks prior to
experiments by experienced lab personnel to habituate them to handling
and reduce stress.

To visualize GnRH neurons, Gnrh1-GFP mice were kindly provided
by Suzanne Moenter (Suter et al., 2000). To target fluorescence to kis-
speptin neurons, Kissl-Cre”’~ mice were obtained from Jackson
Laboratory (strain 023426) and crossed with ROSA26-EGFP mice, also
from Jackson Laboratory (strain 004077; Mao et al., 2001; Cravo et al,,
2011). POMCI1-Cre*’~ mice were obtained from Jackson Laboratory
(strain 005965; Balthasar et al.,, 2004). All were randomly placed on
CTR or HFD at 4 weeks of age for 12 weeks.

LH secretion

LH pulsatile secretion was measured by tail-tip blood sampling. Two
weeks prior to sampling, mice were acclimated to handling by daily tail
massage. For the experiment, a small nick was made at the tip of the
tail, and 10pl of blood was sampled every 8 min for 180 min
(Czieselsky et al., 2016; McCosh et al., 2018; Kreisman et al., 2020). An
ultrasensitive ELISA (Steyn et al., 2013) was used to detect LH levels, in
10 pl of blood diluted with 40 pl of 0.1 M PBS, 0.05% Tween 20, 0.2%
BSA. The capture antibody was obtained from Janet Roser, University of
California, Davis (anti-bovine LH beta subunit, 518B7), the detection poly-
clonal antibody (rabbit LH antiserum, AFP240580Rb) was obtained
from the National Hormone and Peptide Program (NHPP), and HRP-
conjugated polyclonal antibody (goat anti-rabbit) was purchased
from DakoCytomation (D048701-2). Mouse LH reference (AFP5306A;
NHPP) was used as the assay standard. Assay sensitivity was 0.016 ng/ml,
the intra-assay coefficient of variation 2.2%, and the inter-assay coefficient
of variation 7.3% at the low end of the curve. LH amplitude was determined
by subtracting the basal LH value before the onset of the pulse from the
peak level. LH pulse frequency was determined using the freeware
DynPeak algorithm (Vidal et al,, 2012).

Stereotaxic injections

Adeno-associated virus AAV9 driving the hM3D(Gq)-mCherry (hM3Dq)
under the human synapsin promoter (AAV9-hSyn-DiO-hM3D(Gq)-
mCherry, 44361-AAV9, Addgene) was used to express designer receptors
activated only by designer drugs (DREADDs) specifically in kisspeptin or
POMC neurons. Kiss1-Cre*”'"-EGFP or POMC-Cre*’~ mice (1 = 6-8 per
group) were fed CTR or HFD for 12 weeks as indicated above. After
12 weeks of diet exposure, mice were anesthetized with isoflurane and
placed in a stereotaxic apparatus (Digital Stereotaxic Instrument, SGL
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M, Model: 68803, RWD) with head and nose fixed. The arcuate nucleus of
the hypothalamus was targeted bilaterally using coordinates from bregma:
ML: +£0.25 mm; AP: —1.32 mm; DV: —5.85 mm from the dura. In total,
400 nl of hM3Dq (5.4 x 10" GC/ml) or control virus (AAV9-hSyn-
DIO-mCherry, 50459-AAV9, Addgene) was injected at a rate of 50 nl
per minute with a 1 pl 26-gauge Hamilton syringe. After injection, the
syringe was left in situ for another 5 min and then, slowly over a minute,
removed. Mice were placed on their respective diets for additional 2 weeks.
To analyze LH secretion in response to kisspeptin and POMC activation,
three baseline LH measurements were collected prior to clozapine-N-oxide
injection (CNO; 34233-69-7, MedChemExpress). CNO doses of 0.3 or
1 mg/kg CNO, or saline as control, were injected intraperitoneally and
tail-tip blood collected at times indicated in the figures. One week later,
treatments with CNO or saline were switched while mice were fed their
respective diets.

Intraperitoneal injections

To determine pituitary or GnRH neuron responsiveness of CTR and
HFD fed mice, 16-week-old animals were injected intraperitoneally
with 1 pg/kg GnRH (L7134-5MG, Sigma-Aldrich), 1 mg/kg kisspeptin
(445888-1MG, Millipore Sigma), or saline. Two blood samples were
taken 10 min apart prior to injection to obtain basal levels of LH. After
injection, 10 ul of tail-tip blood was sampled every 10 min at time points
indicated in each figure. Samples were assayed for LH using the ultrasen-
sitive ELISA as described above.

Intracerebroventricular injections

Fourteen-week-old C57B/J6 male mice fed CTR or HFD for 10 weeks
(n=6-7 per treatment group) were secured in a stereotaxic frame
(Digital Stereotaxic Instrument, SGL M, Model: 68803, RWD), placed
on 37°C heat pad, and anesthetized with isoflurane. Stereotaxic coordi-
nates to target the lateral ventricle (ML: 1 mm; AP: —0.5 mm; DV:
—2.5 mm), according to the Paxinos and George mouse brain atlas,
were used for guide cannula implantation (Cannula kit#3 26G 5MM,
126GA5SMMKTT, Plastics 1 Technologies). The guide cannula was
secured with dental cement and then fitted with a dummy cannula.
After a 2 week recovery period on respective diets, mice received a single
2 ul intracerebroventricular injection of one of the following: 3 nmol
aMSH  (M4135, Sigma Aldrich), 7nmol NMDA (HY-17551,
MedChemExpress), 1 nmol kisspeptin (445888-1MG, Millipore), or sterile
saline (concentrations based on previous publications: D’Aniello et al., 2000;
d’Anglemont deTassigny et al., 2010; Stengel et al., 2011; Manfredi-Lozano
et al,, 2016). As above, 10 pl of blood was taken three times, 10 min apart,
before injection to measure basal levels, after which an internal cannula
attached to a Hamilton syringe was used to inject the above-described com-
pounds. The cannula was left in place for 10 min. Blood sampling continued
every 10 min for times indicated in the figure legends. Mice were allowed to
roam freely in their respective cages during the procedure to reduce stress.
Blood was assayed for LH, as described above. Accurate cannula placement
to the lateral ventricle was determined by cresyl violet dye injection and
confirmed after dissection.

Immunohistochemistry

Kisspeptin neuron innervation. To investigate the effects of DIO on
kisspeptin neuron innervation, Kiss1-Cre*’~-EGFP male mice were placed
on either a CTR or HED for 12 weeks, after which mice were perfused trans-
cardially with 20 ml 0.1 M PBS and with 20 ml 4% paraformaldehyde
(PFA). Brains were dissected and post-fixed in 4% PFA for 1h on ice,
then cryoprotected with 30% sucrose in 0.1 M PBS for 48 h, and the arcuate
nucleus of the hypothalamus was sectioned at 55 pm. After blocking with
10% goat serum and, if necessary with M.O.M kit (mouse on mouse immu-
nodetection kit, BMK-2202, Vector Laboratories), sections were incubated
with primary antibodies for GFP (1:10,000, chicken anti-GFP, AB13970,
Abcam), rabbit anti-NR2A (1:5000, 07-632, EMD Millipore), mouse
anti-GluR2 (1:5000, MAB397, EMD Millipore), guinea pig anti-VGLUT2
(1:5000, 135 404, Synaptic systems), or rabbit anti-MC4R (1:5000,
AMR-024, Alomone Labs) for 72 h at 4°C. NR2A, GluR2, and MC4R
were amplified with a biotinylated antibody (1:5,000, anti-rabbit biotiny-
lated, BA-1000, or 1:5000, anti-mouse biotinylated, BA-9200; both from
Vector Laboratories), overnight at 4°C followed by streptavidin-Cy5

J. Neurosci., July 10, 2024 « 44(28):¢0222242024 - 3

(1:2000, 434316, Invitrogen) overnight at 4°C. For anti-GFP and
anti-VGLUT?2, secondary antibodies anti-chicken IgG-Alexa 488 (1:2,000,
A11039, Invitrogen) and anti-guinea pig IgG-Alexa 594 (1:2,000, A11076,
Invitrogen) were used, respectively, and incubated overnight at 4°C.
Secondary antibody-only controls were performed to determine antibody
specificity. Sections were then mounted on slides and coverslipped
with VECTASHIELD Vibrance containing DAPI (H-1800, Vector
Laboratories). We followed our established protocol for determining puncta
density and antibody specificity (Lainez et al., 2018; Ruggiero-Ruff et al.,
2023; Villa et al, 2023). Puncta in close contact, where no black pixels
were visible in between, were counted in the individual neurons by an inves-
tigator blinded to the group. Puncta colocalized to the soma or within
15 um of the proximal process in 15-40 neurons were counted from four
to six mice in each group and averaged for each mouse. Z-stack images
were acquired by Zeiss 880 confocal laser scanning inverted microscope,
and 3D reconstruction was performed using Imaris software (Bitplane).

cFOS-positive kisspeptin and POMC neurons. Kiss1-Cre*'"-EGFP
and POMC neuronal activity was analyzed by determining cFOS expres-
sion. Coronal sections containing the arcuate nucleus were stained with
anti-GFP (1:5,000, chicken anti-GFP, AB13970, Abcam) to visualize kis-
speptin neurons, or anti-p-endorphin (1:5,000, rabbit anti-p-endorphin,
H-022-33, Phoenix Pharmaceuticals) to visualize POMC neurons, and
anti-cFOS (1:10,000, guinea pig anti-cFOS, 226 308, Synaptic Systems)
for 72 h at 4°C. Secondary antibodies: anti-chicken IgG-Alexa 488
(1:2000, A11039, Invitrogen); anti-rabbit IgG-Alexa 488 (1:2000,
A11034, Invitrogen); biotinylated anti-guinea pig (1:5,000, BA-7000
Vector Laboratories) followed by streptavidin-Cy5 (1:2,000, 434316,
Invitrogen) were incubated overnight at 4°C. Secondary antibody-only
controls were performed to determine antibody specificity, reported in
our previous publications (Lainez et al, 2018; Ruggiero-Ruff et al,,
2023; Villa et al,, 2023). Ten to 15 sections, containing over 300 neurons
per animal, were quantified using Fiji Image] version 1.45f, and data were
presented as a percent of colabeled neurons.

Viral targeting of kisspeptin and POMC. To determine the percent
targeting of DREADD:s in kisspeptin neurons and POMC neurons, sec-
tions from Kiss1-Cre*’"-EGFP or POMC-Cre*'~ mice containing the
arcuate nucleus of the hypothalamus were stained using primary anti-
bodies for GFP (1:5,000, chicken anti-GFP, AB13970, Abcam) to visual-
ize kisspeptin neurons or p-endorphin (1:5,000, rabbit anti-p-endorphin,
H-022-33, Phoenix Pharmaceuticals) to visualize POMC, and mCherry
(1:5,000, rat anti-mCherry, M11217, Invitrogen) to visualize neurons
with viral expression. Secondary antibodies were anti-chicken
IgG-Alexa 488 (1:2,000, A11039, Invitrogen), anti-rabbit IgG-Alexa
488 (1:2,000, A11034, Invitrogen), and anti-rat IgG-Alexa 594 (1:2,000,
A11007, Invitrogen). Sections were mounted on charged slides and
then coverslipped with VECTASHIELD vibrance with DAPI (H-1800,
Vector Laboratories). Percent targeting was determined by dividing the
number of colocalized GFP and mCherry-positive kisspeptin neurons
by the total number of kisspeptin neurons and dividing the number of
colocalized B-endorphin and mCherry-positive POMC neurons by the
total number of POMC neurons.

Statistical analyses

Power analyses were performed using JMP statistical software (SAS). Normal
distribution was determined by the Shapiro-Wilk test. Statistical differences
between measurements in CTR and HFD groups (p < 0.05) were determined
by t test or ANOVA as appropriate, followed by Tukey’s post hoc test for
multiple comparisons, using Prism software (GraphPad).

Results

Male mice on a high-fat diet experience lower LH pulse
frequency

To investigate the mechanisms driving reproductive dysfunction
in obese males, we utilized the DIO model. A week after weaning,
mice were randomly placed on CTR or HFD for 12 weeks. We
previously reported that HFD mice experience hyperleptinemia,
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reduced testosterone levels, and lower sperm count (Lainez et al.,
2018; Chen et al., 2021a; Ruggiero-Ruff et al., 2024). Consistent
with our previous reports, mice on HFD gained significantly
more weight than mice on CTR (final weights after 12 weeks:
CTR 27.5 g and HFD 46.88 g) and demonstrated 170% higher
weight than CTR (Fig. 1A; each point represents a mouse, and
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bars represent group average + SEM). HFD mice had significantly
lower LH levels than CTR (Fig. 1B; CTR, 0.35 ng/ml compared
with HFD, 0.18 ng/ml). To determine if lower LH levels stem
from lower pulse frequency of LH secretion, we analyzed LH pul-
satility by frequent blood sampling (Fig. 1C, representative pulse
profiles). We determined a decrease in LH pulsatile secretion in
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Male mice on a high-fat diet experience lower LH pulse frequency. A, Weights of male mice after 12 week control (CTR) or high-fat diet (HFD) exposure (CTR, gray bars; HFD, red

bars; each dot represents one animal, bars represent group mean + standard error). * indicates significant difference (p < 0.0001, df = 22). B, HFD males have lower serum LH than CTR (p =
0.0007, df = 13). C, Representative LH pulse profile from CTR (top) and HFD (bottom) male mice. D, LH pulse frequency, calculated using DynPeak freeware. Significant difference between CTR
and HFD was determined with t test (p = 0.0081, df = 8). E, Pulse amplitude was determined by subtracting the basal value from the LH value at the peak and averaged for each mouse. F,
Intraperitoneal injection of 1 pg/kg GnRH in CTR (n=5) and HFD (n =5) mice was performed and LH levels in the circulation at times indicated in the graphs analyzed by ELISA. The arrow
represents time point 0, when GnRH was administered; each dot represents the group mean + standard error. G, Since basal levels of LH, prior to injection, differ between CTR and HFD, LH fold

change was determined by normalizing all time points to the basal level.
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HFD males. CTR males had three pulses in 3 h, while HFD males
had 1.6 pulses during the sampling period (Fig. 1D). On the other
hand, LH amplitude was not significantly affected by HFD
(Fig. 1E; 0.22 ng/ml in CTR compared with 0.13 ng/ml in HFD).
Given that a pulse of LH directly corresponds to a pulse of
GnRH (Urbanski et al., 1988), these results suggest a dysregulation
of GnRH pulsatile activity in obesity.

Since the pituitary secretes LH in response to GnRH, and we
observed lower LH in HFD males, we investigated whether HFD
exposure modified pituitary responsiveness to GnRH stimulation.
Two samples taken before GnRH injection determined lower basal
LH in HFD males, consistent with previous results. GnRH injec-
tion resulted in rapid LH secretion with peak levels after 10 min
in both groups. LH increased from 0.11 to 3.66 ng/ml in CTR
and from 0.069 to 2.63 ng/ml in HFD (Fig. 1F). Since the basal
LH levels differed in CTR and HFD animals, to determine pitui-
tary responsiveness to exogenous GnRH, we normalized LH values
to the basal LH level, as in previous publications analyzing gonad-
otropin induction in response to GnRH (Coss et al., 2004, 2007;
Ely et al, 2011; Lindaman et al.,, 2013; Reddy et al., 2013). Fold
change from basal LH was calculated and determined that in
CTR, GnRH injection resulted in 33-fold increase in LH, while
in HFD, GnRH injection resulted in 38-fold induction in LH levels
(Fig. 1G). Fold change of LH in response to GnRH was not statis-
tically different between CTR and HFD, implying that pituitary
responsiveness was unaffected by HFD. Given that pituitary
responsiveness to exogenous GnRH is not affected by HFD, the
lower LH pulse frequency and lower basal LH in HFD suggests
the dysregulation of the GnRH pulse generator, prompting us to
investigate kisspeptin.

Peripheral and central response to kisspeptin suggests
kisspeptin neurons are suppressed by HFD

Since our data revealed decreased LH pulse frequency and kisspep-
tin neurons are a key population that regulates GnRH neuron pul-
satility, we investigated the response to exogenous kisspeptin in
HEFD. CTR and HFD male mice were injected intraperitoneally
with 1 mg/kg kisspeptin (Fig. 24, kiss), and LH levels were ana-
lyzed as above. Kisspeptin injection in CTR mice caused a rapid
LH secretion from 0.24 ng/ml before injection to 2.4 ng/ml after
10 min and a peak of 3.50 ng/ml after 40 min, while in HFD,
LH levels increased from 0.07 to 2.3 ng/ml at 10 min and a
peak of 2.50 ng/ml at 40 min (Fig. 24, left). Area under the curve
(AUC) was greater in CTR compared with that in HFD (Fig. 24,
right), which is consistent with previous studies (Sanchez-Garrido
etal., 2014). Due to the differences in basal LH levels, we analyzed
LH fold change as above and determined that in CTR, LH
increased 10-fold at 10 min and 14.6-fold after 40 min, while in
HFD, LH increased 33-fold after 10 min and 35.7-fold after
40 min (Fig. 2B, left). AUC determined that kisspeptin injection
results in a remarkably higher fold induction of LH secretion in
HFD compared with CTR (Fig. 2B, right).

Given these unexpected results, we investigated the effects
of central injection of Kkisspeptin to circumvent peripheral
influences. A cannula was placed in the lateral ventricle of CTR
and HFD males, and 1 nmol kisspeptin was injected. Central injec-
tions of kisspeptin elicited a robust LH secretion, similarly to pre-
vious studies (Gottsch et al., 2004; Roseweir et al., 2009; Tonsfeldt
etal.,2019). LH secretion demonstrated no differences in LH levels
achieved by central kisspeptin injection at 10 and 40 min between
CTR and HFD (CTR, from 0.24 to 2.77 ng/ml at 10 min; HFD
from 0.13 to 2.75 ng/ml at 10 min; Fig. 2C). However, at 90 min,
we observed a significantly higher LH levels in CTR of 4.2 ng/ml
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Figure 2.  Kisspeptin treatment produces higher LH response in HFD mice than in CTR. 4, C,

Left, CTR (n=15) and HFD (n=5in A, n=6 in () mice were injected intraperitoneally with
1 mg/kg kisspeptin (4) or intracerebroventricularly with 1 nmol kisspeptin (C); and LH mea-
sured at times indicated in the graph. * indicates statistical difference between CTR and HFD
at the same time point. Right, AUC calculated from results presented on the left; * indicates
statistically significant difference (A, p = 0.0062) between CTR and HFD. Each dot represents
one animal, bars represent group average. B, D, Left, Due to the difference in basal LH levels,
fold change from basal levels was calculated after intraperitoneal injection (B) or intracereb-
roventricular injection (D). * indicates statistical difference between CTR and HFD at the same
time point. Right, AUC was calculated and statistically significant difference (* B, p = 0.0018;
D, p < 0.0001) between CTR and HFD determined by ¢ test.

compared with 3.78 ng/ml in HED (Fig. 2C). The AUC revealed
no significant difference between CTR and HFD (Fig. 2C, right).
As above, due to differences in basal LH levels, we calculated
fold changes and determined that CTR mice had 11.5-fold increase
in LH response at 10 min and 17.5-fold increase at 90 min. HFD
mice again had a higher fold change of 21.1-fold at 10 min and
29.10-fold change at 90 min (Fig. 2D, left). The significant increase
in LH fold change observed in HFD was consistent when AUC was
calculated (Fig. 2D, right). Together, the lack of differences in LH
levels after kisspeptin treatment demonstrate that GnRH neurons
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and the pituitary gonadotropes in HFD respond normally to exog- To further investigate this hypothesis, we used chemogenetics to
enous kisspeptin, to either central or peripheral kisspeptin injec-  activate endogenous kisspeptin neurons and analyze LH response.
tion, implicating reduced kisspeptin signaling as a cause of lower ~ Kiss1-Cre-EGFP mice were used to express hM3Dq in kisspeptin
LH in obesity. Fold change calculations result in higher LH induc-  neurons, after AAV was stereotactically injected in the ARC.
tion in HFD males imply that endogenous kisspeptin neurons are ~ Stereotaxic injection of 5.4x10'> GC/ml AAV9-hSyn-DiO-
suppressed in obesity. hM3D(Gq)-mCherry (hM3Dq) resulted in infection of 76% of
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Figure 3.  Chemogenetic activation of kisspeptin neurons also resulted in higher LH induction in HFD mice. A, Kiss1-Cre*-EGFP colocalization with virally transduced hM3Dg-mChenry (red) 2 weeks
after injection demonstrates DREADDs targeting to kisspeptin neurons. B, Kisspeptin neuron activity, assessed by cFOS expression, in control animals; a, GFP immunoreactivity identified kisspeptin neurons
in kisspeptin-GFP mice; b, cFOS expression in arcuate nudleus; ¢, overlap to determine percentage of kisspeptin neurons with cFOS. €, Kisspeptin neuron activity after injection of CNO in DREADD-infected
animals; a, GFP; b, colocalization of mCherry and GFP, indicating rate of infection; ¢, cFOS; d, colocalization of cFOS and GFP. D, LH secretion after intraperitoneal injection of 0.3 mg/kg (n = 6) or 1 mg/kg
(n=4) (NO demonstrates dose-dependent effects. * indicates statistical difference in response to different CNO concentration at the same time point. E, LH secretion in response to intraperitoneal
injection of 0.3 mg/kg CNO in Kiss1-Cre™ animals infected with AAV9 hM3Dg-mCherry (CTR n =4, HFD n = 4) and in Kiss-Cre* infected with AAV9 hM3Dg-mCherry (CTR n = 6, HFD n = 5) after injection
with saline demonstrate specificity of response. F, LH levels in response to 0.3 mg/kg CNO injection (CTR, n = 6; HFD, n=15). * indicates statistically significant difference (p = 0.043) between CTR and
HFD at the same time point. G, Fold change of LH from basal levels in response to 0.3 mg/kg CNO injection. * indicates significant difference between CTR and HFD at the peak, p = 0.00119).
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kisspeptin neurons, as determined by colocalization of EGFP
reporter with mCherry, after Cre-mediated recombination in kis-
speptin neurons (Fig. 3A). Five percent of mCherry-immunoreac-
tive cells did not express EGFP. To ensure that the infection with
activating DREADDs resulted in neuron activation following
CNO injection, we stained for cFOS as a marker of neuronal activ-
ity (Fig. 3B,C). cFOS immunoreactivity was present in 11% of kis-
speptin neurons in control (Ctr) animals (Fig. 3B). Ninety minutes
after CNO injection, virtually all kisspeptin neurons infected with a
virus expressed cFOS; 99% of infected neurons (Fig. 3Cb, coexpres-
sion of mCherry and kisspeptin-driven GFP) express cFOS
(Fig. 3Cd, coexpression of GFP and cFOS). This observation was
the same in CTR and HFD mice. To confirm that DREADD acti-
vation with CNO would not maximize the response that would pre-
vent us from observing differences in HFD compared with control,
we performed a dose response analyses and injected 0.3 and 1 mg/kg
CNO intraperitoneally. A robust dose-dependent secretion of
LH occurred in response to CNO. A total of 0.3 mg/kg CNO
resulted in 6.9-fold increase in LH at the peak after 20 min (from
0.21 ng/ml at time 0, to 1.44 ng/ml at 20 min), while 1 mg/kg
CNO resulted in 10.7-fold induction at the peak after 30 min
(from 0.18 to 1.92 ng/ml; Fig. 3D). To control for CNO off-target
responses, Kiss-Cre™ mice were also injected with hM3Dq and
treated with 0.3 mg/kg CNO and a week later with 1 mg/kg
CNO, which did not result in increased LH secretion (Fig. 3E,
0.3 mg/kg CNO shown with solid lines, 1 mg/kg CNO not shown
since 1 mg/kg dose was not used in comparison of the response in
CTR and HFD mice). In addition, Kiss-Cre" mice, injected with
hM3Dq, were treated with sterile saline, which confirmed the
absence of increased LH secretion without CNO (Fig. 3E, dashed
lines). These data support specific activation of Kiss1-Cre neurons
expressing hM3Dq after CNO injections. Then, CTR and HFD
mice with Kiss1-Cre" neurons expressing hM3Dq were injected
intraperitoneally with 0.3 mg/kg CNO, and LH was measured at
times indicated in the graph (Fig. 3F). Activation of kisspeptin neu-
rons resulted in an increase of LH from 0.23 to 1.40 ng/ml at
20 min post CNO in CTR mice, compared with an increase from
0.07 to 1.01 ng/ml in HFD males. The difference at peak levels
20 min after CNO injection between CTR and HFD was not sign-
ificant (Fig. 3F). Due to the difference in basal level before CNO
induction, fold change was analyzed and determined that CNO
injection resulted in 6.1-fold increase in LH in CTR mice and
14.4-fold increase in LH secretion in HFD mice (Fig. 3G). These
results determined that HFD male mice responded more robustly
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to kisspeptin than CTR male mice, in all treatments: to peripheral
and central injection and DREADD-mediated neuron activation.
Together, our data suggest that the ability of ARC kisspeptin
neurons to regulate GnRH neurons and LH secretion is not affected
by HFD, and that in fact, kisspeptin neurons are likely suppressed
in obesity.

Glutamatergic regulation of kisspeptin neurons is suppressed
in HFD

Several studies demonstrated that glutamatergic stimulation,
specifically N-methyl-p-aspartate (NMDA) treatment, increases
LH secretion, without increased expression of cFOS in GnRH
neurons (Lee et al, 1993; d’Anglemont de Tassigny et al,
2010), while recent evidence suggested that kisspeptin neuron
synchronization and pulse initiation is dependent on glutamate
(Voliotis et al., 2021; Han et al., 2023). Since our result above
indicated that kisspeptin neurons were impaired in obesity, we
then investigated glutamatergic innervation of kisspeptin neu-
rons and LH secretion in response to NMDA in HFD. To inves-
tigate LH response to NMDA in CTR and HFD, we implanted a
cannula into the lateral ventricle and centrally injected 7 nmol
NMDA. LH levels increased from 0.17 ng/ml before treatment
to 2.75 ng/ml 10 min after injection in CTR, while in HFD LH
levels increased from 0.11 to 0.6 ng/ml (Fig. 4A). For consistency,
fold change was calculated, and CTR mice exhibited a 16.1-fold
increase in LH 10 min post injection, while HFD mice had a
5.5-fold increase in LH (Fig. 4B). Our results revealed that LH
secretion in response to NMDA was diminished in HFD male
mice. It is possible that kisspeptin neuron synchronization and
pulse initiation are dysregulated in HFD due to a decrease in glu-
tamatergic innervation at the level of the kisspeptin neuron.

To examine glutamatergic innervation of kisspeptin neurons,
CTR and HFD brains were sectioned, and sections were triple
stained for GFP to visualize kisspeptin neurons and either
AMPA receptors containing the GluR2 subunit and presynaptic
vesicular glutamate transporter 2 (VGLUT2) or NMDA recep-
tors containing the NR2A subunit and VGLUT?2, to visualize glu-
tamatergic innervation. GluR2 is an obligatory subunit for
synaptic AMPA receptors impermeable to Ca** (Isaac et al,,
2007), and NR2A is an obligatory subunit for synaptic NMDA
receptors (Thomas et al., 2006). Representative images show rel-
ative levels of AMPA receptors (Fig. 5A, top) or NMDA receptors
(Fig. 5C, top) on kisspeptin neurons in CTR and HFD, and 3D
reconstruction to facilitate counting of direct contacts only
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LH induction by NMDA is decreased in HFD mice compared with CTR. Left, LH secretion in response to intracerebroventricular injection of 7 nmol NMDA was lower in HFD mice. Right,

Fold change from basal of LH response to intracerebroventricular NMDA injection was lower in HFD mice. Each dot represents the group mean + standard error (n = 5). Statistical significance

between (TR compared with HFD at the same time point is indicated with a * (p < 0.05).



8 « J. Neurosci., July 10, 2024 - 44(28):e0222242024 Villaetal. ® Fewer MC4R in Kisspeptin Neurons in Obesity

GluR2
304 Soma 15+ 1-15 um
@
H °
£ 20- = §10_
e (] ©
KiSS [ 2
’ P . s
o ] 17
A5um_ VGLUT2 S 10 S 54 =
o o |'$|
@ | |
0 T T 0 T T
CTR HFD CTR HFD
VGLUT2
50 Soma 154 1-15 pm
¥ p=0.05
Kiss JIPIETE e
£ 4 < 404
n
_15um _ VGLUT2 RS -
2 g
g 204 . - g 5
2 = 3
|
0 T T 0
CTR HFD CTR
D NR2A
L 30- S°;“a 104 1-15pm
VGLUT2 .
£ 204 g °
g [ B 2 61 [
s i
2 S 44
5 101 s
2 'Y um
-
0 T T 0 T T
CTR HFD CTR HFD
E GIluR2 + VGLUT2 F NR2A + VGLUT2
40— Soma 10— 1-15 um 12— Soma an 1-15 um
* * *
p=0.05
8_
30 ° 9- 3 N
£ £ g £
H 0 6 s o
g 207 & = 6 3 2
2104 |3 . 3-2_ 5 2 34 E 2 1 :
0 T .I 0 T 0 0 T I I
CTR HFD CTR H CTR H CTR H

Figure 5.  Reduced glutamatergic innervation of kisspeptin neurons in HFD. A, AMPA receptors were quantified in kisspeptin neurons in CRL and HFD. Top, representative images of GIuR2 (red)
and VGLUT2 (green) colocalized to kisspeptin neurons (white, 630X magnification). Bottom, 3D reconstruction using Imaris to assure counting cell surface receptors in direct contact with
kisspeptin neurons. B, Quantification of GluR2 (top) and VGLUT2 (bottom) in kisspeptin neuron soma (left) and proximal 15 um of the process (right). Each dot represents an average for
one mouse (15—40 neurons counted per animal), and bars represent the group average for CTR (gray) and HFD (red). C, Fewer NMDA receptors on kisspeptin neurons in HFD mice. Top, confocal
and bottom, 3D reconstructed representative images of postsynaptic NR2A (red) and presynaptic VGLUT2 (green) on kisspeptin neurons (white). D, Quantification of NR2A numbers in CTR and
HFD at the soma and 1-15 pm proximal process. E, Quantification of GluR2 and VGLUT2 colocalization at the kisspeptin neuron soma and proximal 1-15 pm process in CTR or HFD.
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with kisspeptin neurons (Fig. 5A,C, bottom). The relative num-
bers were quantified and revealed no difference in
GluR2-containing AMPA receptor immunoreactivity (Fig. 5B,
top); but a significant decrease in VGLUT?2 puncta in HFD kis-
speptin neurons compared with CTR. VGLUT2 levels were
decreased by 55% at the soma and by 68% in 1-15 pm segment
from the soma (Fig. 5B, bottom). Quantification of NMDA
receptors revealed a decrease in NR2A levels in HFD animals
compared with CTR; CTR had 23.7 NMDA puncta at the
soma, while HFD had 16.3 puncta at the soma (Fig. 5D). More
importantly, there was a significant decrease in GluR2 and
VGLUT?2 colocalization in kisspeptin neurons, which decreased
by 67% at the soma and by 83% at the proximal process
(Fig. 5E). There was also a significant decrease in NR2A and
VGLUT? colocalizations in kisspeptin neurons, from 7.4 coloca-
lized puncta in CTR to 2.5 puncta in HFD at the soma and from
1.7 in CTR to 0.4 in HFD in the proximal process (Fig. 5F). This
decrease in glutamatergic innervation can lead to diminished kis-
speptin neuron pulse initiation and synchronization.

Lack of LH response to aMSH injection and POMC
chemogenetic activation in HFD

Since reproduction is a very energy-demanding process, repro-
ductive circuitry and feeding circuitry neurons in the hypothala-
mus interact to integrate their functions (Manfredi-Lozano et al.,
2018; Ronnekleiv et al., 2019). Specifically, kisspeptin neurons
interact with POMC neurons, a population of neurons that sense
energy stores through leptin secreted from fat (Nestor et al., 2016;
Quarta et al., 2021; Stincic and Kelly, 2022). POMC neurons reg-
ulate satiety and energy expenditure by secreting aMSH that
binds MC4R receptors (Andermann and Lowell, 2017). Given
that (1) aMSH injection can stimulate LH secretion, which is
dependent on kisspeptin (Manfredi-Lozano et al., 2016), (2) kis-
speptin neurons express MC4R (Cravo et al.,, 2011), and (3)
POMC neurons respond to obesity (Ziotopoulou et al., 2000),
POMC neurons are a good candidate to affect kisspeptin neuron
changes observed here. First, to determine if POMC neurons are
affected by HFD, CTR and HFD sections were stained for
B-endorphin to visualize POMC neurons, and cFOS, a marker
of neuronal activity. CTR mice had 24.2% cFOS-positive
POMC neurons, while HFD mice had 37.2% cFOS-positive
POMC neurons, suggesting that excess adiposity leads to more
active POMC neurons in HFD (Fig. 6A). There was no difference
in the number of POMC neurons between diets. This increase in
active POMC neurons is attributed to higher leptin levels, since
leptin signaling leads to activation of POMC neurons (Cowley
et al., 2001).

To further determine LH response to POMC regulation in
CTR and HFD, we chemogenetically activated POMC neurons
using DREADDs. POMC-Cre* were placed on CTR or HFD
for 12 weeks and then POMC-Cre" mice were injected with
400 nl of hM3Dgq and allowed to recover for 2 weeks for optimal
transduction, on their respective diets. Validation of proper tar-
geting was performed after experiments were completed and
determined that 73% of POMC neurons expressed mCherry.
Seven percent of mCherry immunolabeled neurons lacked
B-endorphin immunoreactivity (Fig. 6B). To confirm the func-
tionality of DREADD-mediated activation of POMC neurons
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following CNO 1injection, the percentage of POMC neurons
that express cFOS was analyzed 90 min after CNO treatment
(Fig. 6C). Ninety-four percent of infected POMC neurons in
either CTR and HFD animals that expressed mCherry also
expressed cFOS following CNO injection (Fig. 6C, compare
POMC + mCherry and POMC +cFOS; then compare these
with Fig. 6A, left panel CTR). Controls, saline injections in
CTR and HFD POMC-Cre" mice injected with hM3Dgq, lacked
the LH response (Fig. 6D). After CNO injection, LH increased
from 0.3 to 3.96 ng/ml in CTR mice, while LH secretion did
not increase in HFD (Fig. 6E). CNO injection of
POMC-Cre"-hM3Dq mice resulted in 13.2-fold increase in LH
secretion 120 min after injection in CTR males; however, there
was no response in HFD males during the sampling period.

To investigate if LH response to POMC neuron product was
altered in HFD, we centrally injected aMSH and analyzed LH
secretion. We determined that after aMSH treatment LH
increased from 0.41 to 2.83 ng/ml at 10 min post injection in
CTR mice, while in the HFD mice this response was abolished
(Fig. 6F). We postulate that the difference in the timing of
LH secretion following CNO injection versus aMSH injection
may be due to the time required to synthesize and process
POMC to aMSH. aMSH stimulated a 6.9-fold increase in LH
secretion 10 min after injection in CTR; however, there was
no response in HFD. Lack of LH response in HFD mice to
aMSH treatment and chemogenetic POMC neuron activation
supports that POMC-kisspeptin interaction is dysregulated in
obesity.

To investigate POMC-kisspeptin interaction in CTR and
HFD, we analyzed levels of MC4R in kisspeptin neurons by
immunohistochemistry. Kiss1-Cre"-EGFP mice on CTR and
HFD were stained for GFP and MC4R (Fig. 7A, top, confocal
images; Fig. 7A, bottom, 3D reconstruction). Kisspeptin neurons
in HFD males had significantly fewer MC4R. HFD resulted in a
47% decrease in the immunoreactivity of receptors at the soma
and 52% decrease in the proximal process (Fig. 74, right).

We postulated that kisspeptin neurons were suppressed in
obesity. To assess the activity of kisspeptin neurons in CTR
and HFD mice, we quantified the percentage of cFOS-positive
kisspeptin neurons, as an indication of their activity. We deter-
mined CTR mice had 10.9% cFOS-positive kisspeptin neurons,
compared with 3.8% in HFD (Fig. 7B). Therefore, HFD resulted
in a 65% decrease in active kisspeptin neurons, consistent with
our previous hypothesis that kisspeptin neurons are suppressed
in HFD. Together, our results revealed that obesity results in a
decrease in kisspeptin neuron activity, resulting in a lower LH
(and GnRH) pulse frequency, and reduced LH in the circulation.
LH secretion was impaired in response to NMDA, aMSH, and
POMC neuron activation in HFD animals. Lack of LH response
to aMSH and chemogenetic POMC activation in HFD likely
stems from overactive POMC neurons due to higher leptin,
and subsequent downregulation of MC4R in kisspeptin neurons,
which dysregulates the communication between the feeding and
reproductive circuit (Fig. 7C).

Discussion
Mechanisms that underlie the negative effects of obesity on
reproductive function are not clear, despite clinical findings

F, Quantification of NR2A and VGLUT2 colocalization at the kisspeptin neuron soma and proximal 1-15 pm process in CTR or HFD. Each dot represents an average for one mouse (15—-40 neurons
counted per animal), and bars represent the group average for CTR (gray) and HFD (red). Statistical significance between CTR and HFD is indicated with a * (p < 0.05).
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Figure 6.  HFD diminishes LH response to exogenous POMC activation and aMSH injection. 4, Increased percentage of cFOS positive POMC neurons in HFD. Left, Images of cFOS (red) colocalization with
B-endorphin in POMC (green) neuron in CTR and HFD mice. Right, Quantification of cFOS positive POMC neurons, presented as percent of all POMC neurons. Each dot represents one animal, and bars represent
group average. * indicates significant difference determined by ¢ test (p = 0.0031). B, Representative image of DREADDs (mCherry) in POMC neurons (green) to demonstrate 73% infection. , Infected POMC
neurons that express mCherry, induce cFOS 90 min after 1 mg/kg CNO injection. D, LH levels in CTR (n = 5) or HFD (n =7) POMC-Cre* mice expressing hM3Dg DREADDs, after saline intraperitoneal injection.
E, LH levels in CTR (n = 5) or HFD (n = 7) POMC-Cre* positive mice expressing hM3Dq DREADDS, after 1 mg/kg CNO intraperitoneal injection. F, LH levels in response to intracerebroventricular injection
of 3 nmol aMSH (CTR, black line n=>5; HFD, red line n =5). Significant difference between (TR and HFD at the peak is indicated with a * (E, p=0.0114; F, p=0.0147).
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that obesity causes decreased testosterone, lowered sperm num-
bers, and impaired sperm quality (Hammoud et al., 2008; Du
Plessis et al., 2010). Studies in animal models by us and others
confirm clinical findings in humans (Bakos et al., 2011; McGee
et al., 2014; Sanchez-Garrido et al., 2014; Vendramini et al,
2014; DiVall et al., 2015; Fernandez et al., 2017; Lainez et al,,
2018). Males are more prone to obesity-mediated pathologies,
while females may be protected (Parks et al., 2015; Gerdts and
Regitz-Zagrosek, 2019) and our previous studies focused on
delineating mechanisms of sex differences in response to obesity
(Lainez et al., 2018; Chen et al., 2021a,b; Li et al., 2023). Herein,
we focus on understanding the mechanisms of reproductive
impairment in males. Several studies, including ours, determined
that the primary effects of DIO are central, at the level of the
hypothalamus, resulting in lower basal LH (Hill et al., 2008;
Evans and Anderson, 2017; Lainez et al, 2018; Manfredi-
Lozano et al., 2018). Obesity-associated reduction in testosterone
is accompanied by lower LH, compared with the age-related
lower testosterone, which is correlated with higher LH, due to
a lack of negative feedback (Wu et al., 2008), again indicating
central effects in obesity. However, mechanisms whereby obesity
affects reproductive circuitry in the hypothalamus are not clear.
Herein, we report several novel findings that contribute to our
understanding of obesity-mediated hypogonadism: (1) we deter-
mined lower LH pulse frequency in obese animals, implying dys-
regulation of GnRH pulse generator; (2) we determined that
kisspeptin neurons are suppressed in obesity and exogenous kis-
speptin results in higher LH response in obese animals; (3) con-
sistent with previous studies, we identified synaptic changes; in
particular, we showed fewer glutamate receptors in kisspeptin
neurons that may be important for the initiation of the pulse;
and (4) the cross talk of POMC neurons and kisspeptin neurons
is altered due to diminished receptor levels. We postulate that
changes in receptor levels may stem from chronically higher
activity of POMC neurons in obesity that is a result of increased
leptin and in turn causes an increase in aMSH section, which
leads to downregulation of MC4R on target neurons (Fig. 7C).
New results presented here expand our understanding of obesity-
mediated hypothalamic impairment.

Our results here indicate that pituitary responsiveness, more
specifically, gonadotrope response to GnRH injection, is unal-
tered in obese animals. Our recent study analyzed the pituitary
changes in obesity and demonstrated that somatotrope and lac-
totrope populations exhibit plasticity; however changes in the
gonadotrope may result from either hypothalamic effects, since
GnRH regulates gonadotropin transcription, or from direct
impact on the gonadotrope population (Ruggiero-Ruft et al.,
2024). One study postulated direct effects on the pituitary, since
LH pulses showed lower amplitude but unaltered frequency, dur-
ing overnight sampling (Jain et al., 2007). A more recent study by
the same group determined that pituitary responsiveness to
GnRH is unchanged and that in both obese and lean individuals
GnRH injection caused the same fold increase of LH (Jones et al.,
2020), which agrees with our results presented here. Lower basal
LH in our experiments here in mice, the abovementioned study
in humans (Jones et al., 2020), and rats (Sanchez-Garrido et al.,
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2014) may obscure LH induction in response to treatment, a rea-
son we analyzed LH secretion as the fold change from basal.
Normalizing to basal level allows us to determine the level of
response. This permits us to uncover that pituitary responsive-
ness to GnRH is unchanged, while kisspeptin treatment caused
higher LH secretion in HFD. Results without normalizing were
also presented and illustrate the lack of differences in LH levels
after kisspeptin. They demonstrate the normal response of
GnRH neurons to kisspeptin in HFD, suggesting that reduced
LH in obesity stems from impaired kisspeptin signal.

We demonstrated that in obesity kisspeptin neurons are sup-
pressed and that exogenous kisspeptin, administered via periph-
eral or central injection, or by chemogenetic kisspeptin neuron
activation, results in higher LH fold response in obese animals
than in controls. We also showed that kisspeptin neurons are
less active since in obese mice, a lower percentage of kisspeptin
neurons express cFOS, a marker of neuronal activation. They
may be suppressed because they exhibit fewer glutamate recep-
tors, and glutamate may play a role in kisspeptin pulse generation
(Han et al., 2023). Kisspeptin neurons in obesity also have lower
levels of MC4R, an aMSH receptor that allows stimulation by
POMC neurons that produce aMSH. Bidirectional communica-
tion between POMC and kisspeptin neurons has been demon-
strated, indicating close integration of feeding and reproductive
circuits (Stincic and Kelly, 2022). Kisspeptin excites POMC neu-
rons, via kisspeptin neuropeptide and glutamate release (Fu and
van den Pol, 2010; Nestor et al., 2016; Qiu et al., 2018), while
POMC neurons project to ARC kisspeptin neurons (Cravo et
al,, 2011) and POMC product, aMSH stimulates LH secretion
via kisspeptin (Manfredi-Lozano et al., 2016). It is not clear
how this interaction is altered during chronic obesity, which
we examined here, since long-lasting obesity may lead to receptor
downregulation, leptin resistance (Myers et al., 2010), biphasic
changes in aMSH levels (Wu et al., 2023), and endoplasmic retic-
ulum stress that modulates neuropeptide processing (Cakir et al.,
2013), all of which may exert different effects on POMC-kisspep-
tin cross talk. Due to its chronic nature, it is also difficult to dis-
tinguish cause and effect or pinpoint the timing of each change.
Nonetheless, we determined changes in kisspeptin neuron activ-
ity and postulate that these changes are caused by alterations in
neuropeptide receptors and/or synaptic, neurotransmitter recep-
tor levels.

Our studies show that interaction between feeding circuitry,
in particular POMC neurons, and reproductive circuitry, specifi-
cally kisspeptin neurons, is impeded by obesity. Several studies
determined that aMSH treatment, a product of POMC neurons,
causes LH secretion in humans (Reid et al., 1984; Limone et al.,
1997) and rodents, in the estrous cycle stage-dependent manner
(Alde and Celis, 1980; Evans and Anderson, 2017). MC4R recep-
tor agonist also stimulates LH in sheep (Backholer et al., 2009,
2010) and rodents (Manfredi-Lozano et al., 2016). In this study,
we also show that aMSH intracerebroventricular treatment
causes rapid LH secretion. Although aMSH elicited ~7-fold
change in LH levels, response was more variable than response
to kisspeptin or NMDA, and we postulate that variability may
stem from the timing of food intake prior to injection.

hypothalamic circuitry, based on results presented here. Left, GnRH secretion into the median eminence capillaries is regulated by kisspeptin neurons that integrate input from POMC neurons.
Pulsatile secretion of GnRH stimulates LH synthesis and secretion from the anterior pituitary, which in tum requlates testosterone synthesis in the gonads. Right, HFD-induced obesity leads to
increased leptin that causes higher activity of POMC neurons and downregulation of MC4R, a receptor for POMC product aMSH, in kisspeptin neurons. HFD exposure results in lower activity of
kisspeptin neurons, which leads to lower pulse frequency of GnRH secretion, and diminished levels of LH and T in the circulation.
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Consistent with a response to aMSH, here we show for the first
time that chemogenetic activation of POMC neurons stimulates
LH release. LH secretion following POMC neuron activation
with CNO occurred after 2 h, compared with 20 min after kis-
speptin neuron activation. This may imply indirect effects of
POMC neuron activation, likely via kisspeptin neurons.
Additionally, this timing may reflect the need to synthesize and
process POMC to aMSH. Previous studies using DREADD-
mediated approaches to regulate POMC neuron activity are in
agreement with our studies that demonstrated cFOS induction
in POMC neurons 90 min after CNO injection, a time frame
close to LH section (Zhan et al,, 2013; Jiang et al., 2020). The
physiological effects on food intake, which reflect the function
of POMC neurons, required 3d of CNO treatment (Zhan
et al, 2013). To our knowledge, the shortest time frame to
observe the effects of POMC neuron activation via DREADDs
was 8 h (Koch et al.,, 2015). Considering these, the time frame
in our studies may not be unexpected. Surprisingly,
HFD-mediated obesity completely abolished LH response to
aMSH injection and to POMC neuron activation. It is possible
that LH secretion is delayed past the sampling period.
However, we postulate the lack of response is due to the MC4R
receptor downregulation, since MC4R levels in kisspeptin neu-
rons are 50% lower in HFD mice. We hypothesize that changes
in MC4R levels may stem from increased leptin-mediated
chronic activation of POMC neurons (Pinto et al., 2004). This
implies the regulation of POMC-kisspeptin interaction by tightly
controlled receptor levels.

In addition to neuropeptide receptor downregulation, it is pos-
sible that change in kisspeptin neuron activity and GnRH neuron
pulsatility stem from synaptic changes and alterations in the neu-
rotransmitter receptor levels. We observed changes in the neuro-
transmitter receptor levels here and in previous studies (Lainez
et al., 2018). Synaptic changes in obesity have been an area of
intense investigation and may occur due to alterations in neuron
activity after prolonged stimulation or neuroinflammation-medi-
ated synaptic remodeling by activated astrocyte and microglia.
We postulated in our previous studies that neuroinflammation
leads to synaptic remodeling (Lainez et al., 2018; Lainez and
Coss, 2019). A decrease in the number of synapses following
HFD was reported previously in the arcuate nucleus, specifically
fewer inhibitory synapses on POMC neurons, which was postu-
lated to cause increased POMC expression and higher POMC neu-
ron activity (Horvath et al, 2010). Reduced levels of synaptic
proteins, synapses, and fewer dendritic spines in HFD were
observed in hippocampal neurons (Hao et al,, 2016), and in the
prefrontal cortex (Bocarsly et al., 2015), in addition to our studies
in the hypothalamus (Lainez et al., 2018; Chen et al., 2021b). We
reported decreased synapses in GnRH neurons in our previous
study (Lainez et al., 2018) and in kisspeptin neurons in the current.
Future studies will determine mechanisms of synaptic changes
that alter POMC-kisspeptin cross talk in obesity.

In summary, studies presented here demonstrate impaired
POMC-kisspeptin cross talk in obesity, resulting from lower neu-
ropeptide receptor levels and fewer innervations, that lead to sup-
pression of kisspeptin neurons and lower pulse frequency of LH,
which results in lower basal LH and ultimately hypogonadisms.
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