bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626488; this version posted December 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sex-specific thermoregulatory effects of estrogen signaling in
Reprimo lineage cells

Authors:

Jae W. Park™’, Laura R. Cortes' ™, Norma P. Sandoval®, Algandra G. Baron, AdrianaR. Vree',
Higor J. Fideles, Mia R. Hansen', Julissal. Lopez"?, Elizabeth A. Dilday®, Sakina Rashid®,
Laura G. Kammel*, J. Edward van Veen', Stephanie M. Correa™

Affiliation:

'Department of Integrative Biology and Physiology, University of California, Los Angeles,
California, USA

2 Cypress College, Cypress, CA, USA

*co-first authors
*authors for correspondence: lauracortes@ucla.edu and stephani ecorrea@ucla.edu

The authors have nothing to disclose.


https://doi.org/10.1101/2024.12.02.626488
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626488; this version posted December 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract
M enopause affects over amillion individuals annually and is characterized by variable and

declining ovarian hormones. Decreasing estrogen levels impact energy homeostasis and
increases the risk of metabolic disorders. Energy expenditureislargely directed towards
thermoregulation, which is modulated in part by estrogen receptor (ER) o expressing neuronsin
the hypothalamus. Whether specific sub-populations of ERo+ neurons control the effects of
estrogens on thermogenesis remains poorly understood. This study investigates the function of
ERa in neurons that express Rprm (Reprimo), a gene we previously linked to thermoregulation
in females. Here, we use anovel ReprimoCre mouse to selectively knock out ERa in Rprm
lineage neurons (Reprimo-specific estrogen receptor oo KO; RERKO) and report changesin core
temperature in female mice, with no changes in body weight, body composition, or food intake.
RERKO females have elevated brown adipose tissue (BAT) temperature and lower tail
temperature relative to controls, suggesting increased heat production and impaired heat
dissipation, respectively. Developmental expression of Rprm was detected in the brain, but not in
BAT or white adipose tissue suggesting temperature changes may be mediated by the nervous
system. Thus, we next ablated Rprm expressing neuronsin the ventrolateral area of the
ventromedial nucleus of the hypothalamus (VMHvI) and observed a reduction in core
temperature and increased fat mass in ablated female mice relative to controls. Taken together,

IR neurons are

these results show that estrogen signaling in Rprm expressing cells and VMHv
critical for thermoregulation, mainly through the modulation of brown adipose tissue

thermogenesisin female, but not male mice.

Keywords. Estrogen receptor alpha, thermogenesis, energy expenditure, Reprimo, metabolism,
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I ntroduction

Over amillion people transition into menopause each year, with a majority experiencing
side effects that alter their quality of life [1]. Estrogens are potent modulators of energy
homeostasis [2—4]. Thus, plummeting levels of estrogen during menopause are associated with
dysregulation of metabolism [5]. Menopausal people experience hot flushes and reduced energy
expenditure; the latter contributes to greater adiposity, body weight, and risk of metabolic
disorders [6-9]. Energy expenditureis regulated by estrogen-sensitive neuronsin the
hypothalamus [10-14]. Recent work suggests that distinct groups of hypothalamic estrogen
receptor (ER) o + may regulate specific aspects of energy homeostasis [11,12,14]. Pinpointing
these neural subsets and their precise functions can lead to a mechanistic understanding of
energy expenditure and inform cell-based therapeutics tailored to specific symptomsin
menopausal and obese patients.

Rodents are suitable models to study the hormonal regulation of energy expenditure. Like
menopausal people, mice lacking ovaries have lower energy expenditure and increased body
weight and adiposity [15], and estradiol administration blunts these changes [16]. Although ERa
(Esrl) isfound throughout the body, its expression in the central nervous system (CNS) is
necessary for energy homeostasis. Mice with Esr1 knocked out (KO) in the nervous system have
greater body mass, and specifically, females consume more food and have reduced energy
expenditure relative to controls [10]. The neural circuitry involved in energy homeostasis
includes the ventrolateral area of the ventromedial nucleus (VMHvI), the medial preoptic area
(MPO), and the arcuate nucleus (ARH). These hypothalamic regions contain abundant
expression of ERa.. Female mice and rats with Esr1 knockdown in the VMHvI have lower
activity levels, basal metabolic rate, and energy expenditure as assessed via indirect calorimetry,
resulting in higher body weight relative to controls [17,18]. Similarly, female mice with Esr1 KO
in the VMHUvI have lower metabolic rates and thermogenesis [10]. Conversely, activating Esr1+
VMHvI (VMHVI®!) neuronsincreases heat production and movement [12]. Thus, the VMHVI is
essential for the regulation of energy expenditure. In contrast, the effects of estrogens on food
intake are regulated by other regions, including the nearby ARH. Knocking out Esr1 in POMC+
cellsincreases food intake and body weight in females relative to controls [10]. Similarly,
silencing steroid and metabolic hormone-responsive ERo/Kisspeptint neurons in the ARH

causes obesity in female mice and alters circadian feeding patterns [19-22]. Lastly, activation of
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MPOF cells leads to a hypometabolic state akin to torpor; temperature, energy expenditure,
metabolic rate, and movement plummet [13]. In summary, VMHVI®* cells promote energy use,
Esrlin ARH cells alters food intake, and MPO™" cells trigger a profound energy conservation
state.

Intermingled within the same nuclei, ERa+ cells may differ in their function,
connections, and neurochemical identity (i.e., their gene expression pattern) [23,24,12,25]. For
example, a study using preoptic area dices from rats showed that a portion of estrogen-
responsive MPO neurons (likely expressing ERa) are temperature-responsive, with some
responding to warmth and others to cold [26]. In asimilar fashion, VMHVI®"* cells differ in their
response to glucose and neural connectivity [27,25]. About half are excited by an increasein
glucose levels and project to the dorsal raphe nucleus, whereas the other half are excited by a
depletion of glucose levels and project to the arcuate nucleus [ 25]. Functional specialization
among ERo+ cells suggest that they may differ in the expression of peptides and proteins that
shape their roles and responses. Indeed, our lab found that VMHvI®? cells are neurochemically
distinct. Using single-cell sequencing, we found sub-populations of VMHVI®* neurons marked
by the expression of substance P (Tachykinin 1; Tacl), reprimo (Rprm), or prodynorphin (Pdyn).
Intriguingly, females have many more ERo. neurons that express Tacl and Rprm, and
manipulating these cells differentially alters energy expenditure. Mice that are missing a subset
of VMHvI=" cdlls that co-express Tacl and Nkx2-1 or have inactivation of the Mc4r
subpopulation move less [11,14]. With Tacl/Nkx2-1 cdll loss, this also leads to increased
adiposity and body weight [11]. Interestingly, Rprm knockdown in the VMHvI |eaves movement
intact, but increases core temperature and thermogenesis. These findings suggest specialization
of cell populations or gene function within the VMHuvI.

The function of Rprm, atumor suppressor gene, and Rprm+ neurons has been largely
unexplored outside of pathological contexts[28-30], with the exception of this study [31]. In the
present work, we test the function of Rprnt+ cells on energy expenditure. Specifically, we
hypothesize that Esr1 expression in Rprmt cellsis necessary for the modulation of body
temperature via thermogenic brown adipose tissue (BAT) [32]. We generated a mouse that
expresses Cre recombinase under the control of Rprmto selectively knock out Esr1in Rprm
lineage cells. Despite the extensive effects of global and CNS-specific Esr1 knockout on weight,
food intake and movement [10,33,34], Esr1 KO in Rprm lineage cells produces a more restricted
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phenotype. Core temperature is atered between controls and KO, while body weight, body
composition, and food intake are largely unaffected. Furthermore, BAT massis heavier and
produces more heat, indicating increased thermogenesis. Because Esr1 and Rprm were co-
expressed in several brain areas and parts of the body, we next ablated Rprm cellsin the VMHvI
to test their specific role in modulating temperature. Core temperature was decreased in ablated
mice relative to controls, and BAT mass was increased while movement was unaffected. In
summary, our data suggest that Esr1 in Rprm lineage cells and VM HvI®™ neurons specifically

modulate core temperature, while leaving other aspects of energy expenditure intact.

Methods

Generation of Rprm®™ knock-in mice

The donor construct consisted of a double stranded DNA repair cassette that included the coding
segquence for Rprm linked to the codon-improved cre recombinase (iCre) sequence viaa P2A
peptide. The P2A peptide leads to ribosomal skipping and the generation of distinct peptide
products, in roughly equal amounts, from a single multi-cistronic construct (Kim et a 2011). A
21-bp nuclear localization sequence (NLS) islocated at the 5’ end of the iCre exon and helps
direct proteinsinto the nucleus. To induce proper DNA insertion, we aso included homology
arms (approximately 2,000 bp) both upstream and downstream of the Rprm and iCre coding
sequences. Finally, 34-bp long flippase recognition target (FRT) sites were inserted in the
upstream and downstream homology arms within 250 bp of the 5" and 3’ exons. The total length
of the construct is approximately 8.3 Kb.

Esr1™ female mice [35] were paired with Rorm“®;Esr1”" studs to generate Reprimo-
specific Estrogen Receptor a Knock Out (RERKO) on a mixed B6;129P background. In other
words, RERKO mice had Esr1 knocked out (KO) in Rprm lineage cells. Mice were bred and
maintained in approved conditions at the University of California Los Angeles. Control
littermates were Esr1"" and denoted WT for the Rprm™" mutation. For lineage experiments,
Rprm™"® mice on a C57BL/6J background were paired with Ai14 ™ reporter mice (Jax #007914;
Madisen et a., 2010) to generate offspring that fluoresce tdTomato in tissues expressing Rprm
(Rprm™; Ai14™). Mice were kept in 12:12 light cycle conditions (zeitgeber time (ZT) 0 = 7 am)
at ~23 °C and ~30% humidity with food and water provided ad libitum. All animal studies were
approved by the UCLA Institutional Animal Care and Use Committee (IACUC) and were carried
out following the recommendations of the Guide for the Care and Use of Laboratory Animals of
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the National Institutes of Health.

Surgeries
For all surgeries, mice were anesthetized with isoflurane and administered buprenorphine (0.01
mg/mL) and carprofen (0.58 mg/mL) on the day of surgery and the following day to manage pain

and inflammation.

Probe implants

G2 eMitters (Starr Life Sciences; Oakmont, PA, USA) were placed into the abdominal cavity to
record core temperature and locomotion. Cubisens TS100/TS110 probes (Cubeworks; Ann
Arbor, MI, USA) or Nano-T loggers (Star-Oddi, Gardabae, Iceland) were secured
subcutaneously above the BAT depots and over the base of the tail to gauge heat generation and
dissipation, respectively. Custom sleeves were designed to secure probes above BAT and tail
using Autodesk Fusion 360 (San Francisco, CA, USA) and UltiMakerCura software (New York,
NY, USA). Sleeves were printed on a Creality Ender-2 V2 3D printer using PLA filament. Files
are publicly available on NIH 3D (Reference model: 3DPX-020322;
https.//3d.nih.gov/entries/SDPX-020322).

Stereotaxic surgery

Control (pAAV8-Syn-FLEX-Mac-GFP) or caspase virus (pAAV2-flex-taCasp3-TEVp) was
delivered into the VMHvI (AP 1.58, ML + 0.65, DV 5.7) in 8-week-old C57BI6J wildtype or
RprmCre mice [36,37]. Each hemisphere received 100 nL at 5-10 nL/sec using a 10 L Hamilton
syringe attached to a pulled glass needle. Mice recovered for two weeks before starting three

days of temperature and locomotion recordings which were averaged hourly.

Collection

Mice were perfused with 4% paraformaldehyde (PFA; Electron Microscopy Sciences; Hatfield,
PA, USA) in 0.01M phosphate-buffered saline (1x PBS). Brains were stored in 4% PFA
overnight at 4°C and transferred to 30% sucrose in 1x PBS until brains sank. Brains were
embedded in Optimal Cutting Temperature compound (OCT; Fisher Scientific, Fair Lawn, NJ,
USA) and stored at -80°C until cutting. BAT, inguinal white adipose tissue (iWAT), and gonadal
white adipose tissue (QWAT) were dissected and stored in tissue cassettes submerged in 70%

ethanol until staining.
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Metabolic and reproductive phenotyping

Mice were group housed according to sex, and body weight was recorded weekly from 5 to 16
weeks of age. A separate cohort of mice were weighed and placed into an EchoMRI™ (Houston,
TX, USA) to record fat and lean mass at 16 weeks of age. To record food intake, a pre-measured
allotment was provided on day oneto singly housed mice. After seven days, the remaining food
was subtracted from the weight of food initially provided, and the resulting weight was divided
over seven days to provide adaily average of food consumption. To record core temperature and
locomotion, mice were placed on ER4000 energizer/receiver padsin their home cages (version 5,
VitalView software, Starr Life Sciences). All temperature and activity measurements were
collected every five minutes across three to five days. For temperature and activity recordings, an
average for each hour of the day (ZT 0 — 23) across recording days was calculated. Raw data
from G2 emitters, TS100/TS110 probes, and Nano-T loggers were exported in CSV format using
Vitalview (Starr Life Science), TS GUI (Cubeworks), and Mercury (Star-Oddi), respectively.
Data was prepared for analysis in Microsoft Excel (Microsoft Corporation; Redmond,
Washington, USA). R Studio (R version 4.3.1; Boston, MA, USA) was used to process the data
and generate hourly averages (code for processing and plotting provided at
https://github.com/kodori 00/Rscript). To track the estrous cycle, mice underwent vaginal lavage
using 0.9% saline every morning between ZT 1-2.

Histology

Cytology
For estrous cycling, vaginal lavages were deposited onto slides, stained with Giemsa (0.6% in 1x

PBS;) to visualize nucleic acid and distinguish cell morphology, and imaged using light
microscopy as described in Massa et d., 2023. The estrous stage was determined by the relative
amounts of leukocytes and cornified and nucleated epithelia (Byers et al., 2012). BAT and iWAT
were sectioned into 4 um glices and stained with hematoxylin and eosin by the UCLA
Trangdlational Pathology Core Laboratory.

Immunohistochemistry

Brains were coronally cryo-sectioned into four or six 20-30 um series and stored on slides or in
cryoprotectant (30% sucrose, 30% ethylene glycol, and 1% polyvinylpyrrolidonein 1x PBS) at -
80°C until use. One series of 30 pum thick sections underwent immunohistochemistry to validate

the loss of ERo. expression in RERKO mice (rabbit anti-ERo, 1:1000, ThermoFisher Invitrogen,
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Waltham, MA) and one series of 20 um sections was used to validate the loss of ERa. cellsin
caspase-treated mice (rabbit anti-ERa, 1:500, Millipore Sigma, Burlington, MA). Tissue was
rinsed in 1x PBS and blocked for one hour at room temperature (RT) in either 10% bovine serum
albumin (BSA) and 2% Normal Goat Serum (NGS) or 10% NGSin 0.3% PBS-Triton X
depending on antibody. After blocking, tissue was incubated in primary antibody overnight at
4°C or RT. Thefollowing day, the tissue was incubated with either Alexa Fluor 546 (1:500;
ThermoFisher) or 647 (1:1000; Jackson ImmunoResearch Laboratories, West Grove, PA, USA)
anti-rabbit secondary antibody for 1.5-2 hours at RT. Nuclel were counterstained with 4',6-
diamidino-2-phenylindole (DAPI, 1:500-1000, ThermoFisher Invitrogen), and Fluoromount-G
was used to coverdip (Southernbiotech, Birmingham, AL, USA).

Fluorescent In-Situ Hybridization

Flash-frozen brains containing the MPO and the VMHvI were coronally cryo-sectioned into six
series at 16 pm. Tissue underwent single molecule in-situ hybridization according to
manufacturer ingtructions in the RNAscope Multiplex Fluorescent Detection Kit version 2
(Advanced Cell Diagnostics, Newark, CA, USA). Tissue was fixed in 4% PFA for 15 minutes
and pre-treated using seria ethanol dilutions, hydrogen peroxide, and protease IV solution
(incubation time shortened to 7 minutes to prevent tissue degradation). Tissue was incubated
with probes targeting Rprmand Esr1 at 40°C for 2 hours. Afterward, the probe signal was
amplified and fluorescently labeled with Opal 520 and 690 (Akoya Biosciences, MA, USA) at
1:1000 dilution for Rprm and Esrl, respectively. Signal was developed using horseradish
peroxidase and counterstained with reagents provided in the kit. Slides were cover-slipped using
Prolong Gold Antifade (ThermoFisher Scientific).

Imaging & analysis

Brightfield images of BAT and iWAT histological sections were taken by aLeica DM 1000
microscope (Leica Microsystems Inc, Deerfield, IL, USA). Brain, uterine and ovarian sections
were imaged using a Nikon Eclipse Ti2 inverted microscope. Peripheral tissues wereilluminated
using aLeicaMZ10F and imaged using adual MP camera system on an iPhonel3. ERa cells
were counted in the anteroventral periventricular area (AVPV), media preoptic area (MPO),
ventromedial ventrolateral area (VMHuvI), and arcuate nucleus (ARH) of the hypothalamus.

Regions of interest were determined by examining the shape of the anterior commissure and
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median eminence and referencing the Allen Brain Mouse (v2, 2011) and Paxinos and Franklin
(v3, 2008) atlases. The machine learning software llastik (Berg et al., 2019;
www.ilastik.org/about) segmented ERoit+ cells from the background. Positive object outlines
were loaded to CellProfiler 4.2.5 (Stirling et al., 2021; www.cellprofiler.org), overlaid over the

fluorescent images, manually edited if necessary, and counted. Cell counts were averaged across

hemispheres; if one hemisphere was damaged, the count on the intact side was used.

Statistics

Statistical analyses and plots were made in Prism (version 10.2.3 for Mac; GraphPad Software,
Boston, MA, USA). When applicable, two-way ANOVAS or mixed-effects models were run with
repeated (age or ZT) and independent (genotype or sex) factors. Post hoc comparisons between
control and RERKO mice at each time point were performed using Sidék's multiple comparisons

test. A t-test was used to compare means for analyses only performed in females.

Results

3.1 Developmental Rprm expression is detected throughout the brain and periphery

We bred RprmCre mice with Ail4 reporter mice to identify the tissues capable of expressing
Rprm (Figure 1A), We report Cre-mediated expression of TdTomato in the brain, uterus, ovary,
pancreas and pituitary (Figure 1B, C; Supp. Figure 1). ERa (Esrl) is also expressed in the uterus,
ovary, pancreas, pituitary, and various hypothalamic regions[38,39], thus these tissues are
expected to contain the Rprm-conditional mutation targeting Esrl in RERKO mice. Conversdly,
TdTomato expression was absent from BAT, iWAT, and gWAT (FigurelC right). To probe
further into the areas of the adult brain co-expressing Esr1 and Rprm, we performed single
molecule in situ hybridization to label Esrl and Rprm and detected both transcriptsin the AVPV,
MPO, VMHuvI, and ARH (Figure 1D).

3.2 Esrl knockout in Rprm lineage cells (RERKO) leads to an increase in brown
adipose tissue mass, specifically in females

Previous studies report that global ERa knockout or VMHvI-specific ERa knock-down increases
body weight, feeding, and fat massin mice[17,33]. In contrast, we report that body weight in
RERKO miceislargely unchanged relative to controls (Supp. Figure 2). Male RERKO mice
became subtly heavier than controls as they aged (genotype x age interaction: Fi; 318= 2.398, p <
0.0001), and female body mass was unaffected. Instead, we observed a sex-specific effect of
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RERKO on BAT mass (genotype x sex interaction: Fy 40 = 24.5, p < 0.0001; Figure 2A) and no
effect on IWAT (Figure 2B). Female RERKO mice had larger BAT depots than controls (p <
0.0001), while BAT sizein males did not differ (Figure 2A). BAT tissuein RERKO mice
appeared lighter in color and typically had larger adipose droplets relative to controls (Figure 2C,
D) — although an analysis comparing nuclei and adiposity in BAT did not reach significance
(Supp. Figure 3). In contrast to global Esr1 KO [17,33], RERKO mice have no changesin
adiposity: percent fat mass and body mass as recorded via EChoMRI were similar between
RERKO and control littermates (Figure 2E-G). In addition, RERKO mice did not consume more
food relative to controls (Figure 2H) as reported in CNS-restricted Esrl KO mice [10].
Together, these data suggest that Esr1 in Rprm+ cells may regulate discrete facets of metabolism
(i.e,, BAT), while sparing energy intake and storage.

3.3 Esrl knockout in Rprm lineage cells sex-specifically impacts energy expenditure

Because BAT contributes to thermoregulation, we next tested if RERKO mice had
changes in body temperature by implanting telemetry probes that simultaneously and passively
record core, BAT, and tail temperature (Figure 3A). In males, core temperature and locomotion
were unaffected by genotype (Figure 3B, C), consistent with no changein BAT mass. In
contrast, both temperature (genotype x ZT: F3437= 6.0, p < 0.0001; Figure 3D) and locomotion
(ZT x genotype: F3301= 1.7, p = 0.02; Figure 3E) differed between WT and RERKO female
mice. Probing further, we compared BAT and tail temperature as proxies for heat generation and
dissipation, respectively. Female RERKO mice had higher BAT temperature than WT mice
(main effect of genotype: F114= 4.7, p < 0.05; Figure 3F) and lower tail temperature than WT
mice (main effect of genotype: F16= 8.6, p < 0.05; Figure 3G). Hence, female RERKO mice
appear to produce more heat and dissipate less heat, contributing to their altered core temperature
phenotype. In line with our morphological findings, ERa in Rprm+ cells appears to specifically
regul ate thermogenesis in a sex-specific manner.

In addition to altered thermogenesis, RERKO female mice appeared to have reproductive
deficits. RERKO mice did not cycle well, mostly remaining in diestrus or metestrus (Supp.
Figure 4A, B). RERKO mice had heavier ovarian (tg = 2.5, p < 0.05) and uterine masses (t3 =
5.9, p <0.0001; Supp. Figure 4D), and histological examination revealed abnormal ovarian and
uterine anatomy (Supp. Figure 4C). Sex steroid hormones influence thermoregulation [40,41];
thus, it is possible that differing hormonal milieu between WT and RERKO underlie the


https://doi.org/10.1101/2024.12.02.626488
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626488; this version posted December 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

temperature phenotype. To address this, females were ovariectomized, and temperature was
compared between WT littermates and RERKO mice seven days later. There was a main effect
of genotype (F112= 5.5, p < 0.05) and an interaction between genotype and hour of day (Fz3270=
1.7, p < 0.05; Supp. Figure 5). Ovariectomized RERKO mice had elevated temperature relative
to ovariectomized controls, particularly during the light phase (Supp. Figure 5). Thus, RERKO
mice have altered thermoregulation, that is at least partialy, independent from changesin

ovarian hormones.

3.4 Esrl knockout in Rprm cells reduces ERa immunoreactivity in thermoregulatory
hypothalamic regions.

In the brain, ERa is expressed in brain regions involved in thermoregulation and energy intake
and expenditure (e.g., MPO, VMHuvI, and the ARH) [13,42]. Interestingly, Rprmis co-expressed
in al of theseregions (Figure 1D). RERKO mice had fewer ERa cellsinthe AVPV, VMHVI,
and ARH (Figure 4D, F, G). Notably, we did not observe an effect of RERKO on ERo+ cell
counts in the MPO, an area containing estrogen sensitive neurons that can drive atorpor-like
state (Figure 4E)[13]. We note that the sex difference in ERa in the VMHvI was completely
abolished in RERKO mice, dueto areduction in both sexes (Figure 4F). We did not have
sufficient power to confirm the expected sex differencein ERa cell countsin the AVPV, but
nevertheless, observed a decrease in RERKO mice relative to controls in males and females
(Figure 4D).

3.5 Ablating Rprm+ cells in the VMHvI decreases core temperature and increases fat
depots.

We hypothesized that the temperature phenotype in RERKO mice may involve the VMHvI given
our previouswork [12]. To test this, we delivered an AAV expressing a Cre-dependent and self-
activating caspase into the VMHvI of RprmCre mice to specifically ablate Rprn+ cellsin this
brain region [37]. Because there is not an acceptable antibody for Reprimo, we labeled ERa to
validate caspase-mediated cell death of Esr1/Rprm cellsin the VMHvI. We observed a decrease
in ERo+ immunoreactivity between controls and caspase-treated micein the VMHvI (Figure
5C), but not in the ARH (Figure 5D). Caspase-treated mice had decreased core temperature
(main effect of group: F.,= 11.20, p < 0.01; Figure 5E) and heavier BAT (t10 =4.02, p < 0.01),
IWAT (tipo=2.23, p = 0.05), and gWAT (t12 = 4.03, p < 0.01). Activity levels were unaffected by
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caspase treatment (Figure 5F), as was total body mass (Figure 5G) or uterine mass (Figure 5K).
This provides additional evidence that Rprm+ neurons regulate thermogenesis [12]. Importantly,
we observe these effects without an effect on the uterus, a bioassay for circulating estrogen levels

[43], suggesting that this effect is not secondary to any potential changes in circulating estrogens.

Discussion

We investigated the role of Esr1 in Rprm+ cells and the specific contribution of VMHvI™™
neuronson energy homeostasis. First, we characterized the Rprm lineage using a novel RprmCre
mouse and an Ai14 reporter. We observed Rprm-driven tdTomato expression in the pancreas,
uterus, ovary, pituitary, and brain. Interestingly, we did not observe the expression of Rprmin fat
depots associated with heat generation or retention, including BAT, iWAT, or gWAT. Figueroa et
al. proposed that Rprm expression is conserved given limited, yet similar expression in intestinal,
vascular, and neural tissues in both humans and zebrafish [31]. Building on the idea that Rprm
has limited expression patterns, it isintriguing that Rprm appears predominantly expressed in
hormone-producing or hormone-transporting tissues (i.e., ovaries, pituitary, pancreas, brain, and
blood vessels). In particular, these tissues are estrogen sensitive [44-46]. This pattern suggests
that Rprm may play arolein hormonal regulation, potentially influencing hormone receptor
function in specific tissues or cell-types.

Next, we tested the role of Esr1 in Rprm-expressing cells using Rorm™®; Esr1”" (RERKO)
mice. In the adult brain, Esr1 and Rprm are co-expressed in at least four hypothalamic nuclei: the
AVPV, the MPO, the VMHuvI, and the ARH. RERKO mice had reduced ERo+ cell countsin all
of these regions, except the MPO. These regions are associated with energy homeostasis and
reproduction prompting us to compare these phenotypes in wildtype and RERKO mice.

As mice aged to four months, there was a subtle increase in body weight in males, but not
females. However, there were no significant differences in fat mass, lean mass, or food
consumption between RERKO mice and their WT siblings in male or female mice. We observed
areduction in ERo+ cellsin the ARH, suggesting that Rprm-negative ERa. cells in the ARH may
instead modulate food intake. The most notable phenotype was a doubling of BAT mass that was
specific to females. This was surprising since previous studies on global Esr1 KO mice report
significant weight gain and adiposity, but no change in BAT mass [33,34]. Thus, despite
expecting Esrl to be knocked out across multiple tissues in the Rprm lineage, Esrl lossin

Rprm+ cells resulted in a more restricted phenotype.
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Because we found the strongest effect of RERKO on the mass of thermogenic BAT, we
compared the temperature of the core, BAT and tail skin. Control mice displayed typical
circadian changes in core body temperature with lowered core and BAT temperaturesin the
inactive phase. Interestingly, core and BAT temperature in the inactive phase was higher in
RERKO mice relative to controls, while tail temperature was reduced. The effect on core
temperature was observed in females but not males, suggesting that estrogen signaling in the
Rprm lineage is particularly important for maintaining normal temperaturesin females.
Moreover, BAT and tail temperature appear to lose circadian rhythmicity, with BAT temperature
remaining high during the day in RERKO females. RERKO mice have lower core temperatures
in the active phase, contributing to a stabilization of core body temperature across the dark and
light cycles. In summary, we posit that without Esr1 in Rprm lineage cells, BAT thermogenesis
and tail dissipation lack circadian fluctuations and contribute to a plateauing of core body
temperature in RERKO mice.

In addition to differences in thermoregulation, we observed reproductive deficitsin female
RERKO mice: they did not cycle well and had abnormal reproductive anatomy. Thus, a
limitation of this mouse model is potential differencesin hormone levels, which may indirectly
alter physiology and metabolism. To address this, we ovariectomized RERKO and WT mice and
found persistent differences in core temperature. Ovariectomized RERKO mice still had elevated
core temperature that was most pronounced in the inactive phase. Notably, temperature did not
appear to differ between RERKO and controlsin the first half of the active phase. Thus, the
decrease in temperature in the active phase may be hormonally-driven rather than a direct
consequence of ERo ablation, and thus not apparent in ovariectomized RERKO mice. It is
tentatively promising that the increase in temperature in the inactive phase remainsin
ovariectomized mice, supporting the idea that estrogen regulation in Rprm lineage cells may be
important for diurnal decreases in temperature.

Because we did not detect developmental Rprm expression in BAT nor iWAT, we
hypothesized that RERK O mice had atered central regulation of energy expenditure. Movement
and BAT-mediated thermogenesis are associated with the VMHvI [11,12], making it the most
promising mediator of atemperature phenotype. To conclusively test that RprnVEsr1 neurons are
involved in thermogenesis, we ablated Rprnmt+ cells in the VMHUVI by stereotaxic delivery of a

Cre-dependent caspase. We observed a ~40% decrease in the number of ERo cellsin the
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VMHuVI, consistent with our prior observation that 41% of ERo. cells co-express Rprm[12].
Notably, the number of ERa cellsin the nearby ARH was not affected. Caspase-treated mice had

lower core temperature than controls with no changes in movement, similar to previous effects of
knocking down Rprmin the same region [12]). We also observed heavier BAT mass in caspase-
ablated mice, suggesting an effect on BAT-mediated thermogenesis. Together, these studies
suggest that VMHVI™™ cells increase core body temperature and that the effects of Esrl KO in
the Rprm lineage cells are likely mediated by the VMHvI.

Conclusion
In summary, we use an intersectional gene expression knockout approach to show that

estrogen-dependent regulation of Rprm cells alters temperature, partly by modulating BAT
thermogenesis and heat dissipating processes. Rprm expression is not found in brown or white
adipose tissue, suggesting Esr1 in Rprm neurons (as opposed to in adipose tissue) is critical for
proper thermoregulation. Specifically, it appears that Rprm+ cellsin the VMHvI drive heat
generation via BAT. This adds to a body of literature showing specialization of sub-populations
of ERa neurons or gene function in the VMHvI [11,14,23,25,47]. By identifying the cells driving
regulation of thermogenesis, our research opens potential avenues for new precision treatments

in metabolic disorders, such as obesity and menopause.
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Figure 1. Rprm lineagetracing revealsrobust expression in the brain and peripheral

tissues. (A) Schematic representation for the generation of Rprm™; Ai14”* mice. Heterozygous

Rprm©"® mice were bred with Ai14”" mice to produce Rprm™; Ai14 " mice expressing tdTomato
in Rprm lineage tissues. Cre-negative littermates (WT;Ai14 " mice) were used to establish
baseline tdTomato levels. (B-D) Representative images of tissues harvested from adult (13-15
weeks old) Rprm®" Ai14™ and WT; Ai14"™ mice. (B) Left —images highlighting tdTomato
expression throughout the whole brain in male mice. Right — 30 um DAPI-stained coronal brain
sections emphasi ze the expression of tdTomato in the cortex, thalamus, and hypothalamus across
representative bregmalevels. Scale bars = 1 mm. (C) Left — peripheral tissues exhibiting
tdTomato expression include the uterus, & ovary in female mice. Right — adipose tissue depots
(BAT, iWAT, and gWAT) do not express tdTomato. Brightfield images displayed on top,
fluorescent images below. Scale bars = 200 um. (D) Single-molecule in Situ hybridization
reveals Esrl (magenta) and Rprm (yellow) co-expression in the AVPV, VMHvI, and ARH of an
adult female mouse and the MPO of an adult male mouse. Dashed lines indicate regions of
interest and landmarks. Scale bars = 50 um. BAT = brown adipose tissue, IWAT = inguinal
white adipose tissue, gWAT = gonadal white adipose tissue, AVPV = anteroventral
periventricular nucleus, Och = optic chiasm, 3V = third ventricle, MPO = medial preoptic area,
MPN = medial preoptic nucleus, PVpo = Periventricular hypothalamic nucleus, VMHvI =
ventrolateral area of ventromedial hypothalamus, ARH = arcuate nucleus, ME = median
eminence.
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Figure 2. Er1 KO in Rprm lineage cells (RERK O) sex-specifically alters brown adipose
tissue. (A,B) BAT (A) and iWAT (B) mass from adult male and female control littermates
(black dots) and RERKO mice (gray dots). N = 10 WT males, 11 WT females, 9 RERKO males,
and 14 RERKO females. (C) Representative images of iIWAT (top) and BAT (bottom) in WT
(left) and RERKO (right) mice. Ruler with centimeters added for scale. (D) Representative
images of hematoxylin and eosin staining of WT (top) and RERKO (bottom) in 8-week-old
mice. Scale = 20 um. (E-G) Body composition analysis of male and female WT and RERKO
mice at 16 weeks of age via EchoMRI: body mass (E), percent fat mass (F), and percent lean
mass (G). N =5 WT males, 5 WT females, 5 RERKO males, and 6 RERKO females. H) Food
consumption averaged over seven daysin WT and RERKO mice. N =8 WT males, 6 WT
females, 9 RERKO males, and 10 RERKO females. The mean and standard error of the mean are
depicted on all graphs, aswell asindividual data points. Two-way ANOV As used for statistical
analysis; differences between WT and RERK O tested within each sex using Sidak's multiple
comparisons test following a significant interaction. ** p < .01, *** p < 0.001, **** p < 0.0001.
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Figure 3. KO of Esrl in Rprm lineage cells sex-specifically impacts ther mor egulation.

(A) HNlustration of a mouse implanted with an intraperitoneal probe to record temperature and
locomotion. In addition, a probe is placed above the BAT and on the base of thetail to measure
heat generation and heat dissi pation, respectively. Custom 3d printed sleeves are used to secure
the probes. (B-E) Core body temperature in Celsius or activity counts of WT siblings (black) and
RERKO mice (malesin blue; femalesin red) averaged hourly across 24 hours. N = 8 WT males,
8 RERKO males, 11 WT females, 10 RERKO females. (F, G) Temperature averaged hourly
above the BAT or at base of thetail in female control (black) and RERKO (red) across 24 hours.
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N for BAT data=8 WT, 8 RERKO. N for tail data=4 WT, 4 RERKO. Mean and standard error
of the mean plotted at each time point. Two-way mixed ANOV As used for statistical analyses.
Significant interaction followed by Sidak's multiple comparisons at each time point. ZT =
Zeitgeber time. C = Celsius. Shaded box indicates the dark (active) phase of the day.
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Figure 4. RERK O mice have reduced ERa immunor eactivity in hypothalamic
thermor egulatory hubs. (A-C) Images of ERa immunoreactivity (red) in coronal sections of the
brain containing the anteroventral periventricular area (A; AVPV), medial preoptic area (B;

MPO), ventrolateral area of the ventromedial hypothalamus (C; VMHUVI), and arcuate nucleus
(C; ARH). Tissueis counterstained with DAPI (blue). (D-G) Quantification of ERa+ céllsin
male and female WT (black dots) and RERKO (gray dots) miceinthe AVPV (D), MPO (E),
VMHuvI (F) and ARH (G) (N = 2 - 8 per group). Statistical analysis performed using Two-way
ANOVA followed by Sidék's multiple comparisons test, if applicable. The mean and standard
error of the mean are depicted. Individual data points are shown in figures. ** p < .01, *** p<
0.001, **** p < 0.0001. Scale bars = 100 um. Boundaries of nuclel and landmarks outlined to aid
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in visualization. LPO = lateral preoptic area, MPN = medial preoptic nucleus, VLPO =
ventrolateral preoptic area. dm = dorsomedial, ¢ = caudal, 3V = third ventricle.
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Figure 5. Ablating Reprimo+ céllsin the ventromedial hypothalamus (VMH) reduces core
temper aturein female mice. (A) Illustration depicting the stereotaxic delivery of acre-

dependent caspase or control virusinto the VMHvI of female mice. (B) Image of ERa

immunoreactivity (yellow) in the mediobasal hypothalamus in a control (GFP; left) and caspase-
treated (casp; right) mouse. Nuclei delineated to aid in visualization. (C, D) Quantification of
ERo+ cellsin the VMHvI and ARC in control (gray bar) and caspase-treated (red bar) female
mice. (E, F) Core temperature and activity counts averaged hourly across 24 hoursin control
(black) and caspase-treated (red) mice. (G) Body mass of control (GFP) and caspase-treated mice
at 8 weeks of age. (H-K) Mass of dissected BAT (H), iIWAT (1), gonadal WAT (J), and uterus
(K) from GFP and caspase mice. N =5 GFP and N = 7 caspase for al plots. Statistical analysis
performed using t-test or mixed model Two-way ANOV As. The mean and standard error of the
mean are depicted. Individual data points are shown in figures C-D and G-K.* p< 0.05, ** p<
.01, **** p < 0.0001. Scale bar = 100 pm. VMH = ventromedial hypothalamus (¢ = caudal, dm =
dorsomedial, and vl = ventrolateral areas), ARH = arcuate nucleus, 3V = third ventricle.


https://doi.org/10.1101/2024.12.02.626488
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626488; this version posted December 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pancreas

Pituitary

praybug

-

5

A:14”+ ®
o

RprmCre g
Ai14™ 8

Supplementary Figure 1: Additional tissues displaying tdTomato expression in
Rprm©® Ai14™ mice. Tissue harvesting and imaging reveal the expression of tdTomato in the
pancreas and pituitary in female mice. Brightfield images displayed on top, fluorescent images
below. Scale bars = 200 um.
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Supplementary Figure 2. Longitudinal body weight analysis of RERKO mice. (A) Body
mass measurements of control (black) and RERKO (blue) male mice from 5 to 16 weeks of age
(n=16 WT, n= 18 RERKO). (B) Body mass measurements of control (black) and RERKO (red)
female mice from 5 to 16 weeks of age (n = 13 WT, n = 13 RERKO). In females, we only
detected an effect of age (F11233 = 61, p < 0.0001). Mean and standard error of the mean plotted
at each time point. A mixed-effects mode using Restricted Maximum Likelihood (REML)
estimation was used for statistical analysis due to missing values.
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Supplementary Figure 3. BAT nuclel and BAT adipose quantification in control and
RERKO mice. A) Nuclei within afixed area of BAT tissue were counted in 40x imagesin
control and RERK O adult female mice. B) To roughly compare the adiposity in BAT tissue, the
total area of the white portion of BAT images (a proxy for fat droplets) was also estimated using
thresholding analysisin ImageJ. Statistical analysis performed using t-test.
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Supplementary Figure 4. RERK O female mice have disrupted reproduction. (A) Images
depict vaginal lavages from WT (left) and RERKO (right) mice stained with Giemsa. While the
WT mice display expected cellular morphological changes across the estrous cycle, swabs from
RERKO mice mostly contain leukocytes. (B) The percent of days across 14 days spent in
diestrus [D], proestrus [P], estrus [E], and metestrus [M] in WT (left) and RERKO (right) mice.
(C) Ovarian histology visualized with hematoxylin & eosin stain. Follicular cysts are present and
the corpus luteum is absent in the ovary from RERKO mice. CL = corpus luteum, F = ovarian
follicles, Cy = cyst. Scales are 100 um (ovary) and 500 um (uterus). D) Dissected ovarian and
uterine mass from control (black) and RERKO (gray) mice. T-test used to compare between
groups. The mean and standard error of the mean are depicted. Individual data points are shown
in Figure D. * p<0.05, **** p <0.0001.
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Supplementary Figure5. Core temperaturein RERKO mice lacking ovaries. Core
temperature averaged hourly across 24 hoursin ovariectomized (OVX) WT littermates (black) or
RERKO (red) mice. Two-way mixed ANOV As used for statistical analysis. The mean and
standard error of the mean are depicted for each hour. * p < 0.05. ZT = Zeitgeber time. C =
Celsius. Shaded box indicates the dark (active) phase of the day.
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