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Abstract  32 

The use of genetically engineered tools, including combinations of Cre-LoxP and Flp-FRT 33 

systems, enable the interrogation of complex biology. Steroidogenic factor-1 (SF-1) is 34 

expressed in the ventromedial hypothalamic nucleus (VMH). Development of genetic 35 

tools, such as mice expressing Flp recombinase (Flp) in SF-1 neurons (Sf-1-Flp), will be 36 

useful for future studies that unravel the complex physiology regulated by the VMH. Here, 37 

we developed and characterized Sf-1-Flp mice and demonstrated its utility. Flp sequence 38 

was inserted into Sf-1 locus with P2A. This insertion did not affect Sf-1 mRNA expression 39 

levels and Sf-1-Flp mice do not have any visible phenotypes. They are fertile and 40 

metabolically comparable to wild-type littermate mice. Optogenetic stimulation using 41 

adeno-associated virus (AAV)-bearing Flp-dependent channelrhodopsin-2 (ChR2) 42 

increased blood glucose and skeletal muscle PGC-1α in Sf-1-Flp mice. This was similar 43 

to SF-1 neuronal activation using Sf-1-BAC-Cre and AAV-bearing Cre-dependent ChR2. 44 

Finally, we generated Sf-1-Flp mice that lack β2-adrenergic receptors (Adrβ2) only in 45 

skeletal muscle with a combination of Cre/LoxP technology (Sf-1-Flp::SKM∆Adrβ2). 46 

Optogenetic stimulation of SF-1 neurons failed to increase skeletal muscle PGC-1α in Sf-47 

1-Flp::SKM∆Adrβ2 mice, suggesting that Adrβ2 in skeletal muscle is required for augmented 48 

skeletal muscle PGC-1α by SF-1 neuronal activation. Our data demonstrate that Sf-1-Flp 49 

mice are useful for interrogating complex physiology.  50 
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Introduction 51 

The ventromedial hypothalamic nucleus (VMH) regulates multiple physiological 52 

responses and has been investigated for decades (1-3). For instance, the VMH regulates 53 

metabolism, food intake, behavior such as defensive behavior, reproduction, autonomic 54 

nervous system, and many other physiological functions (1-4). Although the role of the 55 

VMH in various physiological functions is well investigated, the precise molecular and 56 

neuronal mechanisms by which the VMH regulates physiology still remain largely unclear.  57 

Steroidogenic factor-1 (SF-1, official gene name is Nr5a1) is expressed in the 58 

entire VMH early in embryonic development (5-7). In adults, SF-1 expression becomes 59 

more restricted to VMH neurons in the dorsomedial and center of the VMH (5, 6). Of note, 60 

SF-1 is also expressed in the pituitary gland, adrenal gland, and gonads like the testis 61 

and ovary (8, 9). We previously demonstrated that SF-1 neurons in the VMH (VMHSF-1 62 

neurons) regulate skeletal muscle transcriptional events via the sympathoadrenal drive 63 

(10). Briefly, optogenetic stimulation of VMHSF-1 neurons using Sf-1-BAC-Cre (11) and 64 

adeno-associated virus (AAV) that contains Cre-dependent channelrhodopsin-2 (ChR2) 65 

(AAV-DIO-ChR2) (12) increases mRNA levels of skeletal muscle peroxisome proliferator-66 

activated receptor gamma coactivator 1-alpha (PGC-1α, official gene name is Ppargc1a) 67 

(10). Surgical ablation of the adrenal gland or global knockout of β2-adrenergic receptors 68 

(Adrβ2) hampers inductions of skeletal muscle Pgc-1α expression, suggesting the 69 

sympathoadrenal drives and Adrβ2 are required for VMHSF-1 neuronal regulation of 70 

skeletal muscle. Considering that Adrβ2 is a major subtype of adrenergic receptors in 71 

skeletal muscle cells (13), VMHSF-1 neurons regulate skeletal muscle PGC-1α likely via 72 

direct actions on Adrβ2 in skeletal muscle cells. However, Adrβ2 is expressed in other 73 
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metabolically important tissues, including the pancreas (14), liver (15), and VMH (16); 74 

thus it is still unclear which tissues are responsible for VMHSF-1 neuronal regulation of 75 

skeletal muscle Pgc-1α expression when using global Adrβ2 KO mice. To determine 76 

whether Adrβ2 in skeletal muscle cells is indeed required for VMHSF-1 neurons to regulate 77 

skeletal muscle PGC-1α, we needed to develop an animal model that facilitates studies 78 

to ablate Adrβ2 only in skeletal muscle cells and simultaneously to manipulate VMHSF-1 79 

neuronal activity. To this end, we developed mice expressing Flpe recombinase (Flp) in 80 

SF-1 neurons (Sf-1-Flp). Similar to the Cre-LoxP system, Flp recognizes FRT sites and 81 

induces a variety of recombinations depending on the directions and locations of FRT 82 

sites (17-20). Because there is minimum overlapping enzymatic recognition between Cre-83 

LoxP and Flp-FRT systems (21), these systems can be used in combination, enabling 84 

complex genetic manipulations.  85 

An insertion of Flp in Sf-1 locus does not affect mRNA expression of Sf-1 in the 86 

hypothalamus, pituitary gland, adrenal gland, and testis/ovary where SF-1 is expressed. 87 

We confirmed that Sf-1-Flp mice exhibit Flp activity in SF-1 neurons in the VMH without 88 

any visible phenotypes. Further, fundamental metabolism such as body weight and 89 

glucose levels in Sf-1-Flp mice is comparable to littermate wild-type control mice. By 90 

crossing Sf-1-Flp with mice lacking Adrβ2 only in skeletal muscle by Cre-LoxP system, 91 

we achieve to activate VMHSF-1 neurons in mice lacking Adrβ2 only in skeletal muscle. 92 

We found that lacking Adrβ2 only in skeletal muscle cells hampers augmented skeletal 93 

muscle PGC-1α by VMHSF-1 neuronal activation. Collectively, our data demonstrate that 94 

Sf-1-Flp mouse is a valuable tool to decipher physiology that is regulated by VMHSF-1 95 

neurons.   96 
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Results 97 

Generation of Sf-1-Flp mice 98 

 We first attempted to insert Flpe recombinase, a temperature-stabilized form of Flp 99 

(22), into the downstream of Sf-1 coding sequence region using either IRES or P2A. 100 

However, we could not obtain any founders with either method. SF-1 global knockout is 101 

lethal in mice (23).  We concluded that inserting Flp into C terminal region of SF-1 102 

disrupted Sf-1 transcriptional activity by some unknown mechanisms, leading to the 103 

lethality. Thus, we decided to insert Flp upstream of the start codon of Sf-1 with P2A, 104 

which is a self-cleaving peptide (24, 25) (SFigure 1). Using CRISPR/Cas9 approach as 105 

we described previously (26, 27), we successfully obtained Sf-1-Flp mice. We bred Sf-1-106 

Flp mice with Ai65fTB/TB mice, which bear Flp-dependent tdTomato in Rosa26 locus (28) 107 

(Sf-1-Flp+/-::Ai65fTB/-). Sf-1-Flp+/-::Ai65fTB/- mice expressed tdTomato in tissues where SF-108 

1 is expressed such as the VMH, pituitary gland, adrenal gland, and gonads (Figure 1A-109 

F). In the brain, tdTomato expression is restricted to the VMH and axons emanating from 110 

the VMH (SFigure 2). These expression patterns are consistent with previous reports (6, 111 

29), suggesting no ectopic expression, at least in the brain. In line with previous studies 112 

(6, 11), a scatter of tdTomato-positive cells was observed outside of the VMH (Figure 1A 113 

and B, SFigure2). There are a couple of potential explanations for why these scatter 114 

tdTomato-positive cells were observed outside of the VMH. Although this may simply be 115 

an artifact due to the nature of transgenic animals, the following explanation is more likely 116 

the case. During embryonic development, SF-1 positive cells are migrated into the VMH 117 

from several areas such as median eminence (6). Some of these SF-1 cells during 118 

development fail to migrate into the VMH (6). Indeed, single-cell/nucleus RNA-sequence 119 
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(sc/sn-RNAseq) studies have pointed out a small number of POMC-positive cells, which 120 

are located in the hypothalamic arcuate nucleus (ARH), expressing Sf-1 (30). Further 121 

studies using cutting-edge technology, such as spatial RNA-sequence (31), will be 122 

warranted to determine genetic properties of these scatter cells outside of the VMH. Next, 123 

we determined whether the insertion of Flp disrupts expression of Sf-1. We found no 124 

differences in mRNA levels of Sf-1 in the hypothalamus, pituitary gland, adrenal gland, 125 

and testis/ovary between heterozygous Sf-1-Flp mice and wild-type littermate control 126 

mice (Figure 1G-K). These data suggest that the insertion of Flp into 5’UTR of Sf-1 locus 127 

unlikely affects Sf-1 mRNA expression in Sf-1-Flp mice.  128 

 129 

Sf-1-Flp mice have normal body weight and whole body glucose metabolism  130 

 Next, we assessed baseline metabolic parameters in Sf-1-Flp mice by comparing 131 

heterozygous Sf-1-Flp mice with wild-type littermate control mice. Body weight, fat mass, 132 

and lean mass in Sf-1-Flp mice were comparable to those of control mice (Figure 2A-H). 133 

There were no significant differences in glucose tolerance and insulin tolerance between 134 

control and Sf-1-Flp mice (Figure 2I, J, M, and N). Further, fed and fast blood glucose 135 

levels were comparable in control and Sf-1-Flp mice (Figure 2K, L, O, and P), suggesting 136 

that Sf-1-Flp mice do not have aberrant whole-body glucose metabolism. SF-1 is required 137 

for maintaining normal endocrine function in mice as Sf-1 heterozygous global knockout 138 

mice exhibit aberrant blood leptin and corticosterone levels (32). Blood leptin, insulin, and 139 

corticosterone levels in fed and fasting status were comparable in control and Sf-1-Flp 140 

mice (SFigure 3A-C). We found that basal blood epinephrine levels in Sf-1-Flp male mice 141 

were significantly lower than in control mice (Figure 3A). In female mice, blood 142 
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epinephrine levels tended to be lower than control mice, with the average value of 143 

epinephrine in Sf-1-Flp female mice being approximately 55% of the control group 144 

(Figure 3C). Blood norepinephrine levels were comparable between Sf-1-Flp and control 145 

mice (Figure 3B and D), suggesting that the synthesis of epinephrine was disrupted. 146 

Thus, we investigated whether epinephrine synthesis in the adrenal gland was disrupted 147 

by measuring mRNA levels of tyrosine hydroxylase (Th), dopamine-β-hydroxylase (dβh), 148 

and phenylethanolamine N-methyltransferase (Pnmt) in the adrenal gland, which are 149 

essential for epinephrine synthesis. mRNA levels of Th, dβh, and Pnmt in male adrenal 150 

glands tended to be lower than control mice (Figure 3B-G), and in females, they were 151 

significantly lower than control mice (Figure 3H-J). These results suggested that the 152 

synthetic pathway of epinephrine is disrupted by an insertion of P2A-Flp into the 5’-UTR 153 

of Sf-1 locus. Overall, our data demonstrated that the insertion of P2A-Flp into the 5’-UTR 154 

of the Sf-1 locus unlikely affects most SF-1 functions; however, it potentially has indirect 155 

effects on adrenal medulla functions.   156 

 157 

Optogenetic stimulation using Sf-1-Flp mice  158 

 Optogenetic stimulation of VMHSF-1 neurons using Sf-1-BAC-Cre mice and AAV-159 

DIO-ChR2 increases blood glucose (10, 33) and mRNA levels of PGC-1α in skeletal 160 

muscle (10). Further, it suppresses appetite (34) and induces defensive behavior such as 161 

burst activities that include jumping and running (4, 35). To investigate whether we can 162 

utilize optogenetics in Sf-1-Flp mice, we delivered AAV bearing Flp-dependent ChR2 163 

(AAV-fDIO-ChR2) into the VMH (Sf-1-Flp::ChR2) and examined whether optogenetic 164 

stimulation could produce a phenocopy of the stimulation in Sf-1-BAC-Cre mice. The 165 
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control group received AAV that does not contain ChR2 but a fluorescent tag sequence 166 

(AAV-fDIO-EYFP) (Sf-1-Flp::EYFP). Optogenetic stimulation of VMHSF-1 neurons 167 

increased c-Fos in the VMH of Sf-1-Flp::ChR2 mice, suggesting that it is sufficient to 168 

induce augmented neuronal activities in VMHSF-1 neurons (Figure 4C and D). As 169 

expected, optogenetic VMHSF-1 neuronal activation in Sf-1-Flp::ChR2 mice increased 170 

blood glucose (Figure 4E), and burst activities were observed. We confirmed that the 171 

stimulation of VMHSF-1 neurons significantly increased blood epinephrine (Figure 4F and 172 

G) and mRNA levels of Pgc-1α  in tibial anterior (TA) skeletal muscle of Sf-1-Flp::ChR2 173 

mice (Figure 4H). We further examined whether optogenetic stimulation of VMHSF-1 174 

neurons in Sf-1-Flp::ChR2 mice suppresses appetite. Mice were fasted overnight, which 175 

maximized their appetite. The stimulation significantly reduced food intake even though 176 

they were fasted overnight (Figure 4I and J). These results are a phenocopy of 177 

experiments using Sf-1-BAC-Cre and Cre-dependent AAV containing ChR2 (10). Overall, 178 

these data indicate that optogenetic tools can be used in Sf-1-Flp mice. 179 

 180 

Combination of Cre-LoxP and Flp-FRT system in Sf-1-Flp mice 181 

 Finally, we tested whether Adrβ2 in skeletal muscle cells is required for the 182 

induction of skeletal muscle Pgc-1α mRNA by VMHSF-1 neuronal activation. To do so, we 183 

crossed Sf-1-Flp to mice expressing tamoxifen-inducible Cre under the control of the 184 

human skeletal muscle cell promoter (HAS-MCM) (36) and Adrβ2 floxed (37) mice (Sf-1-185 

Flp::SKM∆Adrβ2).  As previous studies showed (38), we confirmed that Cre activity was 186 

induced in skeletal muscle of HAC-MCM mice by tamoxifen-containing (TAM) diet 187 

(SFigure 4A). Control group was composed of littermate Sf-1-Flp+/-::Adrβ2flox/flox mice 188 
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(control). All mice were fed with TAM diet. After recovery from TAM diet, AAV-fDIO-EYFP 189 

or AAV-fDIO-ChR2 was microinjected into the VMH of control or Sf-1-Flp::SKM∆Adrβ2 mice 190 

(Control::EYFP, Control::ChR2, Sf-1-Flp::SKM∆Adrβ2::EYFP, and Sf-1-191 

Flp::SKM∆Adrβ2::ChR2) (Figure 5A). Deletion of Adrβ2 in skeletal muscle cells did not 192 

affect increased blood glucose levels by VMHSF-1 neuronal activation (Figure 5B). In line 193 

with Figure 4, optogenetic VMHSF-1 neuronal activation in Control::ChR2 mice 194 

significantly increased skeletal muscle Pgc-1α mRNA than Control::EYFP (Figure 5C-H), 195 

whereas deletion of Adrβ2 in skeletal muscle cells significantly hampers augmented 196 

skeletal muscle Pgc-1α mRNA by VMHSF-1 neuronal activation (Figure 5C-H). Of note, 197 

TAM diet significantly reduced mRNA levels of Adrβ2 in skeletal muscle of Sf-1-198 

Flp::SKM∆Adrβ2, but not that of control mice (SFigure 4B). These data demonstrate that 199 

Adrβ2 in skeletal muscle cells is required for augmented skeletal muscle Pgc-1α mRNA 200 

by VMHSF-1 neuronal activation. In addition, these results articulate that Sf-1-Flp mice can 201 

be used with combinations of Cre-LoxP system.   202 
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Discussion 203 

 In this study, we generate Sf-1-Flp mice that express Flpe recombinase in SF-1 204 

cells and demonstrate that Sf-1-Flp mice can be useful in investigating complex 205 

physiology. Our previous report indicates that Adrβ2 contributes to VMHSF-1 neuronal 206 

regulation of skeletal muscle transcriptional events (10).  However, it was unclear whether 207 

VMHSF-1 neurons regulate a direct action of Adrβ2 in skeletal muscle cells because Adrβ2 208 

is widely expressed throughout the body in both rodents and humans (39-41). Our current 209 

study demonstrates that Adrβ2 in skeletal muscle cells is indeed required for augmented 210 

skeletal muscle Pgc-1α mRNA by VMHSF-1 neuronal activation. This strongly suggests 211 

that a direct action of Adrβ2 in skeletal muscle cells is key for VMHSF-1 neuronal regulation 212 

of skeletal muscle transcriptional events and functions.  213 

 VMHSF-1 neurons contribute to beneficial effects of exercise including reductions in 214 

fat mass (42). Previous studies indicate that VMHSF-1 neurons are key to exercise-induced 215 

skeletal muscle adaptations via the sympathetic nervous system (10, 42). Our data 216 

(Figure 5) pinpoint that Adrβ2 in skeletal muscle cells is likely required for VMHSF-1 217 

neurons to regulate skeletal muscle function, although further studies are needed to 218 

elucidate what precise physiological functions VMHSF-1 neurons contribute to regulate in 219 

the context of long-term exercise training. These functions may include the mitochondrial 220 

respiratory system and switching fiber-type composition. For instance, long-term exercise 221 

training has been shown to improve mitochondrial function and alter muscle fiber-type 222 

(43-45). If VMHSF-1 neuronal activation is repeated for a certain duration (e.g., 8 to 12 223 

weeks), it may enhance mitochondrial function and influence fiber-type components as 224 

recurrent exercise training does. 225 
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There are a couple of technical notes to be aware of for future studies when Sf-1-226 

Flp mice are used. First, although we examined Flp activity in Sf-1-Flp mice throughout 227 

the brain (SFigure 2), we did not survey all peripheral tissues. As the nature of genetically-228 

engineered mice, it is still possible that Sf-1-Flp mice may have ectopic Flp expression in 229 

some tissues where endogenous SF-1 is not expressed. Further, we used tdTomato 230 

expression as a surrogate of Flp activity, but it does not guarantee that Flp works with 231 

other genetically-engineered tools such as transgenic mice or AAV that bear FRT sites. 232 

Thus, it is important to validate each experimental model. Second, we found that Sf-1-Flp 233 

mice have lower blood epinephrine levels (Figure 3). Because Sf-1 mRNA levels in the 234 

adrenal gland are comparable between Sf-1-Flp and control mice (Figure 1) and Sf-1 is 235 

only expressed in the cortex of the adrenal gland, not the medulla where catecholamines 236 

are produced, it is unclear how the insertion of P2A-Flp into 5’-UTR disrupts the 237 

production of epinephrine in the adrenal gland. Optogenetic studies show that Sf-1-Flp 238 

mice can increase blood epinephrine levels by VMHSF-1 neuronal activation, suggesting 239 

that Sf-1-Flp mice can modify epinephrine releases upon afferent neuronal inputs. 240 

Nonetheless, we suggest that it is ideal for studies to contain a control Sf-1-Flp group for 241 

proper interpretation of the results. Further investigations will be warranted on the 242 

mechanism underlying the effects of the transgenic insertion into 5’UTR of Sf-1 locus on 243 

blood epinephrine levels in Sf-1-Flp mice. Third, we noticed when AAV-fDIO-ChR2 was 244 

administered into the VMH of Sf-1-Flp mice, it took at least 5 to 6 weeks to have metabolic 245 

phenotype induced by VMHSF-1 neuronal activation (e.g., increased glucose levels). When 246 

we use Sf-1-BAC-Cre mice and AAV-DIO-ChR2 (10), it only takes 2 to 3 weeks to observe 247 

a metabolic phenotype. The reason for these discrepancies of durations is unclear. 248 
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However, it is important to keep this in mind when AAV approaches are used in Sf-1-Flp 249 

mice.  250 

Sf-1-Flp mice will provide unique opportunities for those who investigate the 251 

physiology of SF-1 cells, especially SF-1 neurons in the VMH. As shown in Figure 5, Sf-252 

1-Flp mice unlock the possibilities of conducting experiments that manipulate genes in 253 

peripheral cells and modulate SF-1 neuronal activity or their function simultaneously. 254 

Further, Sf-1-Flp mice can be used for temporal conditioned manipulation combined with 255 

AAV approach such as using AAV bearing Flp-dependent Cre recombinase (AAV-fDIO-256 

Cre). For instance, leptin receptors (LEPR) in the VMH appear to be important in 257 

regulating metabolism (11, 46), but it may be intriguing to determine the role of LEPR in 258 

the VMH in adults. If AAV-fDIO-Cre is administered into the VMH of Sf-1-Flp mice bearing 259 

two LoxP sites in LEPR locus (47) (Sf-1-Flp::Leprflox/flox mice), we may be able to achieve 260 

knockdown of LEPR specifically in VMHSF-1 neuron in adults. These approaches enable 261 

circumventing potential developmental compensations that happen when conventional 262 

Cre lines are used (48) and may unravel the role of interested genes in SF-1 neurons in 263 

adults.  264 

In addition, Sf-1-Flp mice will enable the investigation of the detailed function of 265 

subpopulation in SF-1 neurons. Studies using  sc/sn-RNAseq reveal genetically distinct 266 

subpopulations of the VMH, suggesting that the VMH is an extremely heterogeneous 267 

nucleus (16, 49). To interrogate which neuronal subpopulations of the VMH contribute to 268 

different physiological functions, Sf-1-Flp mice can be valuable as it can be applied such 269 

as using the INTERSECT method (21). For instance, LEPR is widely expressed in the 270 

hypothalamus, including the ARH or dorsomedial hypothalamic nucleus (DMH) (50, 51). 271 
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The ARH and DMH are juxtaposed to the VMH, thus it is technically difficult to target 272 

LEPR only in the VMH by microinjections or other injection methods. Using INTERSECT 273 

method in mice expressing Flp in SF-1 neurons and Cre in LEPR-expressing neurons by 274 

crossing Sf-1-Flp and Lepr-IRES-Cre mice (52), targeting LEPR neurons only in the VMH 275 

can be achieved.  276 

In conclusion, our data demonstrate that Sf-1-Flp mice can be a great asset for 277 

neuroscience, metabolism, and many other fields that investigate the roles of cells 278 

expressing SF-1.   279 
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Methods 280 

Sex as a biological variable 281 

Both male and female mice were used in Figure 1-3. Male mice were used in optogenetic 282 

studies (Figure 4 and Figure 5). 283 

 284 

Generation of Sf-1-Flp mice 285 

We utilized CRISPR/Cas9 approach to generate Sf-1-Flp mice. The sequence of Mus 286 

musculus Nr5a1 (ENSMUST00000028084.5) was obtained from the Ensembl Genome 287 

Database (53, 54). Exon 2 of the Nr5a1 gene encoding the translational start sight was 288 

targeted using the following guide RNA: 5’- 289 

GUACGAAUAGUCCAUGCCCGGUUUUAGAGCUAUGCU-3’; For the HDR repair 290 

template a 1499 bp IDT single-stranded DNA MegamerTM (Intergrated DNA Technologies, 291 

US)  was used encoding the Flpe recombinase sequence immediately followed by the 292 

P2A self-cleaving peptide sequence (22, 25). 5’ and 3’ homology arms were 45 and 92 293 

bp respectively. Guide RNA, trcRNA, Cas9 protein, and HDR Template (all from IDT) were 294 

administered through a pronuclear injection in C57Bl/6NCrl (Charles River, US) zygotes 295 

by the UT Southwestern Transgenic Technology Center.  A schematic design of Sf-1-Flp 296 

insertion was described in SFigure 1. Founders were screened by PCR followed by 297 

Sanger sequencing. To validate Flp activity in situ, we bred founders with Ai65f mice that 298 

express Flp-dependent tdTomato in Rosa26 locus (28). Importantly, Sf-1-Flp mice will be 299 

publicly available upon the materials transfer agreement between the University of Texas 300 

Southwestern Medical Center (UTSW) and the recipient institute.  301 

 302 
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Genetically-engineered mice and mouse husbandry  303 

Sf-1-Flp mice were generated as outlined above. HAS-MCM (RRID:IMSR_JAX:025750) 304 

(36), Ai65f (RRID:IMSR_JAX:032864) (28), and Ai14 (RRID:IMSR_JAX:007914) (55) 305 

mice were purchased from the Jackson Laboratory. Abrb2 floxed mice (15) were obtained 306 

from Dr. Florent Elefteriou at Baylor College of Medicine with the permission of Dr. Gerard 307 

Karsenty at Columbia University. Ear or tail gDNA was collected from each mouse to 308 

determine its genotype. A KAPA mouse genotype kit was used for PCR genotyping 309 

(Roche, US). The sequences of genotyping primers and expected band sizes for each 310 

allele are described in Supplemental Table 1. Mice were housed at room temperature 311 

(22–24 ̊C) with a 12 hr light/dark cycle (lights on at 6am, and 7am during daylight saving 312 

time) and fed a normal chow diet (2016 Teklad global 16% protein rodent diets, Envigo, 313 

US). Magnetic-resonance whole-body composition analyzer (EchoMRI, TX US) was used 314 

to analyze the fat and lean mass of mice. Mice were maintained in groups and singly 315 

housed after adeno-associated virus (AAV) injections and optic fiber probes insertions. 316 

Animal care was according to established NIH guidelines.  317 

 318 

AAV injections and optic fiber probe insertions 319 

rAAV5-nEF1α-fDIO-hChR2(H134R)-EGFP-WPRE-hGH polyA, (Catalog# PT-1384; 5.5 x 320 

1012 VM/mL) and rAAV-nEF1α-fDIO-EYFP-WPRE-hGH polyA (Catalog# BHV12400246; 321 

2.8 x 1012 VM/mL) were purchased from Biohippo (MD, USA). AAVs were unilaterally 322 

administered into the right side of the VMH of mice using a UMP3 UltraMicroPump (WPI, 323 

US) with 10 µL NanoFil microsyringe (WPI) and NanoFil needle (WPI; Catalog# NF33BV). 324 

The volume of AAVs was 500 nL at the rate 100 nL per minute, and the needle was left 325 
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for another 5 minutes after the injection was finished. The coordinates of VMH-326 

microinjection were AP; −1.4 L; +0.5, and D; −5.5 (from Bregma). The optic fiber probe 327 

was inserted as following coordinates; AP; −1.4, L; +0.5, and D; −5.0. The configuration 328 

of the probe was 200 µm Core, 0.39NA, Ø2.5 mm ceramic ferrule, and 6mm length (RWD 329 

Life science Inc, US). The fiber probe was secured by adhesion bond (Loctite 454, Loctite 330 

Inc, US). Mice were allowed to recover for at least five to six weeks after the AAV injections 331 

to express recombinant proteins fully. 332 

 333 

Optogenetics  334 

As we previously reported (10), the laser unit (Opto engine LLC, US; Catalog# MDL-III-335 

470) was used for VMHSF-1 neuronal stimulations. The power of tips was set to ~1 336 

mW/mm2. The customed transistor-transistor logic generator was built based on the 337 

design by the University of Colorado Optogenetics and Neural Engineering Core, which 338 

is supported by the National Institute of Neurological Disorders and Stroke of the National 339 

Institutes of Health under award number P30NS048154. Rotary joint patch cable 340 

(Thorlabs; Catalog# RJPSF4 for LED and RJPFF4 for the laser) was used to connect to 341 

the laser unit. The quick-release interconnect (Thorlabs; Catalog# ADAF2) was used to 342 

connect the rotary joint patch cable to the fiber probe attached to the mouse head. The 343 

stimulation was set to; 5 ms duration, 20 Hz, 2 seconds activation and 2 seconds rest 344 

cycle, 30 minutes. 345 

 346 

Assessment of food intake  347 
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Mice were singly housed for food intake measurement. As shown in Figure 3H, mice are 348 

acclimated to time-restricted food availability for 3 days. Water was available throughout 349 

acclimation and experimental days except for when 30 minutes of optogenetic stimulation 350 

was executed. Food was available between ZT5 to ZT10. On the experimental day, mice 351 

were moved to the experimental cages without food. After optogenetic stimulation was 352 

finished at ZT5, food and water were provided. Food weight was measured at 30, 60, and 353 

120 minutes.  354 

 355 

Immunohistochemistry and Fos counting 356 

Mouse brains were prepared as previously described (10, 56). Anti-c-Fos (Abcam, US; 357 

Catalog# ab190289, Lot# GR3418522-1, and RRID:AB_2737414) and secondary 358 

fluorescent antibodies (Thermo Fisher Scientific, Inc, US; Catalog# A-21203, 359 

Lot#WD319534, and RRID:AB_141633) were used. Dilution factors for antibodies were 360 

1:2000 for the primary and 1:200 for the secondary antibodies. Images were captured by 361 

a fluorescence microscopy (Leica Inc, US; Model DM6 B) or a slide scanner (Axioscan 7; 362 

(Zeiss US, US). Quantification of c-Fos-positive cells was described previously (10). 363 

Briefly, the exposure of captured images was adjusted and the VMH region was clipped 364 

by Photoshop based on the mouse brain atlas [28]. Clipped images were exported to Fiji, 365 

and the number of cells expressing Fos was counted by particle measurement function. 366 

 367 

Assessment of glucose, catecholamines, and hormone levels in the blood 368 

Blood glucose was measured by a glucose meter as previously described (42, 57, 58). 369 

Blood for leptin, insulin, and corticosterone measurement was collected by tail-nicking 370 
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with a heparin-coated capillary glass tube. We removed food 2 hours before blood 371 

collection to avoid immediate postprandial effects on blood metabolite and hormone and 372 

defined this condition as fed status in this study. For catecholamine measurement, trunk 373 

blood (Figure 3A) or submandibular blood (Figure 4F) was used. Plasma 374 

catecholamines and hormone levels were measured as previously described (42, 58). 375 

Briefly, the plasma catecholamines were analyzed by the Vanderbilt Hormone Assay & 376 

Analytical Services Core. Plasma leptin (Crystal Chem Inc, US; Catalog# 90030 and 377 

RRID:AB_2722664), insulin (Crystal Chem Inc, US; Catalog# 90080 and 378 

RRID:AB_2783626), and corticosterone (Cayman Chemical, US; Catalog #501320 and 379 

RRID:AB_2868564) levels were determined by commercially available ELISA kits.  380 

 381 

Glucose and Insulin tolerance tests 382 

For glucose tolerance test, mice were fasted for 6 hours prior to testing starting at ZT2 383 

with water provided ad libitum. For the glucose tolerance test, mice received an 384 

intraperitoneal injection of glucose solution (2 g/kg per BW). Glucose solution was 385 

purchased from ThermoFisher (catalog # A2494001). For insulin tolerance test, mice 386 

were fasted for 4 hours prior to testing starting at ZT4 with water provided ad libitum. Mice 387 

received i.p. insulin (Humalin® R, Eli Lilly, US) at 0.75 U/kg per BW for male mice and 388 

0.50 U/kg per BW for female mice. Blood glucose was measured using a handheld 389 

glucometer (Bayer’s Contour Blood Glucose Monitoring System; Leverkusen Germany).   390 

 391 

Assessment of mRNA 392 
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mRNA levels in tissues were determined as previously described (42, 59). The sequences 393 

of primers for qPCR using SYBR or the catalog of Taqman probes are described 394 

previously (60) and in Supplemental Table 2. 395 

 396 

Graphic software, Data analysis, and statistical design 397 

The schematic design of Sf-1-Flp mice in Supplemental Figure 1 was generated by 398 

SnapGene (GSL Biotech LLC, US). The data are represented as means ± S.E.M. 399 

GraphPad PRISM version 10 (GraphPad, US) was used for the statistical analyses and 400 

P<0.05 was considered as a statistically significant difference. A detailed analysis of each 401 

figure was described in Supplemental Table 3. The sample size was decided based on 402 

previous publications (26, 42, 56-59, 61-63), and no power analysis was used. Figures 403 

were generated using PRISM version 10, Illustrator 2023 and 2025, and Photoshop 2023 404 

and 2025 (Adobe Inc, US). 405 

 406 

Study approval 407 

All procedures using mice were approved by the Institutional Animal Care and Use 408 

Committee of UTSW, and animal experiments were performed at UTSW. 409 

 410 

Data availability 411 

All datasets generated during the current study are provided in the Supporting Data 412 

Values File.   413 
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Figure Legends 430 

 431 

Figure 1. Generation of Sf-1-Flp mice. The representative figures of (A and B) the 432 

ventromedial hypothalamic nucleus (VMH), (C) pituitary gland, (D) adrenal gland, (E) the 433 

testis, and (F) ovary of Sf-1-Flp::Ai65f mice. Ai65f mice bearing Flp-dependent tdTomato 434 

in Rosa26 locus. All white scale bars are 500 µm. mRNA levels of Sf-1 in the (G) 435 

hypothalamus, (H) pituitary gland, (I) adrenal gland, (J) the testis in males, and (K) ovary 436 

in female of Sf-1-Flp heterozygous mice. The control group is composed of wild-type 437 

littermate mice.  Values are mean ± S.E.M.  438 

 439 

Figure 2. Sf-1-Flp mice do not have aberrant body weight and glucose metabolism. 440 

The time course of body weight of Sf-1-Flp heterozygous (A) male and (E) female mice. 441 

(B, F) Body weight, (C, G) fat mass, and (D, H) lean mass in fed and 24-hour fast 442 

conditions in Sf-1-Flp heterozygous (B-D) male and (F-H) female mice. Glucose tolerance 443 

test in Sf-1-Flp heterozygous (I) male and (M) female mice. Insulin tolerance test in Sf-1-444 

Flp heterozygous (J) male and (N) female mice. Blood glucose levels in fed and 24-hour 445 

fast conditions in Sf-1-Flp heterozygous (K and L) male and (O and P) female mice. 446 

Values are mean ± S.E.M. Detailed statical analysis was described in Supplemetal Table 447 

3. 448 

 449 

Figure 3. Sf-1-Flp mice have lower blood epinephrine. (A-D) Blood catecholamine 450 

levels in fed and 24-hour fast conditions in Sf-1-Flp heterozygous male and female mice. 451 

(B-J) mRNA levels of tyrosine hydroxylase (Th), dopamine-β-hydroxylase (dβh), and 452 
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phenylethanolamine N-methyltransferase (Pnmt) in the adrenal gland in Sf-1-Flp 453 

heterozygous male and female mice. Values are mean ± S.E.M. *** p < 0.001, ** p <0.01, 454 

* p < 0.05. 455 

 456 

Figure 4. Optogenetic activation of VMHSF-1 neurons using Sf-1-Flp mice. (A) 457 

Schematic figure of targeting site of VMHSF-1 neurons using Sf-1-Flp mice and AAV 458 

containing Flp-dependent ChR2. (B) Experimental design and stimulus setting of 459 

optogenetics. (C) Representative figures of c-Fos expression pattern in the hypothalamus 460 

of mice expressing EGFP (Sf-1-Flp::EYFP) or ChR2 (Sf-1-Flp::ChR2) in VMHSF-1 neurons 461 

after optogenetic stimulation. (D) Number of c-Fos positive cells in the VMH of Sf-1-462 

Flp::ChR2 mice after optogenetic stimulation. (E) Blood glucose levels in Sf-1-Flp::ChR2 463 

mice with optogenetic stimulation. (F and G) Blood catecholamine levels and (H) mRNA 464 

expression levels of Pgc1-α isoform in skeletal muscle of Sf-1-Flp::ChR2 mice after 465 

optogenetic stimulation. (I) Experimental design for food intake study. (J) Food intake in 466 

Sf-1-Flp::ChR2 mice with optogenetic stimulation. All mice were male. Values are mean 467 

± S.E.M. *** p < 0.001, ** p <0.01, * p < 0.05. 468 

 469 

Figure 5. Adrβ2 in skeletal muscle cells is required for augmented skeletal muscle 470 

PGC-1α mRNA by VMHSF-1 neuronal activation.  (A)  Experimental design to generate 471 

mice lacking Adrb2 in skeletal muscle cells (Sf-1-Flp::SKM∆Adrβ2) and expressing ChR2 in 472 

VMHSF-1 neurons (Sf-1-Flp::SKM∆Adrβ2::ChR2). AAV-fDIO-EYFP was used as control-AAV 473 

for AAV-fDIO-ChR2 (Sf-1-Flp::SKM∆Adrβ2::EYFP).  Control group that do not lack Adrb2 in 474 

skeletal muscle cells (control) was also administered either AAV-fDIO-EYFP or AAV-fDIO-475 
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ChR2 (Control::EYFP or Control::ChR2).  (B) Blood glucose levels of Sf-1-476 

Flp::SKM∆Adrβ2::ChR2 mice after optgenetic stimulation. (C-H) mRNA expression levels of 477 

Pgc1-α isoform in skeletal muscle of Sf-1-Flp::SKM∆Adrβ2::ChR2 mice after optogenetic 478 

stimulation. All mice were male. Values are mean ± S.E.M. *** p < 0.001, * p < 0.05.  479 
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Supplemental Figure Legends 480 

 481 

Supplemental Figure 1. The schematic design of Sf-1-Flp mice. WT allele (upper) and 482 

Sf-1-Flp allele (lower) sequences are described. SF-1-Flp_F1, F2, and R3 indicate the 483 

location of genotype primers for Sf-1-Flp mice.  484 

 485 

Supplemental Figure 2. Brains sections of Sf-1-Flp::Ai65fTB/- mice. Blue color 486 

indicates DAPI staining and red color indicates SF-1 positive cells.  487 

 488 

Supplemental Figure 3. Sf-1-Flp mice have normal responses of corticosterone, 489 

leptin, and insulin to fasting challenge. Blood (A) corticosterone, (B) insulin, (C) and 490 

leptin levels in fed and 24-hour fast conditions in Sf-1-Flp heterozygous male and female 491 

mice. Values are mean ± S.E.M.  492 

 493 

Supplemental Figure 4. Sf-1-Flp::SKM∆Adrβ2 mice has lower Adrb2 mRNA 494 

expression in skeletal muscle. (A) Representative figure of lower limbs of HAC-495 

MCM::Ai14TB/- mice after 4 weeks tamoxifen (TAM) diet. A control group is composed of 496 

Ai14 mice. All mice were fed with 4 weeks TAM diet. (B) mRNA levels of Adrb2 in TA 497 

skeletal muscle in Sf-1-Flp::SKM∆Adrβ2 mice after 4 weeks tamoxifen diet. A control group 498 

is composed of Sf-1-Flp+/-::Adrβ2flox/flox mice. All mice were fed with 4 weeks TAM diet. 499 

Values are mean ± S.E.M. **** p < 0.0001  500 
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