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ABSTRACT OF THE DISSERTATION 
 

In the Heat of the Moment:  

Uncoupling Hypothalamic Cellular Identity from Marker Gene Function to Understand Murine 

Thermoregulatory Circuits 

 

by 

 

Norma P. Sandoval 

Doctor of Philosophy in Molecular, Cellular and Integrative Physiology 

University of California, Los Angeles, 2026 

Professor Stephanie M. Correa, Chair 

 

Estrogen deficiency at menopause is associated with a plethora of symptoms with long-

lasting effects on quality of life and health span. These symptoms include decreased energy 

expenditure that is often accompanied by unpredictable and uncomfortable changes in body 

temperature known as hot flashes. Hormone therapy can improve metabolic profiles after 

menopause but can also increase the risk for certain cancers. The overarching goal of my 

dissertation is to uncover the neuronal and molecular targets of estrogen in the hypothalamus 

that modulate various aspects of thermoregulation and understand the physiologically relevant 

contexts in which they function. Ultimately, my research may identify therapeutics that mimic the 

thermal effects of estrogen while circumventing the negative effects of hormone therapy. 

The ventrolateral subdivision of the ventromedial hypothalamic nucleus (VMHvl) 

modulates aspects of energy expenditure and comprises heterogenous estrogen-sensitive 

neuronal populations. However, whether its role in energy expenditure arise from the activity of 

specific neuronal subpopulations or the genes defining them, remains unknown. We previously 

found that the p53-regulated and estrogen-responsive gene Reprimo (Rprm) is expressed within 



 
 

 iii  
 

the VMHvl, shows higher expression in females than males, and increases body temperature 

when transiently silenced. While this initial work identified a molecular candidate that may 

regulate body temperature in a sex-specific manner, outstanding questions remained due to the 

lack of a mouse model allowing us to probe further into the function of this specific cell type. 

My dissertation research has aimed to rigorously define the function of the Rprm+ 

neuronal population in the VMHvl by discriminating the role of the Rprm gene from the actions 

of Rprm+ neurons. This is an important distinction to make since the function of a gene does not 

necessarily equate to the function of the cells that express it. For instance, genes can function in 

cell non-autonomous ways and neurons express many different genes that coordinate function. 

To address this, we generated a RprmCre-FRT knock-in mouse model that has enabled me to use 

state-of-the-art viral tools to understand the molecular, cellular, and circuit-level characteristics 

of this neuronal population. Altogether, this dissertation makes three key contributions to our 

understanding of the Rprm+ population in the VMHvl. First, I thoroughly characterized the novel 

RprmCre-FRT mouse line, verifying construct integrity, Cre recombinase activity and function, and 

gene expression fidelity (Chapter 2). With this model validated, I then took advantage of the 

Cre-lox system to define the function of Rprm+ neurons, both by manipulating their activity to 

determine whether this was sufficient to alter thermoregulation, and by using circuit-mapping 

viral tools to characterize the anatomical circuitry in which these neurons operate (Chapter 3). 

Finally, I leveraged the RprmCre-FRT mouse model and the Flp-FRT system to permanently ablate 

Rprm expression via two approaches differing in temporal and spatial scale, assessing its 

necessity for thermoregulation across different physiological contexts (Chapter 4).  
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The role of Rprm as a tumor suppressor 

Reprimo (Rprm) is a p53- and estrogen-responsive gene encoding a 109 amino acid 

protein whose structure is not clearly defined beyond a putative transmembrane helix (UniProt: 

Q9JJ72) (The UniProt Consortium et al., 2025). While Rprm is expressed in healthy tissues in 

both humans and rodents, most reports on Rprm function have focused on its 

pathophysiological role in cancerous tissues, emphasizing its tumor-suppressing abilities as a 

p53 target gene (Ohki et al., 2000; Takikawa and Ohki, 2025). For instance, Rprm has been 

shown to play a critical role in the DNA damage response in mice (Li et al., 2022; Ye et al., 

2023; Zhang et al., 2022). Interestingly, Rprm deletion has a greater protective effect against 

radiation-induced hematopoietic injury in male but not female mice (Li et al., 2022), potentially 

due to the repressive effects of estrogens on Rprm (Malik et al., 2010). Further, 

hypermethylation of the Rprm promoter, and the resulting reduction in Rprm expression, has 

been reported in various cancers (Takikawa and Ohki, 2025) including gastric (Amigo et al., 

2018; Ooki et al., 2013), pancreatic (Sato et al., 2008, 2003), pituitary (M. Xu et al., 2012), and 

breast (Buchegger et al., 2017) cancers. 

Recent studies have begun elucidating the molecular mechanisms by which Rprm exerts 

its tumor suppressing effects. For instance, both cytoplasmic and nuclear intracellular sites of 

action have been identified, as well as a recently discovered extracellular role for Rprm via its 

binding to receptors of the protocadherin family (Takikawa et al., 2025; Takikawa and Ohki, 

2025). Further, in mouse models of gastric cancer, Rprm overexpression suppresses tumor 

growth via both autocrine and paracrine activity (Ooki et al., 2013; Takikawa and Ohki, 2025). 

However, while the role of Rprm in cancer suppression and its underlying mechanisms of action 

have been the focus of increasing study, the physiological and context-dependent roles of Rprm 

in healthy tissues have remained largely undefined until recent work from our group. 
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The role of Rprm in the mouse brain 

Estrogen-sensitive neurons in the ventrolateral subdivision of the ventromedial 

hypothalamic nucleus (VMHvl) regulate aspects of metabolism such as glucose homeostasis 

(He et al., 2020; Routh, 2010; Yoon and Diano, 2021) and two components of energy 

expenditure, physical activity and thermogenesis (Correa et al., 2015; Krause et al., 2021; 

Martínez de Morentin et al., 2014; Musatov et al., 2007; Park et al., 2026; van Veen et al., 2020; 

Xu et al., 2011; Ye et al., 2022), in sex-specific ways. Beyond modulating metabolism, the 

VMHvl also regulates reproductive and social behaviors (Hashikawa et al., 2017; Oliveira et al., 

2025; Silva et al., 2013; Yin et al., 2022), anxiety (Cheung et al., 2015; Mccarthy et al., 1996), 

and arousal (Devidze et al., 2006; Krause et al., 2021). 

Our group previously identified striking expression of Rprm within the VMHvl in female 

mice (van Veen et al., 2020). We further discovered that partial Rprm gene knockdown in the 

VMHvl via short interfering RNA pools (siRNAs) alters energy expenditure by increasing core 

body temperature (Tc) and brown adipose tissue (BAT) thermogenesis without affecting 

movement in female mice (van Veen et al., 2020). Knockdown of Rprm in males, which express 

little to no Rprm in the VMHvl, does not alter Tc (van Veen et al., 2020).  

To gain further insight into the function of this population, we generated a RprmCre-FRT 

knock-in mouse line (Park et al., 2026) allowing us to leverage the Cre/loxP and Flp/FRT 

systems. We first used this novel mouse to characterize the Rprm lineage by crossing it with a 

Cre-dependent Ai14-mediated reporter. In doing so, we identified robust Rprm expression 

throughout the brain, uterus, ovary, pituitary, and pancreas, all estrogen-sensitive tissues (Park 

et al., 2026). We further discovered that female mice harboring a knockout of estrogen receptor 

alpha (Esr1 encoding ERα) in Rprm lineage cells displayed mild alterations in Tc and BAT 

thermogenesis. Further, caspase-mediated loss of Rprm+ cells throughout the mediobasal 

hypothalamus (MBH) caused a subtle yet sustained decrease in Tc in female mice (Park et al., 
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2026). These studies, along with our prior siRNA manipulations, cement the idea that Rprm+ 

cells, and the estrogen signaling within them, play important roles in regulating BAT 

thermogenesis and core body temperature. Interestingly, neither of these manipulations resulted 

in significant alterations to overall metabolic outcomes, such as body weight or composition. 

Thus, it is possible that these Rprm-mediated alterations to energy expenditure impact 

physiologies beyond metabolism in females.  

The thermoregulatory and behavioral roles of the VMH 

While the functions of the VMHvl are often studied independently, they are inextricably 

linked, offering an opportunity to develop a more integrated understanding of the crosstalk 

between energy expenditure and behavior. For instance, previous studies have identified 

neuronal subpopulations within the dorsomedial subdivision of the VMH (VMHdm) that modulate 

energy expenditure across broader behavioral contexts. Namely, preprodynorphin (Pdyn)-

expressing cells modulate social interactions and a resulting hyperthermia, in part, by activating 

BAT thermogenesis (Feng et al., 2022). Further, Cav3.1 expression in the male VMHdm 

mediates neuronal activity patterns during chronic stress and integrates this information to 

regulate energy expenditure and anxiety (Shao et al., 2022). Subpopulations defining the 

broader VMH, not just the VMHdm, have also been implicated in the regulation of anxiety-like 

behaviors and energy expenditure, such as those defined by expression of vesicular glutamate 

transporter 2 (Vglut2) (Cheung et al., 2015), calmodulin-dependent protein kinase II alpha 

(CaMKII) (Li et al., 2023), and steroidogenic factor 1 (SF1) (Kunwar et al., 2015; Shao et al., 

2023; Silva et al., 2013; Viskaitis et al., 2017; Zhao et al., 2008).  

The association between anxiety-like behaviors and Tc elevations is known as stress-

induced hyperthermia (SIH) (Adriaan Bouwknecht et al., 2007; Harshaw et al., 2021; McGivern 

et al., 2009; Nakamura, 2015; Oka, 2018, 2015; Olivier et al., 2003; Veening et al., 2004; 
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Vinkers et al., 2009a, 2009b; Zethof et al., 1994). One of the most well-defined SIH responses 

arises from social interactions, which, as we described above, is in part regulated by Pdyn+ 

neurons in the VMHdm (Feng et al., 2022). Novelty, whether a new environment or an 

unfamiliar object, is another environmental stimulus known to elicit an SIH response (Adriaan 

Bouwknecht et al., 2007; Oka, 2018, 2015). Interestingly, it has been shown that female mice 

lacking glutamatergic signaling in the VMHvl display heightened novelty-associated changes in 

locomotion and anxiety-like behaviors (Cheung et al., 2015), potentially contributing to the SIH 

response. These studies highlight a critical link between the VMH, energy expenditure, and 

broader behavioral responses that require further study.   

The behavioral and physiological responses to novelty 

When rodents are exposed to novelty, this may represent a potential threat or a 

rewarding experience. The adaptive behavioral and physiological responses to novelty reflect 

this dual nature. Initial exposure often triggers an anxiety-like response known as neophobia, 

characterized by freezing, avoidance, and hesitant movement. This is then followed by a phase 

of intense exploration and hyperactivity, known as neophilia, which gradually subsides to basal 

activity levels as rodents habituate to the novel stimulus (Lustberg et al., 2020). The locomotor 

response to novelty has been widely reported in rodents and is often used as a tool to assess 

an animal’s predisposition to develop anxiety-, depressive-, or addictive-like behaviors (Cain et 

al., 2005; Gancarz et al., 2012; Kirschmann et al., 2025; Nyssen et al., 2016; Piazza et al., 

1989; Redolat et al., 2009; Shimosato and Watanabe, 2003; Vidal-Infer et al., 2012; White et al., 

2007). For instance, it has been shown that rats displaying high novelty-induced locomotor 

reactivity are prone to elevated risk-taking and addictive behaviors whereas those with damped 

novelty-induced locomotion are prone to developing anxiety- and depressive-like behaviors after 

stress (Belin et al., 2011; Calvo et al., 2011; Davis et al., 2008; Dellu et al., 1996; Kirschmann et 

al., 2025; Piazza et al., 1991; Suto et al., 2001). 
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The striatal dopamine system modulates the locomotor response to novelty. Rats 

characterized by heightened novelty-induced locomotion have more spontaneous dopamine 

release events, elevated dopamine levels within the nucleus accumbens, and lower mRNA 

expression of the dopamine D2 receptor in the dorsal striatum, than rats with low novelty-

induced locomotion (Flagel et al., 2014; Hooks et al., 1994; Kirschmann et al., 2025; Mabrouk et 

al., 2018; Marinelli and White, 2000). The noradrenergic system is another critical mediator of 

novelty-induced behavioral outcomes. For instance, damage to the locus coeruleus (LC) 

norepinephrine (NE) system suppresses behavioral responses to novelty (Archer et al., 1981; 

Delini-Stula et al., 1984; Harro et al., 1995; Neophytou et al., 2001; Sara et al., 1995; Stone et 

al., 1999), and mice lacking NE display blunted novelty-induced locomotion (Lustberg et al., 

2020). Further, a putative noradrenergic novelty network (NNN), comprised of several nuclei 

including the LC, bed nuclei of the stria terminalis (BST), and the basolateral amygdalar nuclei 

(BLA), among others, has recently been identified (Lustberg et al., 2020). Interestingly, many of 

these regions are downstream targets of estrogen-sensitive VMHvl neurons (Cabrera-Zapata et 

al., 2026; Krause et al., 2021; Lo et al., 2019).  

As discussed previously, the VMHvl is a critical modulator of thermogenesis and 

physical activity in mice, which have primarily been studied in the context of gross energy 

metabolism and the resulting effects on body weight and composition. Thus, it will be imperative 

for future studies to elucidate whether these estrogen-sensitive VMHvl subpopulations, such as 

those defined by Rprm expression, function within the NNN to exert effects at the intersection of 

energy expenditure, behavior, and affective states.    

Next steps 

 This brief introduction outlines our current understanding of Rprm function, from its 

pathophysiological roles involving DNA damage and cancer, to the VMHvl-specific 

thermoregulatory role in healthy female mice. Homing in on the VMHvl, we situate this Rprm+ 
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subpopulation within the greater body of work linking the VMH to energy expenditure, anxiety, 

and behavior. We further discuss stress-induced hyperthermia and its extension to novelty as a 

naturalistic stimulus that engages both thermoregulatory and anxiety-related circuits. Despite 

this knowledge, the function of Rprm+ neurons in the VMHvl within this broad behavioral and 

thermoregulatory network remains undefined. The following chapters aim to address these gaps 

by first characterizing the thermoregulatory role of Rprm+ neurons within the VMHvl and then 

defining the specific contribution of Rprm gene expression to novelty-induced changes in body 

temperature and behavior.   
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Chapter 2: Validating a novel mouse model pivotal to establishing the functional role of 
the Rprm+ population in the VMHvl 
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The need for a mouse model 

The p53- and estrogen-responsive gene, Reprimo (Rprm), defines a sexually dimorphic 

subpopulation within the ventromedial hypothalamic nucleus (VMHvl) characterized by robust 

enrichment in female mice (van Veen et al., 2020). This female- and VMHvl-specific expression 

pattern led us to hypothesize that the Rprm-expressing (Rprm+) population may function in at 

least one of the known female-specific roles modulated by the VMHvl, such as sexual behavior 

(Lee et al., 2014; Oliveira et al., 2025; Yin et al., 2022), aggression (Hashikawa et al., 2017), or 

energy expenditure (Correa et al., 2015; Krause et al., 2021; Martínez de Morentin et al., 2014; 

Musatov et al., 2007; Park et al., 2026; van Veen et al., 2020; Xu et al., 2011; Ye et al., 2022), 

to name a few. To begin deciphering the function of the Rprm+ population, we first used short 

interfering RNA pools (siRNAs) injected into the VMHvl to silence gene function and discovered 

that partial Rprm gene knockdown increased brown adipose tissue (BAT) thermogenesis and 

core body temperature without affecting physical activity (van Veen et al., 2020). While 

informative for identifying the short-term consequences of destabilizing Rprm expression and 

pointing to a potential role in thermogenesis, this approach led to partial knockdown, precluded 

analysis of the long-term consequences of gene loss, and failed to fully address the function of 

Rprm+ cells, which of course express other genes and signaling molecules. Further, this study 

did not elucidate the anatomical connectivity nor the physiologically relevant contexts under 

which Rprm-mediated thermogenesis is required. However, at the time, we were limited by the 

lack of a mouse model permitting Rprm-specific manipulations. To address these limitations, we 

designed and generated a RprmCre-FRT mouse line allowing me to leverage the Cre/loxP and 

Flp/FRT systems to thoroughly characterize the Rprm+ population at the circuit, cellular, and 

molecular level, teasing apart the thermoregulatory dynamics of Rprm+ neurons from the 

contribution of Rprm gene expression. This is an important distinction to make since the function 

of a gene does not necessarily equate to the function of the cells that express it.  
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Designing the RprmCre-FRT mouse line 

We designed our construct using a CRISPR-based approach targeting the genomic 

locus of the 327 bp single exon Rprm gene on murine chromosome 2 as described previously 

(Kammel, 2019; Park et al., 2026). In brief, the donor construct consisted of a double-stranded 

DNA repair cassette that included the coding sequence for Rprm linked to the codon-improved 

Cre recombinase (iCre) sequence via a P2A peptide. The P2A peptide was included due to its 

ability to induce ribosomal skipping, increasing the likelihood that distinct peptide products are 

generated, in roughly equal amounts, from a single multicistronic construct (J. H. Kim et al., 

2011). A 21 bp nuclear localization sequence was placed at the 5′ end of the iCre exon to help 

direct proteins into the nucleus. To induce proper DNA insertion, we also included homology 

arms (∼2000 bp) both upstream and downstream of the Rprm and iCre coding sequences. 

Finally, two 34 bp Flippase recognition target (FRT) sites were inserted in the upstream and 

downstream homology arms within 250 bp of the 5′ and 3′ exons, respectively (Figure 2.1).  

Once the construct was designed, it was then custom-synthesized and cloned (Genewiz, 

Inc), for a total length of approximately 8.0 kb. Injection of the CRISPR reagents and donor 

construct into pronuclear state embryos, and the transfer of viable embryos into foster females, 

as described previously (Kammel, 2019), was performed by the UCSD Transgenic Core Facility. 

The resulting pups and their foster mothers were then transferred to UCLA for subsequent 

model validation.  

Sequencing the RprmCre-FRT transgene verifies construct integrity  

Mouse transgenesis produced 20 pups, out of which two (mouse lines 23 and 26), 

successfully expressed Cre recombinase, and only one (mouse line 26) expressed both the 5’ 

and 3’ FRT sites as assessed via PCR and crude genotyping. Proper integration into the correct 

genomic locus was also successfully validated for line 26 but not line 23 (Kammel, 2019). Next, 

we used sanger sequencing to assess the entire knock-in cassette for lines 23 and 26. This will 
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help reveal any potential errors during integration that might be missed with simple PCR. To do 

so, we designed 9 pairs of overlapping primers using the Benchling software, spanning between 

the 5’ and 3’ junctions where the transgene meets the host gene. DNA was amplified via PCR 

and then extracted and purified for sequencing. Alignment against our theoretical reference 

sequence revealed significant integration errors in line 23, including mutations in the iCre 

sequence and a completely missing 3’ FRT site, in line with our previous PCR and crude 

genotyping results (Figure 2.2A, B). Line 26 displayed near perfect alignment to our reference 

sequence, with a single point mutation found in the 3’ UTR (Figure 2.3A, B). Female mouse 26 

was therefore used to propagate the line by breeding with a male C57BL/6J mouse. 

Heterozygous offspring from this cross were then used to generate a stable homozygous 

RprmCre-FRT mouse line that was used for future experiments (Figure 2.3C).   

Validating Cre recombinase expression and functional activity in RprmCre-FRT mice 

Having validated the sequence integrity of our knock-in allele in line 26, we next 

assessed whether Cre recombinase was functionally active in RprmCre-FRT mice. To do so, we 

first crossed RprmCre-FRT mice to a floxed Ai14 reporter strain to characterize the Rprm lineage. 

This should mark cells that express Rprm at any point throughout development with tdTomato 

fluorescence. We identified Cre-mediated tdTomato fluorescence in the brain, uterus, ovary, 

pituitary, and pancreas in adult RprmCre-FRT/tdTomato+ female mice (Figure 2.4A, B) (Park et al., 

2026), in line with evidence from human data demonstrating Rprm expression in the brain, 

female reproductive organs, endocrine tissues, and the gastrointestinal tract, with one difference 

being that humans express low levels of Rprm in the pancreas (The Human Protein Atlas, 

RPRM protein expression summary; (Uhlén et al., 2015). Specifically, the mouse brain exhibited 

widespread tdTomato that was most striking in the cortex, in accordance with the pattern of 

Rprm expression detected during early mouse development (Figure 2.4A) (Allen Institute for 
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Brain Science developing mouse brain, ISH data, entrez ID: 67874; (Thompson et al., 2014a). 

Conversely, tdTomato expression was absent in adipose tissue depots (Figure 2.4C). 

Since Ai14-mediated lineage tracing fails to distinguish developmental versus adult-

specific gene expression, marking any cell that has ever expressed Rprm and inducing 

fluorescence throughout the brain, we next specifically assessed Cre recombinase function in 

adult mice. To do so, we stereotaxically co-delivered two adeno-associated viruses (AAVs) into 

the VMH, a non-Cre-dependent AAV-GFP that labels the targeted region green, and a Cre-

dependent AAV-DIO-mCherry that specifically labels Cre+ (and by extension, Rprm+) cells red. 

Rprm expression within the VMH of female mice follows a distinctive pattern, with the most 

prominent expression confined within the estrogen-sensitive ventrolateral subdivision (VMHvl). 

Thus, if Cre recombinase in our model is functional, we would expect to see pronounced Cre-

mediated mCherry fluorescence specifically within the VMHvl. Fluorescent microscopy of the 

dual AAV injection in RprmCre-FRT mice validated that prediction (Figure 2.5A), with green 

fluorescence labeling the broader VMH, marking the area we targeted stereotaxically, while 

mCherry fluorescence was largely confined within the VMHvl, marking our Rprm+ population. 

Thus, while we previously validated the sequence integrity of our transgene, these temporally 

distinct approaches (the use of a reporter mouse to mark developmental Rprm expression and 

adult-specific stereotaxis with viral constructs) extend those results and confirm Cre 

recombinase functional activity in the RprmCre-FRT model.  

Validating gene expression fidelity in RprmCre-FRT mice 

While we validated that the Cre recombinase in our mouse line is functionally active, this 

does not inform us on the efficiency or specificity of Cre expression. Thus, we next assessed if 

the RprmCre-FRT transgene results in the stoichiometric expression of Rprm and Cre, as is 

expected due to the presence of the P2A peptide in our construct, or whether deviations in 

expression patterns occur. For instance, the introduction of a transgene can cause off-target Cre 
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recombinase expression. This would result in a higher proportion of cells that express Cre 

without Rprm. This would be a limitation since functionally it would lead us to inadvertently 

manipulate cells beyond those that express our gene of interest. Another concern arises from a 

potential failure of ribosomes to continue translation after reaching the P2A peptide. In our 

model, this would lead to a higher proportion of cells that express Rprm without Cre. 

Functionally, this would hinder our ability to fully characterize the Rprm+ population, as we would 

be unable to manipulate the subset of Rprm+ cells that do not express Cre.  

To assess the expression patterns of Rprm and Cre in RprmCre-FRT mice and determine 

whether any of these limitations are in effect, we used single-molecule in situ hybridization (ISH) 

to probe for Cre and Rprm mRNA transcripts in the VMHvl. We found that Cre expression 

faithfully recapitulated and was exclusively restricted to Rprm+ cells (Figure 2.5B, C). Thus, not 

only is Cre recombinase functionally active in RprmCre-FRT mice, but it also accurately and 

specifically targets Rprm+ cells.  

With the fidelity of Cre and Rprm expression in the RprmCre-FRT mouse validated, we next 

assessed whether the presence of the transgene itself alters endogenous Rprm expression 

when compared to wildtype C57BL/6J mice. Single-molecule ISH labeling Rprm mRNA 

transcripts did not detect differences in either the intensity of Rprm fluorescence (Figure 2.6A, 

B) or the number of Rprm+ cells (Figure 2.6C) between RprmCre-FRT and wildtype mice (Park et 

al., 2026). Thus, the endogenous pattern of Rprm expression in RprmCre-FRT mice is not affected 

by the transgene. Furthermore, we characterized the estrogen sensitivity of VMHvl neurons in 

RprmCre-FRT female mice and discovered that approximately 39.5 ± 3.4% of estrogen-sensitive 

(Esr1+) cells express Cre, and by proxy, Rprm, consistent with previous findings in wildtype mice 

(Figure 2.5D) (Park et al., 2026; van Veen et al., 2020). This further verifies that the RprmCre-FRT 

transgene does not affect endogenous gene expression patterns. 
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Scope of this dissertation 

In this chapter, we described the design, generation, and rigorous validation of the 

RprmCre-FRT mouse model, a powerful tool that has allowed me to complete the fundamental goal 

of this dissertation, to characterize the Rprm+ population in the VMHvl at the circuit, cellular, and 

molecular level. Chapter 3 leverages the Cre expression within our model, using chemogenetic 

and circuit tracing tools to define the thermoregulatory function and anatomical connectivity of 

the Rprm+ neurons in the VMHvl, respectively. Chapter 4 takes advantage of the FRT sites 

flanking Rprm to permanently knockout gene expression using two approaches differing in 

temporal and spatial scale to identify the thermoregulatory contexts in which this population 

functions. Altogether, these studies establish a framework for understanding how neuronal 

populations and the genes defining them can have distinct contributions to physiology. As 

increasingly refined molecular markers are used to define neuronal cell types, distinguishing 

cellular identity from marker gene function will be essential for understanding how molecular 

diversity shapes hypothalamic circuits and their function. 
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FIGURES 

Figure 2.1: RprmCre-FRT knock-in design 

The 8.0 kb construct consists of homology arms (~2kb in length) found upstream and 

downstream of the 5’ and 3’ Rprm UTRs, respectively, and contain the 34 bp FRT sites. The 5’ 

UTR is then followed by the 327 bp Rprm CDS that is then linked to the 1049 bp iCre sequence 

via the P2A (66 bp) and NLS (21 bp) sequences. Finally, the 3’ UTR is followed by the 

downstream homology arm. Below the construct diagram, the 9 color-coded primer pairs used 

to verify the sequence of the entire transgene are depicted, positioned at the location along the 

sequence where they bind. UTR = untranslated region, CDS = coding DNA sequence, FRT = 

Flippase recognition target sites, NLS = nuclear localization sequence.  
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Figure 2.2: Sanger sequencing reveals significant errors in sequence integrity for 
RprmCre-FRT mouse line 23 

(A) DNA from line 23 was extracted and selected target regions spanning the entire RprmCre-FRT 

transgene were amplified via 9 different PCR reactions. Only 7 out of 9 reactions yielded the 

appropriately sized fragments following gel electrophoresis and were therefore excised, purified, 

and processed for Sanger sequencing. (B) Results from Sanger sequencing aligned to the 

theoretical sequence via the Benchling software. Highlighted region represents a portion of the 

iCre sequence with significant errors, expanded below. Alignment success is depicted as 

follows: Grey = perfect alignment, red = mismatches, orange = low-confidence uncalled bases.  
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Figure 2.3: Sanger sequencing reveals near perfect sequence integrity for RprmCre-FRT 
mouse line 26 

(A) DNA from line 26 was extracted and selected target regions spanning the entire RprmCre-FRT 

transgene were amplified via 9 different PCR reactions. All 9 reactions yielded the appropriately 

sized fragments following gel electrophoresis and were therefore excised, purified, and 

processed for Sanger sequencing. (B) Results from Sanger sequencing aligned to the 
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theoretical sequence via the Benchling software. Highlighted region represents a portion of the 

3’ UTR where a single point mutation was detected. Alignment success is depicted as follows: 

Grey = perfect alignment, red = mismatches, orange = low-confidence uncalled bases.  
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Figure 2.4: Rprm lineage tracing reveals robust expression in the brain and peripheral 
tissues 

Heterozygous RprmCre-FRT mice were bred with Ai14f/f mice to produce RprmCre-FRT; Ai14 f/+ mice 

expressing tdTomato in Rprm lineage tissues. Cre-negative littermates (WT; Ai14 f/+ mice) were 

used to establish baseline tdTomato levels. (A-C) Representative images of tissues harvested 

from adult (13-15 weeks old) RprmCre-FRT; Ai14 f/+ and WT; Ai14 f/+ mice. (A) Left, images 

highlighting tdTomato expression throughout the whole brain in male mice. Right, 30 µm DAPI-

stained coronal brain sections emphasize the expression of tdTomato in the cortex, thalamus, 

and hypothalamus across representative bregma levels. Scale bars = 1 mm. (B) Peripheral 

tissues exhibiting tdTomato expression include the uterus, ovary, pancreas, and pituitary in 

female mice. (C) Peripheral tissues that do not express tdTomato include adipose tissue depots 

(BAT, iWAT, and gWAT) in female mice. Brightfield images displayed on top, fluorescent images 

below. Scale bars = 200 µm. BAT = brown adipose tissue, iWAT = inguinal white adipose tissue, 

gWAT = gonadal white adipose tissue.  
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Figure 2.5: Validating the functionality and fidelity of the RprmCre-FRT transgene 

(A) Top, schematic of stereotaxic AAV delivery into the VMH of RprmCre-FRT mice. Bottom, 

representative image of Cre-dependent mCherry (red) and non-Cre-dependent GFP (green) 

fluorescence in the VMH of a co-injected RprmCre-FRT female mouse; scale bar = 100 µm. (B) 

Representative images following single molecule in situ hybridization labeling Rprm (magenta), 

Cre (Cyan), and Esr1 (yellow) in RprmCre-FRT female mice; scale bars = 100 µm. Inset shows a 

zoomed-in image of the VMHvl, with a white arrow pointing to a cell expressing Rprm, Cre, and 

Esr1, and a green arrow pointing to a cell expressing Rprm and Cre, but no Esr1. (C) 
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Quantification of the number of cells expressing Rprm alone (magenta), Cre alone (Cyan), and 

both Rprm and Cre (purple) in the VMHvl (n = 9) with the mean ± SEM and data points for each 

mouse shown. In all 9 mice, Cre expression was exclusively restricted to Rprm+ cells. (D) 

Average number of cells expressing Esr1 alone (yellow), Cre alone (Cyan), and both Esr1 and 

Cre (green) in the VMHvl are depicted (n = 9). VMH = ventromedial nucleus of the 

hypothalamus; dm = dorsomedial, c = central, & vl = ventrolateral subdivisions, ARH = arcuate 

nucleus, 3V = third ventricle. 
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Figure 2.6: Endogenous Rprm gene expression is not altered by the knock-in allele in 
RprmCre-FRT mice 

(A) Representative images following single molecule in situ hybridization labeling Rprm 

(lavender) in RprmCre-FRT (top) and C57Bl6/J wildtype (bottom) female (left) and male (right) 

mice; scale bars = 100 µm. (B) Quantification of Rprm signal intensity within the VMH and ARH 

in 20 µm coronal sections from RprmCre-FRT (lavender circles, n = 7-8) and C57Bl6/J wildtype 

(gray squares, n = 6) mice. Statistical analysis was performed using an ordinary two-way 

ANOVA with the mean ± SEM and data points for each mouse shown. (C) Quantification of 

Rprm+ cells in the VMHvl of female RprmCre-FRT (n = 9) and C57Bl6/J wildtype (n = 5) mice. 

Statistical analysis was performed using an unpaired t-test; ns = not significant. VMH = 

ventromedial nucleus of the hypothalamus; dm = dorsomedial, c = central, & vl = ventrolateral 

subdivisions, ARH = arcuate nucleus, 3V = third ventricle. 
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MATERIALS AND METHODS 

Mouse models 

All procedures were approved by the UCLA Institutional Care and Use Committee 

(IACUC) in accordance with the National Institutes of Health (NIH) guide for the care and use of 

laboratory animals and carried out in approved facilities at UCLA. Mice were housed under a 

12:12 light-dark cycle (zeitgeber time (ZT) 0 = 7:00 am) under controlled humidity conditions at 

22-23 °C ambient temperatures with ad libitum access to water and breeder chow (Mouse Diet 

9F 5020, 20% protein, 9% fat, LabDiet; St. Louis, MO, USA).  

Experiments were performed on gonadally intact adult animals. The sex of a mouse was 

determined at weaning based on anogenital distance and confirmed postmortem based on the 

presence of ovaries or testes (Massa et al., 2023). RprmCre-FRT founder mice on a C57BL/6J 

background were generated by the University of California San Diego Transgenic & CRISPR 

Mouse Core and later bred and maintained in approved conditions at UCLA (Park et al., 2026). 

The homozygous RprmCre-FRT line were maintained using in-crosses. For lineage experiments, 

RprmCre-FRT mice were paired with Ai14f/f reporter mice (Jax catalog #007914) (Madisen et al., 

2010) to generate offspring that fluoresce tdTomato in tissues expressing Rprm (RprmCre-FRT; 

Ai14 f/+). 

Stereotaxic surgery 

Surgeries were performed on adult (10 months of age) RprmCre-FRT female mice. 

Following anesthetization, mice were placed on a stereotaxic device (Kopf Instruments model 

1900) with isoflurane maintained at 2-2.5%. Viruses were targeted to the VMHvl of adult mice 

using the following coordinates: 1.56 mm posterior to bregma, 0.85 mm lateral to the midline, 

and 5.60 mm below the brain surface. Viruses were delivered at a rate of 5-10 nL/sec using 
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pulled glass needles connected to Hamilton syringes. The needle was slowly removed from the 

brain 10 min after infusion to allow for viral diffusion. Viruses were delivered bilaterally into the 

VMHvl. The Cre-dependent AAV8-hSyn-DIO-hM3D(Gq)-mCherry (Addgene #44361-AAV8) and 

non-Cre-dependent AAV8-hSyn-EGFP (Addgene #50465-AAV8) were mixed in a 1:1 ratio and a 

total volume of 500 nL per side was delivered. Mice were administered pain management 

medications, including buprenorphine (0.01 mg/mL) and carprofen (0.58 mg/mL), on the day of 

surgery and the following day. Daily body weight and health monitoring was conducted for at 

least a week after surgery. 

Sanger Sequencing 

 DNA was extracted from ear biopsies using an NaOH-based extraction method (Truett et 

al., 2000). The Q5 High-Fidelity DNA Polymerase was used for the PCR screen (NEB #M0491) 

following manufacturer instructions. The following primer pairs were designed for sequencing 

across the RprmCre-FRT transgene: 

5’ FRT 

F: 5’-CCTGTCCACCTTACATCTGC-3’   

R: 5’-GCGCTGGCTTGATCACTTG-3’   

5’ UTR  

F: 5’-CAAGTTCCAAGAGCTCCCAG-3’ 

R: 5’-CATGCCTTCGGACTTGATGAG-3’  

Rprm CDS 

F: 5’-GTTCCTGGTCAACAGTAGCG-3’    

R: 5’-GATCTGCACACAGACAGGAG-3’ 

iCre first half 

F: 5’-GGATGCCACCTCTGATGAAG-3’   

R: 5’-CCTGCCAATGTGGATCAGC-3’    

iCre second half 

F: 5’-CATTGCCTACAACACCCTGC-3’  
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R: 5’-CCACCAGCCTGCATGATTTC-3’   

3’ UTR 

F: 5’-CTATGGTGCCAAGGATGACTC-3’  

R: 5’-CCTGGTTCATCTCCCAGTATC-3’  

3’ UTR second half 

F: 5’-CTTCTGGCACCTCCAGTAC-3’   

R: 5’-CAAACAGGCCACTAGGACAC-3’   

3’ FRT 

F: 5’-GCGACCTACTAAGAGAGTG-3’   

R: 5’-CAAATCCCTGGGCTCTCTG-3’    

3’ FRT second half 

F: 5’-GCTCTTGATATCCGTGACACC-3’    

R: 5’-CGAGAACCTACCTGACATTCG-3’   

Sanger sequencing results were then compared to the theoretical sequence via 

alignment using the Benchling software. 

Genotyping 

 DNA was extracted from ear biopsies using an NaOH-based extraction method (Truett et 

al., 2000). The Apex Taq Red Master Mix (Genesee Scientific #42-137) was used for PCR, with 

amplification achieved using a touchdown PCR strategy (van Veen et al., 2020). The following 

primers were designed for genotyping RprmCre-FRT mice:  

F: 5’-CTTCTTCCTTGGCTGCAACCTG-3’ 

R: 5’-CTCTCTCCCCAGCATCCACATT-3’ 

WTR: 5’-TCCTGTACAGTCTTGCTTGGGG-3’ 

Tissue collection and preparation 

Mice were deeply anesthetized with IP injection of sodium pentobarbital (15 mg/mL) and 

confirmed unconscious before proceeding. Mice were transcardially perfused with ice-cold 

DEPC-treated 1x phosphate-buffered saline (PBS, pH=7.4) until the lungs and liver cleared, 
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followed by ice-cold 4% paraformaldehyde (PFA) diluted from a 16% stock solution (Electron 

Microscopy Sciences, Catalog# 15700) in DEPC-treated PBS. Brains were harvested, post-

fixed in 4% PFA overnight, and dehydrated in 30% sucrose for 24-48 hours, maintaining RNase-

free conditions throughout. Brains were then embedded in optimal cutting temperature (OCT) 

compound (Fisher Scientific, Catalog# 23-730-571) and stored at –80 °C until cryosectioned. 

Coronal sections at a thickness of 20-30 µm were collected in 4-8 series using a cryostat (Leica 

CM1950) and either directly mounted on slides or collected free-floating in PBS and kept in 

Eppendorf tubes filled with cryoprotectant solution (30% sucrose, 30% ethylene glycol, 1% 

polyvinylpyrrolidone in 1x PBS) stored at –20 °C until further processing.  

Histology 

4′,6-diamidino-2-phenylindole (DAPI) stain 

Validation of stereotaxic targeting was carried out by visualization of mCherry and GFP 

reporter expression and a DAPI counterstain. Briefly, slide-mounted sections were brought to 

room temperature, or sections were mounted on slides if stored free-floating, and allowed to 

fully dry before proceeding. Slides were then rinsed with PBS and incubated with DAPI (1:500-

1,000, Thermo Fisher Scientific, Invitrogen™ Catalog# D1306) for 5-15 min. Following 2 quick 

PBS rinses to wash off excess solution, slides were coverslipped with Fluoromount-G™ 

mounting medium (Thermo Fisher Scientific, Invitrogen™ Catalog# 00-4958-02), allowed to dry, 

and stored at 4 °C until imaged. Slides were imaged at 4-10x magnification using a Nikon 

Eclipse Ti2 inverted microscope.  

Fluorescent in situ hybridization 

To detect the presence of mRNA transcripts in the brain, coronal sections (20 µm in 

thickness) were first mounted on Superfrost™ Plus slides (Fisher Scientific, Catalog #12-550-

15) using RNase-free technique. Slides were allowed to dry and single molecule in situ 
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hybridization was performed using the RNAscope® Multiplex Fluorescent Detection Kit version 2 

(Advanced Cell Diagnostics, Newark, CA, USA) following manufacturer instructions. In brief, 

slides were fixed in prechilled 10% neutral buffered formalin for 20 min at 4 °C. Slides were then 

pre-treated with serial ethanol dehydration, hydrogen peroxide incubation, target retrieval using 

a food-grade steamer (Hamilton Beach Brands Inc, Glen Allen, VA, USA) heated to 99 °C, and 

protease III incubation (Park et al., 2026). Following pre-treatment steps, slides were incubated 

with commercially available probes from Bio-Techne targeting Rprm (catalog# 466071), Cre 

(catalog# 1058921), and Esr1 (catalog# 478201) at 40 °C for 2 hours. Signal amplification and 

fluorescent labeling were carried out using the provided solutions along with fluorophores such 

as Opal 570 (1:500, Akoya Biosciences, Catalog# NEL744001KT) and Opal 690 (1:500, Akoya 

Biosciences, Catalog# NEL745001KT). Slides were then counterstained with DAPI, 

coverslipped using Prolong™ Gold Antifade Mountant (Thermo Fisher Scientific, Catalog# 

P36930), cured overnight at room temperature, and stored at 4 °C until imaged and analyzed as 

described below.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Image Analysis and Quantification 

Peripheral tissues were illuminated using a Leica MZ10F and imaged using a dual MP 

camera system on an iPhone 13. Brain sections were imaged at 10x magnification using a 

Nikon Eclipse Ti2 inverted microscope, with images imported into ImageJ (Fiji version 

2.1.0/1.53c, NIH). Prior to quantification, sections from comparable bregma distances were 

selected to ensure a similar rostro-caudal level was analyzed for all mice in each experiment, 

ranging from bregma -1.455 to -1.755 mm, which we considered the central to caudal VMHvl. 

Regions of interest (ROIs) and anatomical notations were defined and outlined by referencing 

the Allen Brain Mouse (v2, 2011) and Paxinos and Franklin (v3, 2008) atlases. Cells were 
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identified based on co-localization of the fluorescent signal with DAPI. Once images were 

selected, quantifications were performed manually by a blinded investigator as follows. 

Fluorescent in situ hybridization 

A cell was considered positive for a gene of interest following in situ hybridization if it 

contained 7 or more transcripts within a DAPI-positive cell (Park et al., 2026), using the cell 

counter plug-in in ImageJ to track positive cells. When needed, brightness/contrast was 

adjusted uniformly across images. Area-proportional Venn diagrams, generated using BioVenn 

(Hulsen et al., 2008), show the mean number of cells expressing Esr1 only, Cre only, or Esr1 

and Cre in each brain region. To estimate the proportion of the Esr1+ population that expresses 

Cre (and therefore Rprm), the number of Esr1+/Cre+ cells was divided by the total number of 

Esr1+ cells (Esr1+/Cre+ and Esr1+/Cre-) and multiplied by 100 to obtain a percentage. This 

proportion was calculated per animal, averaged across the group, and described in the text as 

an average ± SEM. For the comparison of Rprm expression in RprmCre-FRT and C57Bl6/J 

wildtype mice, Rprm signal intensity following in situ hybridization was determined using the 

‘thresholding’ function in ImageJ to identify positive cells, along with the ‘measure’ plug-in to 

calculate the number pixels above threshold for a given ROI.  

Statistical Analysis 

Statistical analyses and plots were generated in GraphPad Prism (version 11.0.2). 

Information on statistical tests used, sample sizes, and significance levels are reported in the 

figure legends. Comparisons between two groups were tested using unpaired t-tests. 

Comparisons involving multiple factors were conducted via 2-way analyses of variance 

(ANOVA). All statistical analyses were two-tailed. Data were considered statistically significant 

when p is less than 0.05.  
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Chapter 3: Defining the functional and anatomical outputs of the VMHvlRprm cell 
population  
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INTRODUCTION 

The ventromedial nucleus of the hypothalamus (VMH) regulates a variety of sex-specific 

physiologies that range from mating and social behaviors to aspects of metabolism (Kammel 

and Correa, 2020; Khodai and Luckman, 2021; Krause and Ingraham, 2017). The diversity in 

VMH functional output may be due to the presence of phenotypically distinct cell populations 

defined by unique gene expression patterns. For instance, the ventrolateral subdivision of the 

VMH (VMHvl) in female mice is characterized by rich expression of estrogen receptor alpha 

(Esr1 encoding ER⍺) and is comprised of heterogeneous subpopulations. Studies have 

elucidated the identity of various ER⍺+ VMHvl subpopulations involved in the regulation of social 

and reproductive behaviors. Namely, cholecystokinin A receptor (Cckar)-expressing neurons are 

key regulators of sexual behavior in female (Yin et al., 2022) but not male (X. Xu et al., 2012; 

Yang et al., 2013) mice. Further, the neuronal nitric oxide synthase (nNOS)-expressing 

population is important for aggression and mate choice in males as well as sexual behavior and 

social motivation in females (Oliveira et al., 2025). Beyond controlling reproductive and social 

behaviors, estrogen-sensitive VMHvl neurons are well-known metabolic modulators, regulating 

two components of energy expenditure, physical activity and thermogenesis in sex-specific 

ways (Correa et al., 2015; Krause et al., 2021; Martínez de Morentin et al., 2014; Musatov et al., 

2007; Park et al., 2026; van Veen et al., 2020; Xu et al., 2011; Ye et al., 2022). 

We previously discovered that the p53-regulated gene, Reprimo (Rprm), defines another 

subpopulation of ER⍺+ neurons in the VMHvl, showing higher expression in females than males, 

and increasing body temperature when Rprm expression is transiently silenced. While these 

findings identified a potential role for the Rprm gene in thermogenesis, the function of a gene 

does not directly inform us about the function of the cells that express that gene, which likely 

coordinate their output via the actions of multiple genes.  
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To better define the functions specifically coordinated by Rprm+ cells in the VMHvl 

(referred to as the VMHvlRprm population), we first used our newly validated RprmCre-FRT mouse 

model to determine whether these neurons are required for thermogenesis. Using a caspase-

mediated we approach, we showed that ablation of this population leads to a subtle yet 

sustained decrease in core body temperature (Tc) in female mice (Park et al., 2026). While this 

indicates that VMHvlRprm neurons are required, to some extent, to maintain baseline Tc, this 

manipulation results in cell death and therefore does not elaborate on the functional output of 

active living cells. 

In the current study, we characterize the VMHvlRprm population at the cellular and circuit 

levels by using chemogenetic and circuit-tracing approaches, combined with our RprmCre-FRT 

mouse model, to define the thermoregulatory function and anatomical connectivity, respectively, 

of VMHvlRprm neurons. At the cellular level, we find that activating VMHvlRprm neurons is sufficient 

to elicit a sustained hyperthermia in male and female mice. Further, these body temperature 

changes are driven by alterations to heat generating effectors such as BAT thermogenesis and 

gross motor activity as well as heat retaining effectors like tail skin vasoconstriction. However, 

VMHvlRprm neuronal activity is not required for circadian elevations in Tc.  

Analysis of the downstream projection targets of VMHvlRprm neurons identified fibers in 

the thermoregulatory preoptic area (POA) and amygdalar nodes involved in relying sensory 

information with social and/or survival relevance. When investigating potential physiological 

contexts in which VMHvlRprm neurons may function, analyses of cFOS immunoreactivity did not 

detect VMHvl involvement during cold- and LPS-mediated thermal challenges. These findings 

add to the body of literature on the known physiologies controlled by the estrogen-sensitive 

VMHvl. We show that VMHvlRprm neurons not only modulate BAT thermogenesis in relation to 

energy expenditure, as we have previously shown via siRNA-mediated Rprm gene knockdown, 

but are a critical component of the larger thermoregulatory system with an ability to alter gross 
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motor activity and tail skin blood flow to ultimately modulate Tc, further emphasizing the 

importance of distinguishing between cellular and gene functions. 

RESULTS 

Activating VMHvlRprm neurons is sufficient to elicit a sustained hyperthermia 

To assess the thermoregulatory capacity of VMHvlRprm neurons, we chemogenetically 

activated them using a Cre-dependent hM3Dq (Armbruster et al., 2007) delivered to the VMHvl 

of RprmCre-FRT female mice along with the selective chemogenetic ligand clozapine-n-oxide 

(CNO) administered in a randomized and counterbalanced design (Figure 3.1A, B). Control 

mice received stereotaxic injection of a Cre-dependent AAV expressing the enhanced green 

fluorescent protein (EGFP). CNO administration in hM3Dq-expressing mice led to a pronounced 

increase in Tc persisting approximately 6 hours compared with vehicle treatment (treatment x 

time interaction: F (132, 792) = 27.68, p < 0.0001; Figure 3.1C), which was not observed in 

EGFP-expressing controls (Figure S3.1A). hM3Dq-expressing mice showed a greater Tc 

change (∆) from baseline after CNO (1.43 °C ± 0.13 °C SEM) than after vehicle (-0.14 °C ± 0.05 

°C SEM), while EGFP-expressing controls did not differ (treatment x group interaction: F (1, 9) = 

141.5, p < 0.0001; Figure 3.1G). 

We next sought to tease apart the contribution of thermoregulatory effectors to this 

hyperthermic state, so we compared the temperature above BAT (TBAT), gross motor activity 

(GMA), and the temperature of the tail skin (Ttail), with the first two serving as proxies for 

thermogenesis and the last for heat dissipation. CNO administration in hM3Dq-expressing mice 

led to a robust 6-hour long increase in TBAT compared with vehicle (treatment x time interaction: 

F (132, 792) = 21.22, p < 0.0001; Figure 3.1D). CNO induced a greater ∆TBAT (1.55 °C ± 0.15 

°C SEM) than vehicle treatment (-0.06 °C ± 0.05°C SEM) in hM3Dq-expressing mice but not 

controls (treatment x group interaction: F (1, 9) = 74.97, p < 0.0001; Figure 3.1H). Lastly, 

chemogenetic activation of VMHvlRprm neurons also induced a pronounced increase in GMA 
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(treatment x time interaction: F (132, 792) = 5.993, p < 0.0001; Figure 3.1E, I) and a sharp 

reduction in Ttail (treatment x time interaction: F (132, 792) = 4.423, p < 0.0001; Figure 3.1F, J) 

persisting for up to 3 hours. In contrast, CNO administration in control female mice did not affect 

TBAT (Figure S3.1B), GMA (Figure S3.1C) nor Ttail (Figure S3.1D).  

As in females, activation of VMHvlRprm neurons in males (Figure 3.2A, B) induced higher 

Tc (treatment x time interaction: F (132, 656) = 8.278, p < 0.0001; Figure 3.2C, H), GMA 

(treatment x time interaction: F (132, 656) = 2.870, p < 0.0001; Figure 3.2D, I), lower Ttail 

(treatment x time interaction: F (132, 620) = 1.918, p < 0.0001; Figure 3.2E, J) and higher TBAT 

(t11 = 4.096, p = 0.0018; Figure 3.2F, G). CNO did not alter the thermoregulatory profile of 

control male mice (Figure S3.1E-G). Further, we observed indistinguishable patterns of Cre-

mediated mCherry fluorescence in the VMHvl between females and males, indicating similar 

hM3Dq expression (Figure S3.1H). Thus, chemogenetic activation of VMHvlRprm neurons elicits 

a robust hyperthermic state by altering heat generating and dissipating effectors in both males 

and females. 

The activity of Rprm+ neurons is not required for circadian Tc elevations in female mice 

One of the hallmark characteristics of Tc is its rhythmicity, the most pronounced and well-

defined being that which coincides with circadian light/dark rhythms resulting from the interplay 

between the circadian and thermoregulatory systems (Refinetti, 2020). In this context, Tc follows 

a predictable pattern whereby it is lowest during the inactive light cycle and rises shortly after 

lights off when mice are active (Figure 3.3A). Given that VMHvlRprm neurons can elicit 

pronounced temperature elevations upon chemogenetic activation, we wondered whether the 

activity of these neurons is necessary for nocturnal elevations in Tc. To answer this question, we 

chemogenetically inhibited VMHvlRprm neurons using a Cre-dependent hM4Di delivered to the 

VMHvl of RprmCre-FRT female mice (Figure 3.3B). mCherry fluorescence was identified 

throughout the mediobasal hypothalamus (MBH), indicating that cells within this broader region 
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were inhibited, rather than those specific to the VMHvl (Figure 3.3C). To minimize the effects of 

handling stress on Tc, the chemogenetic ligand deschloroclozapine (DCZ) was administered 

orally via peanut butter at a final concentration of 0.5 mg/kg, which we previously validated in 

hM3Dq-expressing mice (Figure S3.2A, B).  

Inhibiting Rprm+ neurons in the MBH (MBHRprm neurons) during lights off (ZT 12) did not 

affect Tc (treatment x time interaction: F (95, 475) = 0.4714, p > 0.9999; Figure 3.3D) or ∆Tc 

(group x treatment interaction: F (1, 11) = 4.474, p = 0.0581; Figure 3.3E). We next sought to 

determine whether any potential hM4Di-mediated Tc effects were dependent on the estrous 

cycle and therefore went undetected when cycle stage was not accounted for. Analysis of Tc 

across the 4 estrous cycle stages in hM4Di-expressing mice revealed similar ∆Tc values 

regardless of cycle stage (treatment x cycle stage interaction: F (3, 7) = 3.323, p = 0.0864; 

Figure 3.3F). Thus, irrespective of cycle stage, chemogenetic inhibition of MBHRprm neurons via 

DCZ administration fails to alter nocturnal Tc elevations.  

Given that chemogenetic inhibition via the oral administration of 0.5 mg/kg DCZ did not 

induce thermogenic changes, it was possible that this dose and route of administration was 

insufficient to fully induce neuronal inhibition. To address this concern, mice were also treated 

via IP injections of CNO at a concentration of 3 mg/kg, a well-established dose known to 

efficiently induce neuronal inhibition of VMHvl neurons (Feng et al., 2022; Silva et al., 2013; Ye 

et al., 2022). IP injection of 3 mg/kg CNO failed to alter Tc in hM4Di-expressing mice, inducing 

comparable ∆Tc values to control mice treated with either CNO or vehicle (group x treatment 

interaction: F (1, 6) = 0.3701, p = 0.5653; Figure 3.3G). Thus, chemogenetic inhibition of 

MBHRprm neurons, tested via two different administration routes, does not affect nocturnal Tc, 

indicating that the neuronal activity of this population is not required for circadian Tc elevations.  

VMHvlRprm neurons project across nodes involved in thermoregulation and the 
processing of social and survival sensory cues 
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Given the capacity of VMHvlRprm neuronal activity to modulate Tc, we next defined the 

anatomical connectivity of this population to elucidate function and context based on circuit 

structure. We used an anterograde tracing approach to label Rprm+ fibers emanating from the 

VMHvl (Fenno et al., 2020; Fermani et al., 2025; Root et al., 2020) (Figure 2A, B). Consistent 

with projections from the broader VMHvlEsr1 population (Hashikawa et al., 2017; Krause et al., 

2021; Lo et al., 2019; Wang et al., 2019; Ye et al., 2022), and our temperature findings, we 

observed ipsilateral Rprm+ fibers within subpopulations of the thermoregulatory preoptic area 

(POA), such as the medial preoptic area (MPO) and anteroventral periventricular nucleus 

(AVPV). In addition, Rprm+ fibers were detected in several nuclei of the amygdala and its 

extended region, which process sensory cues relevant to social behavior and survival: the bed 

nuclei of the stria terminalis (BST), central amygdalar nucleus (CEA), the basomedial amygdalar 

nucleus (BMA), and the basolateral amygdalar nuclei (BLA). As with the expression of Cre-

dependent mCherry-hM3Dq reported above, we identified similar viral expression and projection 

patterns in male and female mice (Figure 2C, D). Surprisingly, we did not detect Rprm+ fibers in 

thermoregulatory brainstem regions such as the periaqueductal gray (PAG), dorsal nucleus 

raphe (DR), and the nucleus raphe pallidus (RPA) (Figure 2D). Previous work classified 

VMHvlEsr1 neurons into two distinct populations with minimal overlap based on their projection 

patterns, one projecting to anterior structures such as the MPO and another projecting to 

posterior regions like the PAG (Hashikawa et al., 2017; Lo et al., 2019; Wang et al., 2019). Fiber 

innervation suggests that VMHvlRprm neurons may represent a subset of the anteriorly-projecting 

VMHvlEsr1 population. 

Neither cold- nor sickness-induced thermogenesis are associated with cFOS 
immunoreactivity in the VMHvl 

Given the identification of VMHvlRprm neuronal projections within the POA, a region 

known to regulate cold-induced thermogenesis (Morrison et al., 2012; Morrison and Nakamura, 

2011; Muñoz Zamora et al., 2025; Nakamura and Morrison, 2008; Tan and Knight, 2018) and 
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sickness-induced fever (Lazarus et al., 2007; Machado et al., 2025, 2020; Osterhout et al., 

2022; Piñol et al., 2021), we used cFOS protein expression (encoded by the Fos immediate 

early gene) as a proxy of cellular activity to assess the activation of VMHvl neurons across 

these two thermoregulatory contexts (Figure 3.5A). To test for a role in cold-mediated cellular 

responses, mice of both sexes were housed at 23oC or 4oC for 4 hours and processed for cFOS 

immunoreactivity (Figure 3.5A). In males, we identified significant cold-induced cFOS 

immunoreactivity in the ARH (Šídák's multiple comparisons test following significant interaction, 

t27 = 2.569, p = 0.0474; Figure 3.5B, C) and VMHdm (t27 = 3.330, p = 0.0075) as expected 

based on prior studies (Deem et al., 2020; Feng et al., 2022; Yang et al., 2021). However, cold 

exposure did not induce cFOS immunoreactivity in the VMHvl of males (t27 = 0.1807, p = 

0.9971; Figure 3.5B, C) or females (Figure 3.5D, E). In females, only a main effect of 

hypothalamic nuclei on cFOS immunoreactivity was detected (F (2, 42) = 8.544, p = 0.0008; 

Figure 3.5D, E), with no significant differences across ambient temperatures. Altogether, cFOS 

analyses fail to implicate the VMHvl in the cold response. Lipopolysaccharide (LPS)-induced 

fever represents another extensively studied hyperthermic context, at least in male mice 

(Lazarus et al., 2007; Machado et al., 2025, 2020; Osterhout et al., 2022; Piñol et al., 2021). To 

test the involvement of the VMHvl in the fever response in females, mice were treated via IP 

injection with vehicle or 50 µg/kg LPS (Figure 3.5A). Significant LPS-induced cFOS 

immunoreactivity was identified in the ARH (Šídák's multiple comparisons test following 

significant interaction, t48 = 10.21, p < 0.0001; Figure 3.5F, G) as expected based on previous 

findings (Hussein et al., 2025; Osterhout et al., 2022; Reis et al., 2015), but not in the VMHdm 

or VMHvl. Analysis of Tc revealed the successful generation of a low-grade fever (treatment x 

time interaction: F (45, 360) = 1.466, p = 0.0321; Figure 3.5H), with sickness further verified by 

a significant reduction in body weight following LPS treatment (t16 = 2.863, p = 0.0113; Figure 

3.5I). Thus, although VMHvlRprm neurons are capable of driving hyperthermia, cFOS analyses 

fail to implicate these neurons in cold- or fever-mediated responses.  
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DISCUSSION 

 In this study, we leveraged our novel RprmCre-FRT mouse model in combination with 

chemogenetic, circuit tracing, and ex vivo immediate-early gene detection approaches to define 

the thermoregulatory function, anatomical connectivity, and context-dependent activity, 

respectively, of VMHvlRprm neurons. While our previous siRNA studies showed that Rprm gene 

knockdown increases Tc and BAT thermogenesis but does not affect movement, here we 

uncover a broader thermogenic role for VMHvlRprm neurons, by which their activity is sufficient to 

induce a long-lasting arousal state characterized by hyperthermia driven by changes in BAT 

thermogenesis, tail skin vasoconstriction, and hyperactivity. Further, we discover that the activity 

of Rprm+ neurons in the MBH is not required for the circadian elevations in Tc observed at night. 

Thus, while VMHvlRprm neurons are capable of inducing pronounced and sustained changes in 

Tc, their involvement in coordinating thermoregulatory output is likely context dependent. To this 

end, ex vivo histological analysis of cFOS protein expression failed to detect neuronal activation 

in the VMHvl during cold- and sickness-mediated thermal challenges. Of course, the absence of 

cFOS immunoreactivity does not exclude its involvement; however, cFOS immunoreactivity was 

robustly induced in other regions that have been shown to be important for cold- or sickness-

induced temperature changes(Deem et al., 2020; Feng et al., 2022; Hussein et al., 2025; 

Osterhout et al., 2022; Reis et al., 2015; Yang et al., 2021). These analyses of sufficiency, 

necessity, and connectivity, help establish the functional capacity, requirement, and downstream 

circuitry of VMHvlRprm neurons, but do not reveal the physiologically relevant context(s) requiring 

Rprm-mediated thermoregulation, which we aim to elucidate in Chapter 4.  
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FIGURES 

 

Figure 3.1: Activating VMHvlRprm neurons is sufficient to elicit a sustained hyperthermia in 
female mice 

(A) Experimental design to activate VMHvlRprm neurons and measure thermoregulatory 

responses in adult (8-11 weeks of age) RprmCre-FRT female mice. (B) Left, representative image 

of mCherry fluorescence in the VMHvl of an hM3Dq-injected mouse; scale bar = 100 µm. Right, 
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depiction of mCherry expression across all hM3Dq-expressing mice (n = 7) with approximate 

bregma positions. (C to F) 5-minute (min) continuous recordings for (C) Tc (D) TBAT, (E) GMA, 

and (F) Ttail, plotted beginning the hour prior and up to 10 hours after CNO/vehicle 

administration in hM3Dq-expressing mice, averaged across 5-days of treatment (CNO in pink, 

saline in black, n = 7). Data are displayed as the mean ± SEM with pairwise comparisons 

performed using Šídák’s multiple comparison test following a significant interaction in a two-way 

repeated measures (RM) ANOVA. Spikes near the 6-hour mark are due to handling. (G to J) 

Average change (∆) in (G) Tc (H) TBAT, (I) GMA, and (J) Ttail, from baseline following 

administration of CNO (pink) or vehicle (black) in hM3Dq-expressing (n = 7, circles) and control 

(n = 4, triangles) female mice. Pairwise comparisons were performed using Fisher’s uncorrected 

LSD test following a significant interaction in a two-way RM ANOVA. For all data, *p < 0.05, **p 

< 0.01, ***p < 0.001, ****p < 0.0001, and ns = not significant. VMH = ventromedial nucleus of 

the hypothalamus; dm = dorsomedial, c = central, & vl = ventrolateral subdivisions, ARH = 

arcuate nucleus, Tu = tuberal nucleus, 3V = third ventricle. 
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Figure 3.2: Chemogenetic activation of VMHvlRprm neurons alters the thermoregulatory 
profile of male mice 

(A) Experimental design to activate VMHvlRprm neurons and measure thermoregulatory 

responses in adult (11-13 weeks of age) RprmCre-FRT male mice. (B) Left, representative image 

of mCherry fluorescence in the VMHvl of an hM3Dq-injected mouse; scale bar = 100 µm. Right, 

depiction of mCherry expression across all hM3Dq-expressing mice (n = 6) with approximate 

bregma positions. (C to E) 5-min recordings for (C) Tc, (D) GMA, and (E) Ttail plotted 
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continuously beginning the hour prior and up to 10 hours after CNO/vehicle treatment in 

hM3Dq-expressing males (CNO in green, saline in black, n = 6). Data are displayed as mean ± 

SEM with statistical analyses performed using a mixed-effects model and Restricted Maximum 

Likelihood (REML) due to missing values and pairwise comparisons performed using Šídák’s 

multiple comparison test following a significant interaction. (F) Representative infrared images of 

hM3Dq-expressing (top) and control (bottom) mice taken across 3 different timepoints. Ovals on 

the back of mice depict the interscapular region used for TBAT analysis with average values 

shown. (G) ∆TBAT in hM3Dq-expressing (n = 6, circles) and control (n = 7, triangles) mice with 

mean ± SEM and data points for each mouse; statistical analysis performed using an unpaired 

t-test. (H to J) Average (H) ∆Tc, (I) ∆GMA, and (J) ∆Ttail following administration of CNO (green) 

or saline (black) in hM3Dq-expressing (n = 6, circles) and control (n = 7, triangles) mice. 

Pairwise comparisons were performed using Fisher’s uncorrected LSD test following a 

significant interaction in a two-way RM ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001, and ns = not significant. VMH = ventromedial nucleus of the hypothalamus; dm 

= dorsomedial, c = central, & vl = ventrolateral subdivisions, ARH = arcuate nucleus, Tu = 

tuberal nucleus, 3V = third ventricle. 
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Figure 3.3: The activity of Rprm+ neurons in the MBH is not required for the circadian 
elevations in Tc observed at night 

(A) Representative Tc trace in RprmCre-FRT female mice (n = 4) demonstrating expected circadian 

fluctuations characterized by nocturnal Tc elevations. Alternating shaded and light areas depict 

the 12h dark and light cycles, respectively. (B) Experimental design to inhibit Rprm+ neurons 

and measure thermoregulatory responses in adult (10-13 weeks of age) RprmCre-FRT female 

mice. (C) Left, representative image of mCherry fluorescence in the MBH of an hM4Di-injected 

mouse; scale bar = 100 µm. Right, depiction of mCherry expression across all hM4Di-

expressing mice (n = 6) with approximate bregma positions. (D) 5-min continuous Tc recordings 

plotted beginning 2 hours prior and up to 6 hours after oral DCZ/PB administration in hM4Di-

expressing mice (DCZ in pink circles, PB in black circles, n = 6). Data are displayed as the 

mean ± SEM with statistical analysis performed using a two-way RM ANOVA. (E) Average ∆Tc 

following oral administration of DCZ (pink circles) or PB (black circles) in hM4Di-expressing (n = 

6) and control (n = 7) female mice. Data are displayed as the mean ± SEM and data points for 

each mouse. Statistical analysis was performed using a two-way RM ANOVA. (F) ∆Tc across 

estrous cycle stages in hM4Di-expressing mice treated with DCZ/PB (DCZ in pink, PB in black, 

n = 5-6 per stage except E-M with n = 3). Data are displayed as the mean ± SEM with statistical 
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analysis performed using a mixed-effects model and Restricted Maximum Likelihood (REML) 

due to missing values. (G) Average ∆Tc following IP administration of CNO (purple squares) or 

saline (black squares) in hM4Di-expressing (n = 4) and control (n = 4) female mice. Data are 

displayed as the mean ± SEM and data points for each mouse. Statistical analysis was 

performed using a two-way RM ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001, and ns = not significant. VMH = ventromedial nucleus of the hypothalamus; dm = 

dorsomedial, c = central, & vl = ventrolateral subdivisions, ARH = arcuate nucleus, Tu = tuberal 

nucleus, 3V = third ventricle. 
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Figure 3.4: VMHvlRprm neurons project to nodes involved in thermoregulation and the 
processing of social and survival sensory cues 

(A) Viral strategy for the visualization of VMHvlRprm neuronal fibers in RprmCre-FRT mice (n = 14 

total, 9 males and 5 females; 9-14 weeks of age). (B) Representative image of the VMHvl with 

EYFP+ cell bodies (lavender); scale bar = 100 µm. (C) Schematic of brain regions depicting: 1) 

the VMHvl target region in white, 2) brain regions with visible projection fibers in purple, 3) 

regions with no detected projection fibers in gray, and 4) regions with viral spread as evidenced 

by the presence of one/two or more EYFP+ cell bodies in light blue. (D) Representative brain 

sections with anterior-posterior bregma positions indicated. The number of observations 

(presence of EYFP+ fibers) out of 14 total mice is indicated below each image; scale bars = 100 

µm. For all images, ARH = arcuate nucleus, AVPV = anteroventral periventricular nucleus, BLA 

= basolateral amygdalar nucleus, BMA = basomedial amygdalar nucleus, BST = bed nuclei of 

the stria terminalis, CEA = central amygdalar nucleus, DMH = dorsomedial nucleus of the 

hypothalamus, DR = dorsal nucleus raphe, LPO = lateral preoptic area, MEA = medial 

amygdalar nucleus, MPO = medial preoptic area, PAG = periaqueductal gray, PE = 

periventricular hypothalamic nucleus, RPA = nucleus raphe pallidus, SI = substantia innominata, 

VLPO = ventrolateral preoptic nucleus, VMH = ventromedial nucleus of the hypothalamus, opt = 

optic tract, Tu = tuberal nucleus, 3V = third ventricle. 
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Figure 3.5: Neither cold- nor sickness-induced thermogenesis are associated with cFOS 
immunoreactivity in the VMHvl 

(A) Experimental design to assess VMHvl activation during cold exposure and LPS fever 

induction using cFOS immunoreactivity as a proxy of cellular activity. (B) Representative cFOS 

immunoreactivity (green) in male mice housed at 23 °C (top) or 4 °C (bottom) for 4 hours; scale 

bars = 100 µm. (C) Quantification of cFOS+ cells in the ARH, VMHdm, and VMHvl in male mice 

housed for 4 hours at 23 °C (n = 6, black squares) or 4 °C (n = 5, blue circles). Pairwise 

comparisons were performed using Šídák’s multiple comparison test following a significant 

interaction in an ordinary two-way ANOVA. (D) Representative cFOS immunoreactivity in 23 °C 

and 4 °C exposed females as in (B).  (E) Quantification of cFOS+ cells in the ARH, VMHdm, 

and VMHvl in female mice housed for 4 hours at 23 °C (n = 7, black squares) or 4 °C (n = 9, 

blue circles). Statistical analysis was performed using an ordinary two-way ANOVA. (F) 

Representative cFOS immunoreactivity in female mice 4 hours after treatment with vehicle (top) 

or 50 µg/kg LPS (bottom) presented as in (B). (G) Quantification of cFOS+ cells in the ARH, 

VMHdm, and VMHvl in females treated with vehicle (n = 9, black squares) or 50 µg/kg LPS (n = 

9, red circles). Pairwise comparisons were performed using Šídák’s multiple comparison test 

following a significant interaction in an ordinary two-way ANOVA. (H) DBody weight following 

treatment (vehicle in black squares, LPS in red circles, n = 9). Statistical analysis performed 

using an unpaired t-test with mean ± SEM and data points shown for each mouse. (I) 5-min Tc 

recordings plotted from baseline and up to 180-min after treatment with vehicle (n=5, black 

squares) or LPS (n=5, red circles). Baseline represents the morning of the assay before any 

handling (ZT3), with manipulations occurring at ZT 5-7 and aligned based on time of injection 

(marked 0 on the x-axis). Statistical analysis was performed using a two-way RM ANOVA. For 

all data, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not significant. VMH = 

ventromedial nucleus of the hypothalamus; dm = dorsomedial, c = central, & vl = ventrolateral 

subdivisions, ARH = arcuate nucleus, 3V = third ventricle. 
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Figure S3.1 related to Figures 3.1 and 3.2: CNO treatment in mice lacking hM3Dq 
expression does not alter thermoregulation 

(A to D) 5-min recordings plotted continuously in RprmCre-FRT female mice receiving a viral vector 

lacking hM3Dq (control mice; CNO in pink, vehicle in black, n = 4) for (A) Tc (B) TBAT, (C) GMA, 

and (D) Ttail. Data were collected, analyzed, and presented as in Figure 1, C to F. (E to G) 5-min 
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recordings plotted continuously in RprmCre-FRT male mice receiving a viral vector lacking hM3Dq 

(control mice; CNO in green, vehicle in black, n = 7) for (E) Tc, (F) GMA, and (G) Ttail. Data is 

displayed as in (A to D). Statistical analyses were performed using a mixed-effects model and 

Restricted Maximum Likelihood (REML) due to missing values, with pairwise comparisons 

performed using Šídák’s multiple comparison test following a significant interaction. (H) 

Quantification of mCherry+ cells within the VMHvl of hM3Dq-expressing female (n = 7, pink 

circles) and male (n = 5, green circles) mice with mean ± SEM and individual data points shown; 

statistical analysis performed using an unpaired t-test. For all data, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001, and ns = not significant. 

 

 

 

 

 

 

 

 

 

 



 
 

 51  
 

Figure S3.2 related to Figure 3.3: Optimizing the oral administration of DCZ via voluntary 
ingestion of peanut butter 

(A) Representative infrared images of an hM3Dq-expressing RprmCre-FRT mouse taken across 4 

different timepoints (pre = before treatment, post = after treatment; treatments include PB only, 

0.1 mg/kg DCZ, or 0.5 mg/kg DCZ).  Ovals on the backs of mice depict the region used for Tc 

analysis with average values shown. (B) DTc following oral treatment (PB-only in black squares, 

0.1 mg/kg DCZ in blue triangles, 0.5 mg/kg DCZ in pink circles, n = 4). Pairwise comparisons 

were performed using Tukey’s multiple comparisons test following a significant interaction in a 

2-way RM ANOVA. 

 

 
 

 

 

 

 

 



 
 

 52  
 

MATERIALS AND METHODS 

Mouse models 

All procedures were approved by the UCLA Institutional Care and Use Committee 

(IACUC) in accordance with the National Institutes of Health (NIH) guide for the care and use of 

laboratory animals and carried out in approved facilities at UCLA. Mice were housed under a 

12:12 light-dark cycle (zeitgeber time (ZT) 0 = 7:00 am) under controlled humidity conditions at 

22-23 °C ambient temperatures with ad libitum access to water and breeder chow (Mouse Diet 

9F 5020, 20% protein, 9% fat, LabDiet; St. Louis, MO, USA).  

Experiments were performed on gonadally intact adult animals. The sex of a mouse was 

determined at weaning based on anogenital distance and confirmed postmortem based on the 

presence of ovaries or testes (Massa et al., 2023). RprmCre-FRT founder mice on a C57BL/6J 

background were generated by the University of California San Diego Transgenic & CRISPR 

Mouse Core and later bred and maintained in approved conditions at UCLA (Park et al., 2026). 

Aside from chemogenetic studies that were conducted in both heterozygous and homozygous 

mice, all other experiments using RprmCre-FRT mice were performed using homozygous adults. 

The homozygous RprmCre-FRT line were maintained using in-crosses. Cold exposure studies 

were conducted in wildtype littermates from the Esr1Cre line and LPS studies were carried out in 

C57BL/6J mice obtained from Jackson Laboratories (JAX stock no. 000664).  

Mouse surgical procedures 

For all surgeries, mice were anesthetized with 2-3% isoflurane and administered pain 

management medications, including buprenorphine (0.01 mg/mL) and carprofen (0.58 mg/mL), 

on the day of surgery and the following day. Daily body weight and health monitoring was 

conducted for at least a week after surgery.  

Stereotaxic surgery 
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Surgeries were performed on adult (8-14 weeks of age) RprmCre-FRT mice of both sexes. 

Following anesthetization, mice were placed on a stereotaxic device (Kopf Instruments model 

1900) with isoflurane maintained at 2-2.5%. Viruses were targeted to the VMHvl of adult mice 

using the following coordinates: 1.50 mm posterior to bregma, 0.80-0.85 mm lateral to the 

midline, and 5.50-5.60 mm below the brain surface. Viruses were delivered at a rate of 5-10 

nL/sec using pulled glass needles connected to Hamilton syringes. The needle was slowly 

removed from the brain 10 min after infusion to allow for viral diffusion. Viruses were delivered 

bilaterally into the VMHvl except for anterograde tracing studies, where the AAV was unilaterally 

injected into the left hemisphere. Details on viral titers and injection volumes can be found in 

table 1 below. While we targeted the VMHvl for stereotaxic manipulations, viral expression 

extended to the connecting tuberal nucleus or was observed throughout the broader mediobasal 

hypothalamus. We include schematics of viral spread and/or quantifications for all experiments.  

Experiment Virus Depositor and 
procurement 

Titer (vg/mL) Volume (nL) per 
hemisphere 

Cre-mediated 
Activating 
DREADD 

AAV8-hSyn-DIO-
hM3D(Gq)-

mCherry 
 

Bryan Roth, 
Addgene viral prep # 

44361-AAV8 

≥ 4×10¹² 
 

150 

 
Cre-mediated 
Anterograde 

tracing 

AAV8-nEF-
Con/Foff 2.0-
ChR2-EYFP 

 

Karl Deisseroth, 
INTRSECT 2.0 

Project, Addgene 
viral prep # 137163-

AAV8 

≥ 1×10¹³ 
 

25-50 

 
Fluorescent EGFP 

control 

AAV8-hSyn-
EGFP 

 

Bryan Roth, 
Addgene viral prep # 

50465-AAV8, 
pseudotyped at 

UCLA Vector Core 

~1×109 - 
1×1010 

 

Matching volume 
to 

 experimental 
animals 

 
 

Fluorescent 
mCherry control 

AAV8-hSyn-DIO-
mCherry 

 

Bryan Roth, 
Addgene viral prep # 

50459-AAV8 

≥ 1×10¹³ 
 

Matching volume 
to 

 experimental 
animals 

 

Passive and continuous tracking of core body temperature (Tc) 

Implantation of thermo-loggers occurred either on the same day as stereotaxis or one 

week before/after, depending on availability. In either case, mice were allowed to recover for at 
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least 2-weeks following surgery before experiments were conducted. For all experiments 

detailed below, mice were singly housed with ad libitum access to food and water for the 

duration of telemetry recordings, which all occurred in the home cage.  

Short-range telemetry was collected via G2 E-Mitters and the ER4000/4500 receiver 

pads (Starr Life Sciences; Oakmont, PA, USA). This permits the continuous monitoring of Tc and 

gross motor activity (GMA), defined as movements carried out in the x, y, and z axis including 

running, walking, rearing, and side-to-side displacements. DST nano-T thermo-loggers (Star-

Oddi; Garðabær, Iceland) were also employed for continuous Tc recordings. Both the G2 E-

Mitters and nano-T thermo-loggers were implanted intraperitoneally following sterilization with 

MetricideTM28 Glutaraldehyde High-Level Disinfectant (Metrex Research; Orange, CA, USA) as 

described in (Raam et al., 2026).   

To record the temperature of the BAT, DST nano-T or CubiSensTM TS100/TS110 

(CubeWorks; Ann Arbor, MI, USA) thermo-loggers were implanted subcutaneously above the 

interscapular BAT using 3D-printed custom sleeves attached to the skin above the depot (Park 

et al., 2026). To record tail skin temperature, thermo-loggers were attached to the base of the 

tail using 3D-printed sleeves and Loctite 454 instant adhesive (Henkel; Düsseldorf, Germany). 

Given the size of the thermo-loggers (~17 x 6 mm), implantation over the BAT was only done for 

short (less than 2 week-long) experiments to avoid skin lesions. At the end of experiments, raw 

data from G2 E-Mitters, DST nano-T, and CubiSens thermo-loggers was extracted using 

VitalView (version 5.1 & 6.0, Starr Life Sciences), CubiSensTM TS Interface (version 3.3, 

CubeWorks), and Mercury (version v6.69, Star-Oddi) data acquisition software, respectively.  

Infrared thermography 

Infrared images were captured in awake animals using an e60bx camera (FLIR systems; 

Wilsonville, OR, USA). Images were taken from a constant distance above each mouse and 
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later analyzed using the FLIR Tools software (Version 6.4, FLIR systems). The average 

temperature of a circular area centered over the scapulae or the midline of the body was used 

to then calculate DTBAT or DTc respectively.   

Estrous cycle staging 

For mice undergoing chemogenetic inhibition, daily vaginal lavages with 0.9% saline were 

performed at ZT 1-3. Estrous staging was assessed via light microscopy using a Leica DM1000 

microscope (Leica Microsystems Inc, Deerfield, IL, USA) and based on the relative proportion of 

leukocytes and nucleated vs cornified epithelial cells (Byers et al., 2012; Massa et al., 2023).  

Acute cold exposure  

Adult (8-14 weeks of age) mice were placed into clean cages singly housed with the 

standard 2-nestlets for bedding and ad libitum food and water the day before cold exposure. A 

Precision Model 818 Incubator (Thermo Scientific) was set to an ambient temperature of 4 °C 

with humidity monitored and maintained within 30%. Once ambient temperature stabilized at 4 

°C, mice were placed in the incubator for 4 hours, with controls moved to a holding room at 23 

°C. Mice were euthanized at the 4-hour time point, with brains collected and processed as 

described below.  

Drug treatments 

Clozapine-N-oxide (CNO) 

Stock solutions of CNO (Sigma-Aldrich C0832) at a concentration of 20 mg/mL in DMSO 

were stored at –20 °C. For chemogenetic activation of Rprm+ neurons, a final concentration of 

0.3 mg/kg CNO or 0.15% DMSO in saline was administered via IP injection, with treatments 

occurring during the inactive light phase of the light-dark cycle, between ZT 1-2 for females and 

ZT 2-6 for males. For chemogenetic inhibition studies, a final concentration of 3 mg/kg CNO or 
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1.5% DMSO in saline was administered via IP injection based on prior literature (Feng et al., 

2022; Silva et al., 2013; Ye et al., 2022) with treatments occurring at ZT 12.   

Deschloroclozapine (DCZ) 

DCZ solid powder (MCE® HY-42110) was mixed into peanut butter paste (SKIPPY® 

creamy peanut butter, PB) and fully dissolved by placing on a hot plate for 1-2 hours at 30oC to 

create stock concentrations of 0.2-0.4 mg DCZ/g PB, stored at 4oC for up to a week. A final 

concentration of 0.5 mg/kg DCZ or PB alone was administered.  

Mice were weighed daily between ZT 9-10 to determine drug dose, with administrations 

occurring at lights off (ZT 12). A small bolus of PB +/- DCZ (~25-65 mg based on body weight 

and DCZ stock concentration) was placed on a piece of tape and adhered to the home cage 

wall, with the tape removed shortly after mice consumed the bolus. Mice were habituated to this 

manipulation (cage lid opening, placement of PB on tape) for 3 days prior to the beginning of the 

experiment. This habituation period was successful, with most mice eating the entire PB bolus 

within 5 minutes.  

Lipopolysaccharides (LPS) 

Sickness-mediated fever was induced by IP injection of LPS from Escherichia coli 

0111:B4 (Sigma-Aldrich L2630) at a dose of 50 µg/kg with control mice receiving vehicle 

(saline)(Osterhout et al., 2022). Mice were singly housed and acclimated to handling 3-4 days 

before treatment. To ensure mice achieved hyperthermia while housed in standard vivarium 

ambient temperatures (22-23 °C), they were provided with external sources of warmth including 

4 nestlets for nest building and a Shepard shack. Injections took place between ZT 5-7. Mice 

were euthanized 4-hours after treatment and brains processed for immunohistochemistry and 

analyzed as described below.  

Tc analysis 
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DREADDs-mediated chemogenetics 

For chemogenetic activation studies, adult (8-11 weeks of age) female mice underwent 

consecutive 5-day treatments (5 days CNO, 2 days off, 5 days saline) via IP injections in a 

randomized and counterbalanced design. Adult (11-13 weeks of age) male mice underwent a 1-

day treatment paradigm (1-day CNO, 1-day saline, randomized and counterbalanced). Infrared 

thermography was assessed on a second CNO dosing day. For chemogenetic activation, a 

dose of 0.3mg/kg CNO was used.  

To analyze telemetry data for chemogenetic activation studies, data is presented in one 

of two ways: 1) Plotted continuously beginning the hour prior and up to 10 hours after treatment 

in 5-min recording intervals, with temperature and activity counts averaged across the 5-day 

treatment in females. 2) Averaged over a 1-hour pre-treatment window and a 2-hour post-

treatment window, with recordings 10-30-min prior and 1-hour after IP injection omitted to 

minimize the effects of handling stress. This was then used to plot the average change (D) 

following treatments, calculated as the difference between ‘pre’ and ‘post’ values.  

For chemogenetic inhibition studies, adult (10-13 weeks of age) female mice received 

0.5 mg/kg DCZ orally (5 days DCZ, 2 days off, 5 days PB) or IP injections of 3mg/kg CNO (5 

days CNO, 2 days off, 5 days saline) in a randomized and counterbalanced design. To analyze 

telemetry data for chemogenetic inhibition studies, data is presented in one of two ways: 1) 

Plotted continuously beginning 2 hours prior and up to 6 hours after treatment in 5-min 

recording intervals, with temperature averaged across the 5-day treatment in females. 2) 

Averaged over a 1-hour pre-treatment window and a 1-hour post-treatment window from 

ingestion of the ligand/vehicle. This was then used to plot the average change (D) following 

treatments, calculated as the difference between ‘pre’ and ‘post’ values. To determine whether 

thermoregulatory effects varied across the estrous cycle, vaginal cytology was collected (see 
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above), analyzed, and used to divide and categorize temperature across each of the 4 cycle 

stages.   

LPS fever-induced thermoregulation 

Adult female mice (18-19 weeks of age) were treated via IP injection of vehicle (saline) 

or 50 µg/kg LPS and 5-min Tc recordings plotted from baseline and up to 180-min after 

treatment. Baseline represents the morning of the assay before any handling (ZT3), with 

manipulations occurring at ~ZT 5-7 and aligned based on time of injection (marked 0 on the x-

axis). 

Tissue collection and preparation 

Mice were deeply anesthetized with IP injection of sodium pentobarbital (15 mg/mL) and 

confirmed unconscious before proceeding. Mice were transcardially perfused with ice-cold 

DEPC-treated 1x phosphate-buffered saline (PBS, pH=7.4) until the lungs and liver cleared, 

followed by ice-cold 4% paraformaldehyde (PFA) diluted from a 16% stock solution (Electron 

Microscopy Sciences, Catalog# 15700) in DEPC-treated PBS. Brains were harvested, post-

fixed in 4% PFA overnight, and dehydrated in 30% sucrose for 24-48 hours, maintaining RNase-

free conditions throughout. Brains were then embedded in optimal cutting temperature (OCT) 

compound (Fisher Scientific, Catalog# 23-730-571) and stored at –80 °C until cryosectioned. 

Coronal sections at a thickness of 20-30 µm were collected in 4-8 series using a cryostat (Leica 

CM1950) and either directly mounted on slides or collected free-floating in PBS and kept in 

Eppendorf tubes filled with cryoprotectant solution (30% sucrose, 30% ethylene glycol, 1% 

polyvinylpyrrolidone in 1x PBS) stored at –20 °C until further processing.  

Histology 

4′,6-diamidino-2-phenylindole (DAPI) stain 
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Validation of stereotaxic targeting for chemogenetic studies was carried out by 

visualization of mCherry reporter expression and a DAPI counterstain. Briefly, slide-mounted 

sections were brought to room temperature, or sections were mounted on slides if stored free-

floating, and allowed to fully dry before proceeding. Slides were then rinsed with PBS and 

incubated with DAPI (1:500-1,000, Thermo Fisher Scientific, Invitrogen™ Catalog# D1306) for 

5-15 min. Following 2 quick PBS rinses to wash off excess solution, slides were coverslipped 

with Fluoromount-G™ mounting medium (Thermo Fisher Scientific, Invitrogen™ Catalog# 00-

4958-02), allowed to dry, and stored at 4 °C until imaged. Slides were imaged at 4-10x 

magnification using a Nikon Eclipse Ti2 inverted microscope. For chemogenetic activation, mice 

with unilateral and bilateral targeting had indistinguishable responses and were therefore both 

used for analysis, as in (Correa et al., 2015). For chemogenetic inhibition studies, only mice with 

bilateral targeting were included for analysis.    

cFOS immunohistochemistry (IHC) 

To visualize cFOS expression as a marker of cellular activity, coronal sections (20 µm in 

thickness) underwent free-floating IHC with a protocol adapted from (Lee et al., 2021). Tissues 

were first rinsed with PBS (2x5 min) and 0.01% PBS-T (PBS with 0.01% Triton X-100, 2x10 

min) to wash off residual cryoprotectant. Sections were then blocked for 1 hour in 5% normal 

goat serum (Thermo Fisher Scientific, Invitrogen™ Catalog# 01-6201) plus 5% bovine serum 

albumin (BSA, Fisher Scientific, Catalog# BP9706100) with 0.3-3% Triton X-100 in PBS at room 

temperature and then incubated overnight at 4 °C with a monoclonal antibody, rabbit-anti-cFos 

(1:1,000, Cell Signaling Technology, Catalog# 2250) with 1% BSA plus 0.3-3% Triton X-100 in 

PBS. The following day, sections were rinsed with 0.01% PBS-T (4x10 min) and incubated with 

goat anti-rabbit Alexa Fluor 546 (1:500, Thermo Fisher Scientific, Catalog# A-11035) or Alexa 

Fluor 647 (1:500, Jackson ImmunoResearch, Catalog# 111-606-003) and DAPI (1:500-1,000) in 

0.01% PBS-T for 2 hours at room temperature. Sections were then rinsed with 0.01% PBS-T 
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(3x10 min) and PBS (3x10 min) before mounting on slides with 0.1% gelatin in PBS. Once 

slides were dry, they were coverslipped with Fluoromount-G mounting medium, allowed to dry, 

and stored at 4 °C until imaged and analyzed as described below.  

Rprm+ projection mapping 

A 6-7-week recovery period post-stereotaxis was allowed for viral transduction, 

recombination, and propagation along axons to occur prior to mice being transcardially perfused 

as described above. To visualize EYFP fluorescence, 30 µm coronal sections spanning the 

whole brain were collected and stained using a free-floating IHC technique. Briefly, sections 

were rinsed with PBS (3x10 min) and blocked for 1 hour in 5% NGS with 0.2% PBS-T (PBS with 

0.2% Triton X-100) at 4 °C before being incubated with a polyclonal antibody, chicken-anti-GFP 

(1:1,000, Aves Labs Inc, catalog# 1020) in 0.2% PBS-T for 3 days at 4 °C. Sections were then 

rinsed with 0.2% PBS-T (1x15 min and 2x30 min) and then incubated with goat-anti-chicken 

Alexa Fluor 647 (1:1,000, Thermo Fisher Scientific, Catalog# A-21449) and DAPI (1:500-1,000) 

in 0.2% PBS-T for 24-hours at 4 °C. Sections were then rinsed with 0.2% PBS-T (1x15 min and 

2x30 min) before mounting on slides. Once slides dried, they were coverslipped with 

Fluoromount-G mounting medium, allowed to dry further, and stored at 4 °C until imaged.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Image Analysis and Quantification 

Brain sections were imaged at 10x magnification using a Nikon Eclipse Ti2 inverted 

microscope, with images imported into ImageJ (Fiji version 2.1.0/1.53c, NIH). Prior to 

quantification, sections from comparable bregma distances were selected to ensure a similar 

rostro-caudal level was analyzed for all mice in each experiment, ranging from bregma -1.455 to 

-1.755 mm, which we considered the central to caudal VMHvl. Regions of interest (ROIs) and 

anatomical notations were defined and outlined by referencing the Allen Brain Mouse (v2, 2011) 
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and Paxinos and Franklin (v3, 2008) atlases. Cells were identified based on co-localization of 

the fluorescent signal with DAPI. Once images were selected, quantifications were performed 

manually by a blinded investigator as follows. 

cFOS immunohistochemistry (IHC) 

To count the number of cFOS+ cells following immunohistochemistry, the cell counter 

plug-in in ImageJ was used. Brightness/contrast was adjusted uniformly across all images to 

minimize nonspecific background fluorescence and ensure detection of signal above 

background, adapted from (Deem et al., 2020; Faber et al., 2018; Jovanovic et al., 2023). Cell 

counts were obtained for both brain hemispheres and reported here as the average per mouse. 

In the case that damage to one side prevented accurate counting and averaging, counts from 

the intact side were reported.  

Rprm+ projection mapping 

To identify brain regions containing downstream VMHvlRprm fibers, proper targeting of the 

VMHvl was first confirmed by identifying the presence of EYFP+ cell bodies. Mice that did not 

have correct targeting were excluded from subsequent analysis. Proper targeting was confirmed 

for 14 mice. Next, a thorough scan across the brain was conducted to decipher downstream 

projections. After noting the areas with prominent fluorescent signal during this initial scan, 

sections containing EYFP+ fibers were then imaged at 20x magnification. We also assessed the 

presence of Rprm+ fibers in various thermoregulatory ROIs, including the periaqueductal gray 

(PAG), dorsal nucleus raphe (DR), and nucleus raphe pallidus (RPA). An ROI was considered 

positive for Rprm+ projections based on the presence of EYFP+ fibers with fluorescence above 

background. Gross quantification was assessed and reported as the number of mice out of the 

14 correctly targeted ones in which EYFP+ signal was identified for a given ROI. The presence 

of Rprm+ fibers was assessed in both males (n = 9) and females (n = 5), with similar projection 



 
 

 62  
 

patterns identified. Of note, in some instances, EYFP+ cell bodies (one/two or more) were 

identified in the Tu, ARH and DMH, but projection patterns did not differ between these mice 

and those with cell bodies restricted to the VMHvl. The AAV was delivered at doses of 25-50 nL 

with similar projection patterns observed across doses. Projection intensities were not quantified 

given the variability in AAV dose.  

Statistical Analysis 

Statistical analyses and plots were generated in GraphPad Prism (version 11.0.2). 

Information on statistical tests used, sample sizes, and significance levels are reported in the 

figure legends. Comparisons between two groups were tested using unpaired t-tests. 

Comparisons involving multiple factors were conducted via 2-way analyses of variance (ANOVA), 

or in the case data was missing, a mixed effects model, with either repeated measures (RM) or 

independent factors. Pairwise comparisons were performed following a significant interaction 

using Šídák’s multiple comparison test. Fisher’s LSD test was used to compare hM3Dq-

expressing and control mice in 2x2 analyses of variance. Simple linear regression analyses were 

used to calculate rate of change for activity levels. All statistical analyses were two-tailed. Data 

were considered statistically significant when p is less than 0.05. 
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Chapter 4: Temporally and spatially distinct approaches to knockout Rprm expression in 
the brain reveal context-dependent roles 
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INTRODUCTION 

Hypothalamic neuronal populations and the gene markers defining them are often 

treated as interchangeable, but they do not always serve the same functions. Decades of work 

using lesion studies, hormone replacement, hormone receptor ablation, and more recently, 

systems neuroscience approaches, have established the VMHvl as a critical node for the control 

of reproduction, metabolism, thermoregulation, and social behaviors. Whether these diverse 

VMHvl functions arise from the activity of specific neuronal subpopulations or the genes defining 

them, remains unknown. More recently, advances in genetic and molecular tools have enabled 

increasingly precise interrogation of VMHvl cellular diversity, allowing investigators to 

manipulate genetically defined neuronal populations and determine their contributions to 

specific aspects of VMHvl-mediated physiology and behavior (Correa et al., 2015; Kim et al., 

2019; Krause et al., 2021; Oliveira et al., 2025; van Veen et al., 2020; Yin et al., 2022). Beyond 

assigning function to distinct cell populations, these approaches provide an opportunity to test 

whether the genes that define individual VMHvl cell types serve functional roles themselves, 

rather than acting solely as molecular markers. Such studies can reveal how specific genes 

contribute to the unique physiological properties of each population and help determine which 

components of VMHvl function arise from the molecular programs that distinguish one cell type 

from another.  

While the behavioral and metabolic functions of the VMHvl are often studied 

independently, they are inextricably linked, offering an opportunity to develop a more integrated 

understanding of the crosstalk between energy balance and behavior. In the previous chapter, 

we demonstrated that the chemogenetic activation of VMHvlRprm neurons is sufficient to induce a 

long-lasting arousal state characterized by hyperthermia and hyperactivity. In this study, we 

leverage the expression of Flippase recognition target (FRT) sites in our RprmCre-FRT mouse 

model combined with breeding schemes and viral tools, to specifically assess the contribution of 
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the Rprm gene in modulating this arousal state and identify thermoregulatory contexts that it 

regulates. To do so, we knocked out Rprm expression using two approaches differing in 

developmental timing (embryonic vs. adult) and spatial specificity (whole CNS vs VMHvl) and 

assess the downstream thermoregulatory processes affected.  

We find that knocking out Rprm gene expression in glutamatergic (Vglut2-expressing) 

neurons throughout the CNS beginning in embryonic development does not affect the metabolic 

profiles of adult female mice as determined via measures of body weight, body composition, 

and food intake at thermoneutrality (29-30 °C), standard housing conditions (22-23 °C), and a 

substantial cold challenge (15 °C). Further, these mice display a mild attenuation of core body 

temperature (Tc) only in standard ambient temperatures but not during a substantial cold 

challenge or at thermoneutrality. Mice that instead carry a VMHvl-specific Rprm knockout in 

adulthood have intact Tc and activity levels at standard housing conditions but display a context-

dependent hyperthermia characterized by hyperactivity and impaired habituation that uniquely 

arises during the presentation of a novel object but not during acute confinement, social 

interactions, or at baseline. These studies demonstrate the power of dissecting the physiological 

contributions of neuronal populations and the genes that define them to understand how 

molecular diversity shapes hypothalamic circuits, their function, and animal behavior.  

RESULTS 

Knocking out Rprm in Vglut2+ cells subtly alters Tc in female mice 

Given the known role of brain-wide vesicular glutamate transporter 2 (Vglut2)-expressing 

neurons in Tc regulation (Abbott and Saper, 2017; Machado et al., 2018; Yu et al., 2016), our 

first knockout approach aimed to broadly assess whether Rprm influences the thermoregulatory 

capacity of Vglut2+ neurons. To do so, we generated RprmVglut2-FlpO mice using mouse genetics 

and breeding schemes (Figure S4.1, top). During mouse brain development, Rprm expression 
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peaks before birth (embryonic day 18.5), at which point Vglut2 expression is also detectable 

(Allen Institute for Brain Science developing mouse brain, ISH data, entrez ID: 140919; 

Thompson et al., 2014). Thus, with this approach, Rprm KO occurs in embryonic development 

in Vglut2+ neurons throughout the CNS. We then utilized ISH to detect, quantify, and validate 

the efficacy of this knockout approach. Compared to controls, RprmVglut2-FlpO females displayed a 

significant reduction of approximately 79% in the number of Rprm+ cells within the VMHvl 

(Šídák's multiple comparisons test following significant interaction, t20 = 16.23, p < 0.0001; 

Figure 4.1A, B) but not the ARH (t20 = 0.4807, p = 0.8675), in line with the VMHvl being 

predominantly glutamatergic (Cheung et al., 2015; Hashikawa et al., 2017; Krause and 

Ingraham, 2017; Tong et al., 2007; van Veen et al., 2020). While these two regions were chosen 

to validate Vglut2-specific Rprm gene knockout, they do not represent the full extent of the 

knockout, which is expected to impact all Vglut2-expressing cells that co-express Rprm. With 

the knockout validated, we next assessed whether these mice had altered thermoregulatory 

profiles.  

When single-housed at standard ambient temperature conditions (22-23 °C) from 

weaning age, adult RprmVglut2-FlpO females displayed minor changes in energy expenditure with a 

mild yet sustained reduction in Tc (main effect of group: F (1, 17) = 4.973, p = 0.0395; Figure 

4.1C-E), and no effects on gross motor activity (GMA) (Figure 4.1F-H). Assessment of body 

weight revealed a subtle reduction in RprmVglut2-FlpO females compared with RprmFRT/FRT control 

mice (group x age interaction: F (14,287) = 1.771, p = 0.0424; Figure 4.1I). However, no 

differences in fat and lean mass percentage (Figure 4.1J, K) or food intake (Figure 4.1L) were 

detected. 

Mice that are single housed at standard temperatures are chronically cold stressed, 

needing to expend anywhere from 1.6-3.1 times their basal metabolic rate on non-shivering 

thermogenesis to maintain body temperature (Cannon and Nedergaard, 2011; Hylander et al., 
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2023; Robbins et al., 2018). Thus, given the subtle differences in Tc we detected at standard 

temperatures, we wondered whether these mildly cold ambient temperatures (22-23 °C) could 

be masking any metabolic effects of the Rprm KO model. To address this concern, metabolic 

profiles were assessed in mice housed at thermoneutrality (29-30 °C), the ambient temperature 

at which mice do not need to expend extra energy to maintain Tc (Škop et al., 2020). When 

housed at thermoneutrality for 2 weeks, no significant differences in Tc (Figure 4.2A-C), GMA 

(Figure 4.2D-F), body weight (Figure 4.2G), body composition (Figure 4.2H, I) or food intake 

(Figure 4.2J) were detected between RprmVglut2-FlpO knockout and RprmFRT/FRT control mice.  

Lastly, we aimed to decipher whether the Tc reductions observed at standard ambient 

temperatures became exacerbated during a more pronounced cold exposure. To test this, 

female mice were housed at 15 °C for one week, representing a substantial and sustained cold 

challenge in single-housed mice. While statistically significant differences in Tc between 

RprmVglut2-FlpO knockout and RprmFRT/FRT control mice were detected (group x time interaction: F 

(170,1020) = 1.399, p = 0.0013; Figure 4.3A-C), the effects of the knockout at 15 °C were much 

more subtle than those seen at 22-23 °C. Further, GMA (Figure 4.3D-F), body weight (Figure 

4.3G), and the change (Δ) in body weight following a week of cold exposure (Figure S4.1H) 

were indistinguishable between RprmVglut2-FlpO knockout and RprmFRT/FRT control mice.  

Thermoregulation is unaffected in RprmAAV-FlpO knockout female mice at standard housing 
conditions 

 The use of breeding schemes to generate mice harboring a gene knockout beginning in 

embryonic development carries with it limitations that must be considered when interpreting 

results. For instance, eliminating Rprm early in an animal’s life can cause compensatory 

mechanisms to step in, making it difficult to decipher whether any observed mild Tc effects are 

due to the absence of the gene itself or the activity of the compensatory circuit. Furthermore, 

given the expression pattern of Rprm, this specific approach results in the elimination of Rprm 

throughout the CNS, hindering our ability to pinpoint the effects to a specific node. To address 
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these limitations, we turned to a second Rprm knockout strategy. For this approach, we gained 

temporal and spatial specificity using stereotaxic delivery of AAV-FlpO to knock out Rprm in 

adult RprmCre-FRT mice within the VMHvl (generating RprmAAV-FlpO mice, Figure S4.1, bottom). 

RprmAAV-FlpO females showed significant reductions (approximately 91% averaged across both 

hemispheres) in the number of Rprm+ cells within the VMHvl (Šídák's multiple comparisons test 

following significant interaction: t42 = 12.62, p < 0.0001, left hemisphere; t42 = 16.86, p < 0.0001, 

right hemisphere; Figure 4.4A, B) and the adjacent tuberal nucleus (Tu) (Šídák's multiple 

comparisons test: t42 = 4.358, p = 0.0002, left hemisphere; t42 = 4.523, p = 0.0001, right 

hemisphere), but not the ARH (Šídák's multiple comparisons test: t42 = 0.1351, p = 0.9988, left 

hemisphere; t42 = 1.340, p = 0.4634, right hemisphere). Thus, RprmAAV-FlpO mice carry an adult-

specific Rprm knockout that is spatially restricted, enabling us to specifically assess Rprm 

function within the VMHvl thermoregulatory node. With the knockout validated, we next 

investigated whether these mice had altered thermoregulatory profiles.  

At standard housing conditions, RprmAAV-FlpO females displayed unaltered Tc (group x 

time interaction: F (23, 322) = 0.9031, p = 0.5947; Figure 4.4C, D) and GMA (group x time 

interaction: F (23, 322) = 0.8118, p = 0.7165; Figure 4.4E, F), indicating that adult expression of 

VMHvlRprm is largely dispensable for thermoregulation at standard ambient temperatures. The 

different thermal profiles induced in RprmVglut2-FlpO vs RprmAAV-FlpO knockout females at standard 

housing conditions may point to a potential, but mild, thermoregulatory role for Rprm beyond the 

VMHvl and/or in the development of thermoregulatory circuits. 

Female RprmAAV-FlpO knockout mice display an enhanced hyperthermia in response to 
novel object presentation 

The lack of thermoregulatory effects in RprmAAV-FlpO mice at standard housing conditions 

pointed to the idea that the effects of eliminating Rprm expression may be context dependent. 

The amygdala is a central node involved in the processing of sensory, social, and environmental 

cues critical for survival, it is often linked with the induction of a stress response (Aukema et al., 
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2025; Dalooei et al., 2016; Phelps and LeDoux, 2005; Roozendaal et al., 2009; Sajdyk et al., 

2008) and an associated hyperthermic state (Sajdyk et al., 2008; Vinkers et al., 2010) often 

termed psychogenic fever or stress-induced hyperthermia (SIH) (Adriaan Bouwknecht et al., 

2007; Nakamura, 2015; Oka, 2018, 2015; Vinkers et al., 2009b; Zethof et al., 1994). Prominent 

VMHvlRprm neuronal projections throughout the amygdala and extended amygdala (Chapter 3, 

Figure 3.4) led us to investigate the potential contribution of VMHvlRprm gene function in the SIH 

response. To do so, RprmAAV-FlpO knockout and RprmFRT/FRT control females were subjected to 

behavioral assays where they were exposed to a series of social and environmental stimuli 

(Figure 4.5A). The selected SIH assays include: 1) novel object presentation, 2) social 

interaction with a conspecific female or male, and 3) confinement (Adriaan Bouwknecht et al., 

2007; Harshaw et al., 2021; McGivern et al., 2009; Oka, 2018, 2015). To accurately assess and 

interpret alterations in Tc and GMA that are specifically mediated by these stimuli, and to 

distinguish from changes induced by handling stress, mice were thoroughly habituated by 

mimicking assay conditions minus the stimuli (Figure S4.2A-D). Further, all manipulations were 

done in the home cage to minimize perturbations that occur when transferring mice to 

behavioral testing chambers.  

While both RprmAAV-FlpO and control mice displayed a hyperthermic response in all 

assays (Figure 4.5B-E), notable differences in the magnitude of the hyperthermia were 

identified during novel object presentation. RprmAAV-FlpO mice maintained higher Tc compared 

with controls throughout the assay (group x time interaction: F (39,546) = 2.278, p < 0.0001; 

Figure 4.5B). These differences are further highlighted when comparing ∆Tc from baseline (t14 = 

2.486, p = 0.0262; Figure 4.5J). We also assessed GMA to determine whether this enhanced 

hyperthermia was associated with increased locomotor reactivity to novelty, which is interpreted 

as increased exploratory behavior (Lustberg et al., 2020). We similarly found that RprmAAV-FlpO 

mice were more active throughout the assay when compared with controls (group x time 
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interaction: F (39, 546) = 1.896, p = 0.0011; Figure 4.5F) and showed higher ∆GMA (t14 = 

3.275, p = 0.0055; Figure 4.5K). Simple linear regression analysis of activity counts over time 

(Figure 4.5L) revealed that variation in GMA was more strongly predicted time in control mice 

(R2 = 0.4352) than in RprmAAV-FlpO mice (R2 = 0.1249). Fit lines from RprmAAV-FlpO mice had a 

flatter slope (F (1,140) = 4.192, p = 0.0425), indicating slower habituation to novelty (Lustberg et 

al., 2020). Corroborating this, RprmAAV-FlpO mice showed a lower rate of decline from peak to 

basal levels (t14 = 2.920, p = 0.0112; Figure 4.5M). While both groups showed similar initial 

responses to novelty, as indicated by comparable peak GMA levels during the first 5-min of the 

assay (t14 = 0.1382, p = 0.8920; Figure 4.5N), RprmAAV-FlpO mice maintained higher activity 

levels than controls by the end of the assay (t14 = 3.055, p = 0.0086; Figure 4.5O). Behaviorally, 

following the initial presentation of the object, control mice appeared to return to a resting state 

whereas RprmAAV-FlpO mice continued to move around the cage until the object was removed 

(Figure 4.5P). No differences in Tc or activity were identified across the other SIH paradigms 

tested (Figure 4.5G-I). These results reveal a role for Rprm in novelty-induced hyperthermia, 

characterized by heightened gross motor activity and blunted habituation to a novel object, that 

may be modulated independently to the hyperthermia elicited by social interaction and canonical 

restraint stress. This establishes a previously unknown role for the estrogen-sensitive VMHvl 

that links well-known effects on thermogenesis and movement to behavioral states. 

DISCUSSION 

Developmental Rprm knockout in Vglut2 lineage cells 

Here, we leverage the expression of Flippase recognition target (FRT) sites in our 

RprmCre-FRT mouse model combined with breeding schemes and mouse genetics to specifically 

eliminate Rprm expression in excitatory Vglut2+ cells. The thermoregulatory role of Vglut2+ cells 

in the brain has been well established, with the ability of certain populations in the preoptic area 

to induce hypothermia (Abbott and Saper, 2017; Yu et al., 2016), and others in the dorsal 
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hypothalamic area to induce hyperthermia (Machado et al., 2018). Thus, we aimed to 

specifically assess the contribution of the Rprm gene in modulating the thermoregulatory 

capacity of Vglut2+ neurons in the brain.   

We find that under both ambient conditions of minimal thermogenic demand (29-30 °C) 

and a substantial cold challenge (15 °C), Rprm is largely dispensable for Tc regulation. 

However, under mild cold conditions (22-23 °C), RprmVglut2-FlpO knockout mice display a subtle 

blunting of Tc compared to controls. These results may point to a potential mechanistic model in 

which rather than setting basal thermogenic capacity (at thermoneutrality) or near-maximal cold-

defense output (during a cold challenge), Rprm in Vglut2-lineage cells may function as part of a 

fine central thermoregulatory system that becomes important under conditions of moderate 

sustained thermogenic demand (standard housing) to maintain Tc. More detailed study is 

required to test this possibility under conditions of developmental knockout.  

Adult-specific Rprm knockout in the VMHvl  

While Rprm is expressed in healthy tissues in mice (Park et al., 2026), most reports on 

Rprm function have focused on its pathophysiological function in cancerous tissues, 

emphasizing its tumor-suppressing abilities as a p53 target gene (Li et al., 2022; Ohki et al., 

2000; Takikawa and Ohki, 2025; Ye et al., 2023; Zhang et al., 2022). Here, we interrogate Rprm 

in the healthy brain, specifically within the VMHvl, to assess its thermoregulatory role and 

identify the contexts critically regulated by this population. We find that Rprm expression in the 

VMHvl of adult female mice is dispensable for Tc regulation at standard housing conditions, with 

RprmAAV-FlpO knockout and control mice having indistinguishable temperature profiles. This 

prompted us to investigate whether the functions of Rprm were context dependent. The 

identification of Rprm+ fibers within various amygdalar nuclei (Chapter 3) led us to examine the 

potential contribution of VMHvlRprm gene function in the SIH response.  
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In rodents, adaptive behavioral and physiological responses to novelty, which may 

represent a potential threat or an attractive opportunity, often include an initial anxiety-like 

behavior, referred to as neophobia that manifests as freezing, avoidance, and hesitant 

movement, that is then followed by intense exploration and increased activity levels, referred to 

as neophilia, that gradually subsides to basal levels as the mice habituate to novelty (Lustberg 

et al., 2020). Our sequence of behavioral assays identified an unexpected role for VMHvlRprm 

gene expression in the regulation of these responses to novelty, characterized by novelty-

induced changes in GMA, habituation, and Tc. This finding extends previous work showing that 

female mice lacking glutamatergic signaling in the VMH display heightened novelty-associated 

locomotion and reduced levels of anxiety-like behaviors (Cheung et al., 2015), identifying a 

novel link between the behavioral roles of the VMH and thermoregulation.  

Female-specific Rprm expression within VMHvl suggests that novelty-induced 

hyperthermia may also have sex-specific functions. Interestingly, C57BL/6 females display 

higher locomotor responses to novelty than males (Archer, 1975; Seney et al., 2012; Van 

Swearingen et al., 2013). Additionally, this sex difference is influenced by both organizational 

and activational effects of hormones (Seney et al., 2012), similar to how sex differences in Rprm 

expression are established by estrogen signaling early in life (van Veen et al., 2020). Our 

findings suggest that Rprm limits the magnitude of novelty-induced physiological responses in 

females. However, this does not imply males with little to no Rprm in the VMHvl should 

phenocopy Rprm-deficient females. We have previously shown that Rprm gene knockdown in 

males does not affect Tc or GMA, thus we favor a model in which ERa signaling establishes a 

sex-specific molecular program in VMHvl neurons that includes female-specific Rprm 

expression (van Veen et al., 2020). In adults, Rprm does not determine the existence of novelty-

responsive circuitry, as evidenced by the capacity for hyperthermia when activating Rprm+ cells 
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in both sexes, but instead constrains the magnitude and persistence of the response in females, 

as demonstrated by Rprm KO in adult females. 

Here we show that loss of Rprm gene expression in the VMHvl of females leads to an 

enhanced hyperthermia arising from heightened gross motor activity and diminished habituation 

in response to novel object presentation. This finding suggests the intriguing possibility that the 

role of Rprm in responses to novelty is related to the long-established roles of the VMHvl in 

females in regulating glucose (Hirschberg et al., 2020; Su et al., 2025; Tu et al., 2022), 

promoting arousal (Devidze et al., 2006; Krause et al., 2021), suppressing anxiety (Cheung et 

al., 2015; Mccarthy et al., 1996), and mediating interactions with threats (Hashikawa et al., 

2017; Silva et al., 2013). Recent work also shows that this arousal includes the suppression of 

excretions (Cabrera-Zapata et al., 2026), suggesting that the arousal state comprises multiple 

components that may be driven by distinct aspects of cellular or circuit function. Indeed, the 

increase in physical activity is driven by the Mc4r gene (Krause et al., 2021), the suppression of 

secretions by neural projections to a micturition center (Cabrera-Zapata et al., 2026), and the 

suppression of physiological responses to novelty by the Rprm gene.  

More broadly, these findings define the specific context-dependent contributions of Rprm 

gene function and place them within the broader thermoregulatory and behavioral functions of 

the VMHvl. Such studies are imperative to fully understand how molecularly diverse populations 

coordinate function.   
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FIGURES 

Figure 4.1: Female mice harboring a Rprm KO in Vglut2-lineage cells display mild 
alterations to Tc when housed in standard ambient temperatures (22-23 °C) 

(A) Representative images of the VMHvl following single molecule in situ hybridization to label 

Rprm (lavender) in RprmFRT/FRT control and RprmVglut2-FlpO knockout female mice; scale bars = 

100 µm. (B) Quantification of Rprm+ cells in 20 µm coronal sections from RprmFRT/FRT control 

(black squares, n = 6) and RprmVglut2-FlpO knockout (purple triangles, n = 6) female mice. 

Pairwise comparisons were performed using Šídák’s multiple comparison test following a 
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significant interaction in an ordinary two-way ANOVA. (C) Hourly Tc recordings throughout the 

11-day session in adult (9-19 weeks of age) RprmFRT/FRT control (black squares, n = 8) and 

RprmVglut2-FlpO knockout (purple triangles, n = 11) female mice with mean ± SEM. (D) Average 

24-hour Tc trace for the 11-day session for mice in (C) with mean ± SEM. (E) 12- and 24-hour Tc 

averages from (C) with mean ± SEM and data points for each mouse. (F) Hourly GMA 

recordings throughout the 11-day session presented with mean ± SEM for mice in (C). (G) 

Average GMA from (F) across an 11-day recording session presented with mean ± SEM. (H) 12- 

and 24-hour GMA averages from (F) presented with mean ± SEM and data points for each 

mouse. Statistical analyses for (C to H) performed using a two-way RM ANOVA. (I) Body weight 

was tracked weekly from 8 to 22 weeks of age (RprmFRT/FRT control mice in black squares, 

RprmVglut2-FlpO knockout mice in purple triangles; n = 7-14 at each age) and displayed with mean 

± SEM. Statistical analysis performed using a mixed effects model with Restricted Maximum 

Likelihood (REML) due to missing values and pairwise comparisons performed using Šídák’s 

multiple comparison test following a significant interaction. (J) fat mass and (K) lean mass as 

percentages of total body weight were calculated in adult (22-weeks of age) female mice 

(RprmFRT/FRT control mice, n = 13; RprmVglut2-FlpO knockout mice, n = 12). Statistical analyses 

were performed using unpaired t-tests and displayed with mean ± SEM and data points for each 

mouse. (L) Average food intake in adult female mice (15-23 weeks of age; RprmFRT/FRT control 

mice in black squares, RprmVglut2-FlpO knockout mice in purple triangles; n = 6 per group) 

presented with mean ± SEM and data points for each mouse. Statistical analysis was performed 

using a two-way RM ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 

and ns = not significant. VMHvl = ventrolateral subdivision of the ventromedial nucleus of the 

hypothalamus. 
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Figure 4.2: Female mice harboring a Rprm KO in Vglut2-lineage cells have unaltered Tc 
when housed at thermoneutrality (29-30 °C) 

(A) Hourly Tc recordings throughout the 11-day session in adult (21-27 weeks of age) 

RprmFRT/FRT control (black squares, n = 5) and RprmVglut2-FlpO knockout (purple triangles, n = 8) 

female mice with mean ± SEM. (B) Average 24-hour Tc trace for the 11-day session for mice in 

(A) with mean ± SEM. (C) 12- and 24-hour Tc averages from (A) with mean ± SEM and data 

points for each mouse. (D) Hourly GMA recordings throughout the 11-day session presented 

with mean ± SEM for mice in (A). (E) Average GMA from (D) across an 11-day recording 

session presented with mean ± SEM. (F) 12- and 24-hour GMA averages from (D) presented 

with mean ± SEM and data points for each mouse. Statistical analyses for (A to F) performed 

using a two-way RM ANOVA. (I) Body weight was tracked weekly from 3 to 16 weeks of age 

(RprmFRT/FRT control mice in black squares, RprmVglut2-FlpO knockout mice in purple triangles; n = 
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7-8 at each age) and displayed with mean ± SEM. Statistical analysis performed using a mixed 

effects model with Restricted Maximum Likelihood (REML) due to missing values. (J) fat mass 

and (K) lean mass as percentages of total body weight were calculated in adult (18-23 weeks of 

age) female mice (RprmFRT/FRT control mice, n = 6; RprmVglut2-FlpO knockout mice, n = 7). 

Statistical analyses were performed using unpaired t-tests and displayed with mean ± SEM and 

data points for each mouse. (L) Average food intake in mice from (J, K) presented with mean ± 

SEM and data points for each mouse. Statistical analysis was performed using a two-way RM 

ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = not significant. 
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Figure 4.3. Female mice harboring a Rprm KO in Vglut2-lineage cells have unaltered Tc 
when exposed to a substantial cold challenge (15 °C) 

(A) Hourly Tc recordings throughout the 7-day session in adult (11-15 weeks of age) RprmFRT/FRT 

control (black squares, n = 4) and RprmVglut2-FlpO knockout (purple triangles, n = 4) female mice 

with mean ± SEM. (B) Average 24-hour Tc trace for the 7-day session for mice in (A) with mean 

± SEM. (C) 12- and 24-hour Tc averages from (A) with mean ± SEM and data points for each 

mouse. (D) Hourly GMA recordings presented with mean ± SEM for mice in (A). (E) 7-day 

average GMA from (D) presented with mean ± SEM. (F) 12- and 24-hour GMA averages from 

(D) presented with mean ± SEM and data points for each mouse. Statistical analyses for (A to 

F) performed using a two-way RM ANOVA. (G) Final body weight and (H) change (Δ) in body 

weight from baseline after 15 °C exposure. Statistical analysis performed using unpaired t-tests 

and displayed with mean ± SEM and data points for each mouse. For all data, *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001, and ns = not significant. 
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Figure 4.4: Female mice harboring an adult-specific Rprm KO in the VMHvl have 
unaltered Tc at standard ambient temperatures (22-23 °C) 

(A) Representative images of the VMHvl following single molecule in situ hybridization labeling 

Rprm (lavender) in RprmFRT/FRT control and RprmAAV-FlpO knockout female mice; scale bars = 100 

µm. (B) Quantification of Rprm+ cells in 20 µm coronal sections from RprmFRT/FRT control (black 

squares, n = 8) and RprmAAV-FlpO knockout (pink circles, n = 8) female mice. Pairwise 

comparisons were performed using Šídák’s multiple comparison test following a significant 

interaction in an ordinary two-way ANOVA. (C) Tc recorded across a 24-hour period presented 

as mean ± SEM in adult (14-18 weeks of age) RprmFRT/FRT control (black squares, n = 8) and 

RprmAAV-FlpO knockout (pink circles, n = 8) female mice. Spikes in Tc near ZT 2 are due to 

handling. (D) 12- and 24-hour Tc averages from (C) with mean ± SEM and data points for each 

mouse. (E) GMA recorded across a 24-hour period and presented as in (C). (F) 12- and 24-hour 

GMA averages from (E) presented as in (D). Statistical analyses for (C to F) performed via a 

two-way RM ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = 

not significant. VMHvl = ventrolateral subdivision of the ventromedial nucleus of the 

hypothalamus. 
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Figure 4.5: Female mice harboring an adult-specific Rprm KO in the VMHvl display an 
enhanced hyperthermia in response to novel object presentation 

(A) Experimental design to decipher the role of VMHvlRprm gene expression across an array of 

behavioral assays. (B to E) 5-min Tc recordings in adult (14-18 weeks of age) RprmFRT/FRT 

control (black squares, n = 8) and RprmAAV-FlpO knockout (pink circles, n = 8) female mice across 

behavioral assays including: (B) novel object presentation, (C) female-female social interaction, 

(D) confinement, and (E) female-male social interaction. Dashed vertical lines indicate the start 

and end of each assay. Data are displayed as the mean ± SEM with statistical analysis 

performed using a two-way RM ANOVA. (F to I) 5-min GMA counts across assays presented 

and analyzed as in (B to E). (J and K) Assessment of (J) DTc and (K) DGMA comparing average 

values the hour before (baseline) vs average values during the novel object presentation assay. 

Statistical analyses were performed using unpaired t-tests with mean ± SEM and data points 

shown for each mouse. (L) Simple linear regression analysis assessing the rate of change in 

novelty-induced GMA across the 45-min assay. (M) Rate of GMA decline from peak to basal 

levels calculated as ((GMA during the initial 5-min – GMA during the last 5-min) / GMA during 

the initial 5-min) * 100. Statistical analysis was performed using an unpaired t-test with mean ± 

SEM and data points shown for each mouse. (N) Peak activity levels during the first 5-min of the 

assay. Statistical analysis performed using an unpaired t-test with mean ± SEM and data points 

shown for each mouse. (O) Basal activity levels during the last 5-min of the assay. Statistical 

analysis performed using an unpaired t-test with mean ± SEM and data points shown for each 

mouse. (P) Representative photographs taken of a control (left) and RprmAAV-FlpO knockout (right) 

female mouse during the novel object presentation assay. For all data, *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001, and ns = not significant. 
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Figure S4.1 related to Figures 4.1-4.5: Schematic of the two approaches used to generate 
Rprm KO mice 

Top, breeding schemes and mouse genetics were used to generate RprmVglut2-FlpO mice 

harboring a Rprm knockout in Vglut2 lineage cells throughout the CNS from embryonic 

development. Bottom, stereotaxic delivery of an AAV-FlpO virus was used to specifically knock 

out Rprm in the VMHvl of adult female mice.  
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Figure S4.2 related to Figure 4.5: Week-long daily habituation is sufficient to reduce Tc 

spikes for the assessment of stress-induced hyperthermia 

(A) Schematic of habituation approach. Mice were habituated to assay conditions (cage lid and 

food hopper removal, experimenter, hand in cage mimicking placement of stimulus) for 7-10 

days. (B to D) 5-min Tc recordings in adult (14-18 weeks of age) RprmFRT/FRT control (black 

squares, n=8) and RprmAAV-FlpO knockout (pink circles, n = 8) female mice on the (B) first, (C) 

third, and (D) last day of habituation. Data are displayed as the mean ± SEM with statistical 

analysis performed using a two-way RM ANOVA. For all data, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001, and ns = not significant. 
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MATERIALS AND METHODS 

Mouse models 

All procedures were approved by the UCLA Institutional Care and Use Committee 

(IACUC) in accordance with the National Institutes of Health (NIH) guide for the care and use of 

laboratory animals and carried out in approved facilities at UCLA. Mice were housed under a 

12:12 light-dark cycle (zeitgeber time (ZT) 0 = 7:00 am) under controlled humidity conditions at 

22-23 °C ambient temperatures with ad libitum access to water and breeder chow (Mouse Diet 

9F 5020, 20% protein, 9% fat, LabDiet; St. Louis, MO, USA).  

Experiments were performed on gonadally intact adult animals. The sex of a mouse was 

determined at weaning based on anogenital distance and confirmed postmortem based on the 

presence of ovaries or testes (Massa et al., 2023). RprmCre-FRT founder mice on a C57BL/6J 

background were bred and maintained in approved conditions at UCLA (Park et al., 2026).  

To produce RprmVglut2-FlpO mice, a 2-generation breeding scheme was used. First, 

RprmCre-FRT homozygous mice (referred to here as RprmFRT/FRT) were bred with Vglut2Flpo/+ mice 

(JAX stock no. 030212, B6;129S-Slc17a6tm1.1(flpo)Hze/J) to generate heterozygote carriers of FRT 

sites and optimized flippase recombinase (Flpo). These mice were then bred with RprmFRT/FRT 

mice to ultimately generate mice homozygous for FRT sites and heterozygous for Flpo that 

harbored a developmental Rprm knockout in Vglut2 lineage cells, referred to here as RprmVglut2-

FlpO mice. This line was maintained via crosses with RprmFRT/FRT mice from the RprmCre-FRT 

colony.  

Mouse surgical procedures 

For all surgeries, mice were anesthetized with 2-3% isoflurane and administered pain 

management medications, including buprenorphine (0.01 mg/mL) and carprofen (0.58 mg/mL), 
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on the day of surgery and the following day. Daily body weight and health monitoring was 

conducted for at least a week after surgery.  

Stereotaxic surgery 

Surgeries were performed on adult (8-13 weeks of age) RprmCre-FRT female mice. 

Following anesthetization, mice were placed on a stereotaxic device (Kopf Instruments model 

1900) with isoflurane maintained at 2-2.5%. Viruses were targeted to the VMHvl of adult mice 

using the following coordinates: 1.50 mm posterior to bregma, 0.80-0.85 mm lateral to the 

midline, and 5.50-5.60 mm below the brain surface. Viruses were delivered at a rate of 5-10 

nL/sec using pulled glass needles connected to Hamilton syringes. The needle was slowly 

removed from the brain 10 min after infusion to allow for viral diffusion. Viruses were delivered 

bilaterally into the VMHvl except for anterograde tracing studies, where the AAV was unilaterally 

injected into the left hemisphere. Details on viral titers and injection volumes can be found in 

table 1 below. While we targeted the VMHvl for stereotaxic manipulations, viral expression 

extended to the connecting tuberal nucleus; we include schematics of viral spread and/or 

quantifications for these experiments.  

Experiment Virus Depositor and 
procurement 

Titer (vg/mL) Volume (nL) per 
hemisphere 

Flippase 
recombinase-

mediated Rprm 
KO 

AAV1-EF1a-
mCherry-IRES-

Flpo 
 

Karl Deisseroth, 
Addgene viral prep # 

55634-AAV1 

7×10¹² 
 

75 

 
Fluorescent 

mCherry control 

AAV8-hSyn-DIO-
mCherry 

 

Bryan Roth, 
Addgene viral prep # 

50459-AAV8 

≥ 1×10¹³ 
 

75 
 
 
 

 

Passive and continuous tracking of core body temperature (Tc) 

Implantation of thermo-loggers occurred either on the same day as stereotaxis or one 

week before/after, depending on availability. In either case, mice were allowed to recover for at 
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least 2-weeks following surgery before experiments were conducted. For all experiments 

detailed below, mice were singly housed with ad libitum access to food and water for the 

duration of telemetry recordings, which all occurred in the home cage.  

Short-range telemetry was collected via G2 E-Mitters and the ER4000/4500 receiver 

pads (Starr Life Sciences; Oakmont, PA, USA). This permits the continuous monitoring of Tc and 

gross motor activity (GMA), defined as movements carried out in the x, y, and z axis including 

running, walking, rearing, and side-to-side displacements. DST nano-T thermo-loggers (Star-

Oddi; Garðabær, Iceland) were also employed for continuous Tc recordings. Both the G2 E-

Mitters and nano-T thermo-loggers were implanted intraperitoneally following sterilization with 

MetricideTM28 Glutaraldehyde High-Level Disinfectant (Metrex Research; Orange, CA, USA) as 

described in (Raam et al., 2026).  At the end of experiments, raw data from G2 E-Mitters and 

DST nano-T thermo-loggers was extracted using VitalView (version 5.1 & 6.0, Starr Life 

Sciences) and Mercury (version v6.69, Star-Oddi) data acquisition software, respectively.  

Tc analysis 

Tc in RprmVglut2-FlpO females across various ambient temperatures 

Continuous telemetry recordings are presented in one of three ways: 1) 1-hour intervals 

across the multi-day experiment (11 days for 23 °C and 29 °C, 8 days for 15 °C), 2) averaged 

across the multi-day recording session at each hour interval and presented as a 24-hour Tc 

trace or 3) further binned into 12-hour intervals in the light and dark phase and into a 24-hour 

average.  

Tc in RprmAAV-FlpO females  

Following stereotaxic surgery and a 2-week recovery period, mice were subjected to a 7-

10-day habituation paradigm before behavioral assays, acclimating them to experimental 
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conditions and minimizing confounders for Tc analysis. Habituations included removing the cage 

lid and food hopper, gently introducing the investigator’s hand into the cage to mimic the 

placement of a stimulus, and placing the food hopper and lid back on. All manipulations and 

telemetry recordings were carried out in the home cage to minimize Tc and GMA perturbations 

that occur when transferring mice to behavioral testing chambers.  

Novelty-induced hyperthermia 

3D-printed pyramids (4 x 4 x 6 cm) were made from polylactic acid (PLA) filaments and 

printed using the Creality Ender-3 V2 3D printer (Inayat et al., 2021). Pyramids were wrapped 

with bright green and yellow tape (fisherbrand Cat. No. 159015R) to ensure easy visibility and 

were sanitized prior to and in between each run with Sani-Plex 128 and 70% ethanol. Mice were 

allowed to freely interact with the object during the 45-min assay.  

Social hyperthermia 

Sexually naïve conspecific adult (9–10-week-old females & 10–14-week-old males) mice 

were used as the stimuli. For the female-female social hyperthermia paradigm, mice were 

allowed to freely interact during the 45-min assay. For the female-male paradigm, mice were 

allowed to freely interact during the 10-min assay; a shorter duration was chosen to prevent 

mating.  

Confinement stress-induced hyperthermia 

A small (12 cm x 8 cm) ventilated opaque plastic box was placed over each experimental 

mouse during the 60-min confinement assay. This permitted constant airflow and enough space 

for postural adjustments. A small weight was placed on top of the box to prevent mice from 

tilting it over and escaping. The confinement boxes were sanitized prior to and in between each 

test with Sani-Plex 128 and 70% ethanol. Confinement was chosen over restraint, the most 
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severe form of confinement stress, given previous work establishing confinement as a potent 

hyperthermic stressor in rodents (McGivern et al., 2009). 

Metabolic phenotyping 

Body composition was assessed via an EchoMRITM-100 analyzer (Houstin, TX, USA) 

that tracks fat and lean mass. Values here are presented as percentages of total body weight. 

Food intake was assessed by giving single-housed mice a pre-measured amount of food at 

approximately ZT 11.5. The remaining food was weighed at ZT 0.5 and ZT 11.5 every day for 5 

consecutive days to assess day/night food intake variations, accounting for the presence of 

crumbs in the bedding. Values here are presented as daily averages across the 5-days.  

Tissue collection and preparation 

Mice were deeply anesthetized with IP injection of sodium pentobarbital (15 mg/mL) and 

confirmed unconscious before proceeding. Mice were transcardially perfused with ice-cold 

DEPC-treated 1x phosphate-buffered saline (PBS, pH=7.4) until the lungs and liver cleared, 

followed by ice-cold 4% paraformaldehyde (PFA) diluted from a 16% stock solution (Electron 

Microscopy Sciences, Catalog# 15700) in DEPC-treated PBS. Brains were harvested, post-

fixed in 4% PFA overnight, and dehydrated in 30% sucrose for 24-48 hours, maintaining RNase-

free conditions throughout. Brains were then embedded in optimal cutting temperature (OCT) 

compound (Fisher Scientific, Catalog# 23-730-571) and stored at –80 °C until cryosectioned. 

Coronal sections at a thickness of 20-30 µm were collected in 4-8 series using a cryostat (Leica 

CM1950) and either directly mounted on slides or collected free-floating in PBS and kept in 

Eppendorf tubes filled with cryoprotectant solution (30% sucrose, 30% ethylene glycol, 1% 

polyvinylpyrrolidone in 1x PBS) stored at –20 °C until further processing.  

Histology 

Fluorescent in situ hybridization 
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To detect the presence of mRNA transcripts in the brain, coronal sections (20 µm in 

thickness) were first mounted on Superfrost™ Plus slides (Fisher Scientific, Catalog# 12-550-

15) using RNase-free technique. Slides were allowed to dry and single molecule in situ 

hybridization was performed using the RNAscope® Multiplex Fluorescent Detection Kit version 2 

(Advanced Cell Diagnostics, Newark, CA, USA) following manufacturer instructions. In brief, 

slides were fixed in prechilled 10% neutral buffered formalin for 20 min at 4 °C. Slides were then 

pre-treated with serial ethanol dehydration, hydrogen peroxide incubation, target retrieval using 

a food-grade steamer (Hamilton Beach Brands Inc, Glen Allen, VA, USA) heated to 99 °C, and 

protease III incubation (Park et al., 2026). Following pre-treatment steps, slides were incubated 

with a commercially available probe targeting Rprm (Bio-Techne, Catalog# 466071) at 40 °C for 

2 hours. Signal amplification and fluorescent labeling were carried out using the provided 

solutions along with fluorophores such as Opal 570 (1:500, Akoya Biosciences, Catalog# 

NEL744001KT) and Opal 690 (1:500, Akoya Biosciences, Catalog# NEL745001KT). Slides 

were then counterstained with DAPI, coverslipped using Prolong™ Gold Antifade Mountant 

(Thermo Fisher Scientific, Catalog# P36930), cured overnight at room temperature, and stored 

at 4 °C until imaged and analyzed as described below.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Image Analysis and Quantification 

Brain sections were imaged at 10x magnification using a Nikon Eclipse Ti2 inverted 

microscope, with images imported into ImageJ (Fiji version 2.1.0/1.53c, NIH). Prior to 

quantification, sections from comparable bregma distances were selected to ensure a similar 

rostro-caudal level was analyzed for all mice in each experiment, ranging from bregma -1.455 to 

-1.755 mm, which we considered the central to caudal VMHvl. Regions of interest (ROIs) and 

anatomical notations were defined and outlined by referencing the Allen Brain Mouse (v2, 2011) 
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and Paxinos and Franklin (v3, 2008) atlases. Cells were identified based on co-localization of 

the fluorescent signal with DAPI. Once images were selected, quantifications were performed 

manually by a blinded investigator as follows. 

Fluorescent in situ hybridization 

A cell was considered positive for a gene of interest following in situ hybridization if it 

contained 7 or more transcripts within a DAPI-positive cell (Park et al., 2026), using the cell 

counter plug-in in ImageJ to track positive cells. When needed, brightness/contrast was 

adjusted uniformly across images. For the validation of RprmVglut2-FlpO knockout mice, 

quantification was performed on one brain hemisphere per mouse. For the validation of 

RprmAAV-FlpO knockout mice, both hemispheres were quantified and reported separately since 

stereotaxis can introduce variability in the degree of bilateral AAV delivery. Only mice that were 

confirmed to have successful bilateral targeting were included in the analysis.  

Statistical Analysis 

Statistical analyses and plots were generated in GraphPad Prism (version 11.0.2). 

Information on statistical tests used, sample sizes, and significance levels are reported in the 

figure legends. Comparisons between two groups were tested using unpaired t-tests. 

Comparisons involving multiple factors were conducted via 2-way analyses of variance (ANOVA), 

or in the case data was missing, a mixed effects model, with either repeated measures (RM) or 

independent factors. Pairwise comparisons were performed following a significant interaction 

using Šídák’s multiple comparison test. Simple linear regression analyses were used to calculate 

rate of change for activity levels. All statistical analyses were two-tailed. Data were considered 

statistically significant when p is less than 0.05. 
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