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SUMMARY
Sarcopenia and frailty are urgent socio-economic problems worldwide. Here we demonstrate a functional
connection between the lateral hypothalamus (LH) and skeletal muscle through Slc12a8, a recently identified
nicotinamide mononucleotide transporter, and its relationship to sarcopenia and frailty. Slc12a8-expressing
cells are mainly localized in the LH. LH-specific knockdown of Slc12a8 in young mice decreases activity-
dependent energy and carbohydrate expenditure and skeletal muscle functions, including muscle mass,
muscle force, intramuscular glycolysis, and protein synthesis. LH-specific Slc12a8 knockdown also de-
creases sympathetic nerve signals at neuromuscular junctions and b2-adrenergic receptors in skeletal mus-
cle, indicating the importance of the LH-sympathetic nerve-b2-adrenergic receptor axis. LH-specific overex-
pression of Slc12a8 in aged mice significantly ameliorates age-associated decreases in energy expenditure
and skeletal muscle functions. Our results highlight an important role of Slc12a8 in the LH for regulation of
whole-body metabolism and skeletal muscle functions and provide insights into the pathogenesis of sarco-
penia and frailty during aging.
INTRODUCTION

In rapidly aging societies, frailty, defined by deterioration of phys-

ical and mental functions because of aging, is an urgent socio-

economical problem (Cesari et al., 2014). In particular, sarcopenia,

age-related muscle weakness with decreases in muscle weight

and force, is a critical pathophysiological condition that induces

frailty, and development of preventive and therapeutic interven-

tions for sarcopenia is indispensable for extension of the health-

span (Kim andChoi, 2013). The underlyingmolecularmechanisms

of sarcopenia and physical frailty still remain unclear, and, to date,

few potential drug targets have been identified (Dao et al., 2020).

Gaining a better understanding of the molecular mechanisms of

sarcopenia and frailty will allow us to identify effective pharmaco-

logical approaches and develop therapeutic strategies to prevent

and/or treat sarcopenia and frailty.

Over the past several years, some studies have revealed that

progressive, systemic decreases in nicotinamide adenine
This is an open access article under the CC BY-N
dinucleotide (NAD+) levels and the resultant dysfunctions of

NAD+-consuming enzymes are a driving force of age-associated

pathophysiologies (Chini et al., 2021; Fang et al., 2014, 2019;

Katsyuba et al., 2020; Rajman et al., 2018; Verdin, 2015; Yoshino

et al., 2018). Supplementation of NAD+ intermediates, such as

nicotinamide riboside or nicotinamide mononucleotide (NMN),

has been extensively tested to boost NAD+ levels systemically,

and their effects to counteract age-associated tissue dysfunc-

tion have been demonstrated (Chini et al., 2021; Fang et al.,

2014, 2019; Katsyuba et al., 2020; Rajman et al., 2018; Verdin,

2015; Yoshino et al., 2018). It has been reported that supplemen-

tation of NMN effectively mitigates age-associated physiological

decline in mice (Mills et al., 2016). Interestingly, NMN enhances

energy metabolism and improves insulin sensitivity in mice. It

has been demonstrated recently that NMN significantly im-

proves skeletal muscle insulin sensitivity and signaling in hu-

mans (Yoshino et al., 2021). However, the precise mechanism

for its action is still poorly investigated.
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We have previously demonstrated that Sirt1, a mammalian

NAD+-dependent protein deacetylase, in the hypothalamus

plays a critical role in regulation of age-associated changes in

tissue functions and lifespan in mice (Satoh et al., 2013;

Snyder-Warwick et al., 2018). Brain-specific Sirt1-overexpress-

ing (BRASTO) mice, which show higher Sirt1 expression in the

dorsomedial hypothalamus (DMH) and lateral hypothalamus

(LH), exhibit significant improvement in age-associated morpho-

logical and functional changes of mitochondria in skeletal mus-

cle (Satoh et al., 2013). BRASTO mice maintain more youthful

morphologic features of neuromuscular junctions (NMJs)

compared with controls (Snyder-Warwick et al., 2018).

Contrarily, knockdown of Sirt1 in the DMH and LH in aged

mice causes decreased expression of mitochondrial functional

genes and b2-adrenergic receptor (b2AR), which is regulated

by the sympathetic nerve (Khan et al., 2016), and more aged

NMJ morphology in skeletal muscle (Satoh et al., 2013;

Snyder-Warwick et al., 2018). These results suggest that skeletal

muscle is regulated by the hypothalamic NAD+-Sirt1 axis, poten-

tially through the sympathetic nervous system, and that func-

tional decline in this particular hypothalamic function may

contribute to the pathogenesis of sarcopenia and frailty during

the process of aging.

We have recently identified Slc12a8 as an NMN transporter

(Grozio et al., 2019). Slc12a8 is highly expressed in the small in-

testine and specifically transports NMN in a sodium-dependent

manner, maintaining intracellular NAD+ levels during the process

of aging. Our present study was originally initiated by our inter-

esting finding that Slc12a8 is also expressed in a specific

neuronal subpopulation in the LH. Therefore, we suspected

that Slc12a8 in the LH might be involved in the hypothalamus-

skeletal muscle interaction and that dysfunction of this interac-

tion could be involved in the pathogenesis of sarcopenia and

frailty. To address this hypothesis, we analyzed the functions

of Slc12a8 in the LH and its effects on skeletal muscle functions.

RESULTS

Slc12a8 is expressed in the LH
Because expression of Slc12a8 in the hypothalamus is not re-

ported, we first analyzed Slc12a8-expressing cells in the hypo-

thalamus. To visualize Slc12a8-expressing cells, we connected

the coding region of Slc12a8 to Cre recombinase-estrogen re-

ceptor T2 (CreERT2) through the P2A sequence and generated
Figure 1. Slc12a8-expressing cells are localized in the LH

(A) Representative immunofluorescence image of ZsGreen in tamoxifen-treated

nuclei, including the dorsomedial hypothalamus (DMH), ventromedial hypothalam

right. Coordinates were as follows: relative to the bregma; anterior-posterior, �1

(B) Quantitative analysis of ZsGreen-positive cells in each hypothalamic nucleus

(C) Representative image for Slc12a8 mRNA (yellow), Slc32a1 mRNA (a marker fo

neurons, red) in the LH by RNAscope. Arrows and arrowheads indicate Slc12a

respectively. Scale bar, 50 mm.

(D) Quantitative analysis of Slc12a8-positive GABAergic neurons and glutamater

(E) Representative image of Slc12a8mRNA (yellow) and orexin (green, top), or Slc

neurons or an MCH neuron. Scale bar, 100 mm.

(F) Quantitative analysis of Slc12a8-positive and -negative orexin neurons (left) o

(G) Quantitative analysis of orexin-positive (left) or MCH-positive (right) Slc12a8

All images were captured in the LH of 3- to 4-month-old mice. ***p < 0.001 by o
Slc12a8-CreERT2 knockin mice (Figure S1). We then crossed

Slc12a8-CreERT2 knockin mice with Rosa26-CAG-LSL-

ZsGreen mice (Madisen et al., 2010). In Slc12a8-expressing

cells, administration of tamoxifen resulted in removal of a

STOP cassette and induced subsequent expression of ZsGreen.

After 5 days of tamoxifen administration followed by 7-day re-

covery, we observed that the highest number of ZsGreen-posi-

tive cells was localized in the LH compared with other hypotha-

lamic nuclei, including the arcuate nucleus (Arc), DMH, and

ventromedial hypothalamus (VMH) (Figures 1A and 1B). Because

we observed a relatively large number of Slc12a8-expressing

cells in the LH, we analyzed these Slc12a8-expressing cells in

the LH. Using RNAscope, we co-stained Slc12a8 mRNA with

Slc32a1 mRNA, a marker of GABAergic neurons, and Slc17a6

mRNA, a marker of glutamatergic neurons (Figure 1C). We

observed that approximately 20% and 10% of the Slc12a8 sig-

nals were positive for the GABAergic and glutamatergic neuronal

markers, respectively (Figure 1D). Because orexin neurons and

melanin-concentrating hormone (MCH) neurons are the most

well-characterized neuronal populations in the LH (Stuber and

Wise, 2016), we also co-stained Slc12a8 mRNA with an anti-

orexin antibody or anti-MCH antibody (Figure 1E). Approximately

20% of orexin neurons and MCH neurons expressed Slc12a8

(Figures 1E and 1F, arrows). However, among Slc12a8-positive

cells, only 3%–4% of these cells were positive for orexin or

MCH (Figure 1G). These results indicate that Slc12a8 is ex-

pressed in the LH, defining a population that is distinct from pre-

viously described neuronal populations in the LH.

Slc12a8 in the LH regulates activity-dependent energy
expenditure and skeletal muscle functions
To analyze the function of Slc12a8 in the LH, we administered a

lentivirus encoding shRNA (short hairpin RNA) for Slc12a8 (sh-

Slc12a8) by stereotaxic injection to the LH (Figure 2A). As a con-

trol, we injected a lentivirus encoding shRNA for firefly luciferase

(sh-fLuc). The appropriate coordinate was determined by the

localization of Slc12a8-positive cells. The knockdown efficiency

ofSlc12a8 shRNAwas approximately 40% (Figure 2B). Similar to

previous results (Grozio et al., 2019), knockdown of Slc12a8 in

Neuro2a cells resulted in an impaired NMN-induced increase

in NAD+ levels (Figures S2A and S2B). We first evaluated the en-

ergy expenditure of LH-specific Slc12a8 knockdown (KD) mice

using metabolic cages with running wheels (Chen et al., 2020;

Okamoto et al., 2018). Three months after injection of the
Slc12a8-CreERT2/Rosa26-ZsGreen mice. Schematics of major hypothalamic

us (VMH), arcuate nucleus (Arc), and lateral hypothalamus (LH), is shown on the

.8 mm; medial-lateral, ±0.9 mm; dorsal-ventral, �5.4 mm. Scale bar, 300 mm.

. n = 4.

r GABAergic neurons, green), and Slc17a6 mRNA (a marker for glutamatergic

8-positive GABAergic neurons and Slc12a8-positive glutamatergic neurons,

gic neurons. n = 4.

12a8mRNA andMCH (green, bottom). Arrows indicate Slc12a8-positive orexin

r MCH neurons (right). n = 4.

mRNA signals. n = 4.

ne-way ANOVA with Tukey’s test for (B). Error bars indicate SEM.
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lentivirus, Slc12a8 KD mice showed significantly decreased en-

ergy expenditure during the dark time (Figures 2C and S2C, left

panel). We also observed a tendency for a decrease in energy

expenditure during the light time.We also analyzedwhich energy

source was the major cause of the decreased energy expendi-

ture in Slc12a8 KD mice. Slc12a8 KD mice displayed significant

decreases in carbohydrate expenditure during the dark time

(Figures 2D and S2D, left panel). On the other hand, we observed

mild decreases in fat expenditure only during the light time

(Figures 2E and S2E, left panel). When we removed the wheels,

we did not observe any changes in energy expenditure or carbo-

hydrate expenditure in Slc12a8 KDmice (Figures S2C–S2E, right

panels), indicating that these decreases in energy expenditure

and carbohydrate expenditure in Slc12a8 KD mice are activity

dependent. There were no significant differences in respiratory

exchange ratio (RER) between Slc12a8 KD mice and control

mice (Figures S2F and S2G). Because Slc12a8 KDmice showed

no differences in food intake (Figure S2H), daily open-field activ-

ity in a cage (Figure S2I), or voluntary wheel running distance

(Figure S2J), the decreases in energy and carbohydrate expen-

diture are not due to decreased food intake or daily activity.

We also performed a long-term (1month) voluntary running exer-

cise experiment and analyzed the expression of Slc12a8. How-

ever, there were no changes in expression of Slc12a8 in the hy-

pothalamus (data not shown). The rectal temperature in Slc12a8

KD mice was comparable with that in control mice (Figure S2K).

Thus, Slc12a8 in the LH regulates activity-dependent energy

expenditure and carbohydrate expenditure.

Given that Slc12a8 deficiency causes decreases in NAD+

levels in vivo (Grozio et al., 2019), we expected to see NAD+ de-

creases in the LH. However, it was technically difficult to reliably

measure NAD+ levels specifically in such a small Slc12a8-posi-

tive area of the LH. Thus, we decided to knock down nicotin-

amide phosphoribosyl transferase (Nampt), the rate-limiting

enzyme for the major NAD+ biosynthetic pathway, in the LH.

Similar to Slc12a8 KD mice, LH-specific Nampt KD mice also

showed significant decreases in energy and carbohydrate

expenditure (Figures S2N–S2P), suggesting that decreased

NAD+ levels were most likely the cause of the phenotypes in

Slc12a8 KD mice.

Because decreases in energy expenditure and carbohydrate

expenditure in Slc12a8 KD mice were observed only during the

dark time and were activity dependent (Figures 2C, 2D, S2C,

and S2D), we hypothesized that these decreases in energy and

carbohydrate expenditure could be caused by defects in skeletal

muscle functions. We first performed a treadmill test. Slc12a8

KDmice exhibited approximately 40% decreases in running dis-
Figure 2. Slc12a8 in the LH regulates energy expenditure and skeletal

(A) Representative images of the immunohistochemistry of Venus derived from a le

and Friedman, 2021). Scale bar, 300 mm.

(B) Quantitative analysis of the KD efficiency of Slc12a8 by RNAscope. n = 4–5.

(C–E) Metabolic cage analysis for energy expenditure (C), carbohydrate expendi

(F) Endurance capacity of LH-specific Slc12a8 KD mice by treadmill analysis. n =

(G and H) Carbohydrate expenditure (G) and fat expenditure (H) at maximum spe

(I) Twitch force measurement of LH-specific Slc12a8 KD mice. n = 10.

(J) In vivo muscle force-frequency curve of LH-specific Slc12a8 KD mice. n = 10

(K) Force reduction during repeated electrical stimulation in LH-specific Slc12a8

*p < 0.05 and **p < 0.01 by Student’s t test for (B), (F)–(I), and (K) or by two-way
tance, indicating that Slc12a8 in the LH regulates endurance ca-

pacity (Figure 2F). Although oxygen consumption and energy

expenditure at the maximum speed were equivalent in control

and Slc12a8 KD mice (Figure S2L; data not shown), Slc12a8

KD mice showed decreased carbohydrate expenditure at the

maximum speed (Figure 2G) and increased fat expenditure and

decreased RER (Figures 2H and S2M). These results indicate

that Slc12a8 KD mice have defects in activity-dependent utiliza-

tion of carbohydrates and that this impairment of carbohydrate

expenditure may cause decreased endurance capacity. We

next measured skeletal muscle force in vivo (Myers et al.,

2019). There was no difference in the twitch force induced by sin-

gle electrical stimulation between control and Slc12a8 KD mice

(Figure 2I). However, Slc12a8 KD mice showed clear decreases

in muscle force during high-frequency electrical stimulation (Fig-

ure 2J), indicating that maximum strength is impaired in Slc12a8

KD mice. We also evaluated fatigue resistance by repeatedly

stimulating skeletal muscle. Control mice showed approximately

40% decreases in muscle force during repeated stimulation,

whereas Slc12a8 KD mice showed approximately 60% de-

creases, suggesting that Slc12a8 KD mice are more susceptible

to fatigue compared with control mice (Figure 2K). These find-

ings indicate that Slc12a8 in the LH is required for maintenance

of endurance capacity, muscle force, and fatigue resistance.

Slc12a8 in the LH regulates skeletal muscle mass
through protein synthesis
Because observed decreases in carbohydrate expenditure

(Figures 2D and 2G), maximum strength (Figure 2J), and fatigue

resistance (Figure 2K) implicated defects in fast muscle fibers

(Talbot and Maves, 2016), we hypothesized that Slc12a8 in the

LH mainly controlled fast muscles. Fast muscles rely on glyco-

lytic metabolism as their energy source. Therefore, we analyzed

the tissue weights of the hindlimb muscles including fast and

slow muscles. Consistent with our hypothesis, we detected sig-

nificant decreases in tissue weights of fast muscles, including

the tibialis anterior (TA), gastrocnemius (GAS), plantaris (PLA),

and quadriceps (QUA) muscles, but not in the soleus (SOL) mus-

cle, in Slc12a8 KD mice (Figure 3A). The extensor digitorum lon-

gus (EDL) muscle also showed a tendency of decrease in muscle

weight. We did not observe differences in heart and epididymal

fat weights (Figure S3A). Body weight changes after stereotaxic

injection of the lentivirus were equivalent in control and

Slc12a8 KD mice (Figure S3B). We also analyzed changes in

cross-sectional area of muscle fibers in control and Slc12a8

KD mice. We performed immunostaining of type 1, type 2A,

and type 2B muscle fibers using the GAS muscle. Although the
muscle functions

ntivirus. Ppp1r17 was stained for a marker of the DMH compact region (Caglar

ture (D), and fat expenditure (E) of LH-specific Slc12a8 KD mice. n = 8.

10.

ed of LH-specific Slc12a8 KD mice. n = 10.

.

KD mice. n = 10.

repeated-measures ANOVA for (C)–(E) and (J). Error bars indicate SEM.
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cross-sectional areas of type 1 fibers in Slc12a8 KD mice were

comparable with those in control mice (Figures S3C and S3D),

the cross-sectional areas of type 2A and type 2B fibers in

Slc12a8 KD mice were significantly smaller than those in control

mice (Figures S3C, S3E, and S3F). These results strongly sug-

gest that Slc12a8 in the LH is required for maintenance of fast

muscle fibers.

Because the balance of protein synthesis and protein degra-

dation determines skeletal muscle mass (Egerman and Glass,

2014), we analyzed signaling molecules that regulate protein

synthesis and degradation. We found that phosphorylation of

p70S6K, a central molecule that regulates protein synthesis,

was decreased in the TA muscles of Slc12a8 KD mice

(Figures 3B and 3C). Phosphorylation of S6, a downstream target

of p70S6K, was also decreased in Slc12a8 KD mice (Figures 3B

and 3D), indicating that the signaling cascade controlling protein

synthesis is downregulated in Slc12a8 KD mice. To measure

changes in protein synthesis, we administered puromycin and

detected newly synthesized puromycin-labeled peptides, a

method called surface sensing of translation (SUnSET) analysis

(Goodman and Hornberger, 2013). We found that the amounts

of puromycin-labeled peptides were decreased in Slc12a8 KD

mice (Figures 3E and 3F), indicating that Slc12a8 in the LHmain-

tains fast muscle weight by regulating protein synthesis. It is well

known that Akt acts as an upstream kinase for protein synthesis

and degradation (Egerman and Glass, 2014). Thus, we analyzed

phosphorylation levels of Akt in TA muscles of control and

Slc12a8 KD mice. As opposed to p70S6K and S6, phosphoryla-

tion of Akt at Thr308 was increased in Slc12a8 KD mice

(Figures S3G and S3H). There were no differences in phosphor-

ylation of Akt at Ser473. It is possible that Akt phosphorylation in-

creases in response to the decrease in phosphorylation of

p70S6K and S6 (Bentzinger et al., 2008).We also analyzed phos-

phorylation of FoxOs, the central molecules for protein degrada-

tion that act downstream of Akt. We observed no differences in

phosphorylation levels of FoxO1 and FoxO3a and expression of

their targets, MuRF-1 and atrogin-1, between control and

Slc12a8 KD mice (data not shown). Our findings indicate that

Slc12a8 in the LH regulates skeletal muscle mass through pro-

tein synthesis.

Slc12a8 in the LH regulates glycolysis by regulating the
sympathetic nerve-b2-adrenergic receptor (b2AR) axis
in skeletal muscle
Because Slc12a8 KD mice showed decreased carbohydrate

expenditure (Figures 2D and 2G), we focused on glucose meta-

bolism in skeletal muscle. We first analyzed the main glycolysis-

relatedmetabolites. The amounts of glycogen and glucose in the

TA muscle of Slc12a8 KD mice were comparable with those of

control mice (Figures 4A and 4B). However, we found that the
Figure 3. Slc12a8 in the LH regulates muscle mass through protein sy

(A) Hindlimb muscle weights of LH-specific Slc12a8 KD mice. n = 10.

(B) Representative western blotting for phosphorylated and total p70S6K (top) a

(C and D) Quantitative analysis of the phosphorylation levels of p70S6K (C) and

(E) Representative images of puromycin labeled-peptides (left) and CBB (Cooma

(F) Quantitative analysis of (E).

Signals around 65 kDa (arrow in E) were quantified. n = 10. *p < 0.05, **p < 0.01
amounts of pyruvate, an end product of glycolysis, were signifi-

cantly decreased to approximately 40% in Slc12a8 KD mice

(Figure 4C), suggesting decreased glycolysis in Slc12a8 KD

mice. At a systemic level, we did not observe any abnormalities

in fed and fasted blood glucose levels, glucose tolerance tests

(GTTs), and insulin tolerance tests (ITTs) in Slc12a8 KD mice

(Figures S4A–S4C), implying that defects in glucose metabolism

might be limited only in skeletal muscle. Thus, we analyzed

glycolysis-related gene expression in skeletal muscle and found

that the expression levels of peroxisome proliferator-activated

receptor delta (PPARd), PPARg, and pyruvate dehydrogenase

kinase 4 (PDK4) were significantly decreased in Slc12a8 KD

mice (Figure 4D). There was no difference in expression of

PPARa. PPARd and PPARg are essential regulators of glucose

metabolism in skeletal muscle (Grygiel-Gorniak, 2014; Hong

et al., 2019). Activation of PPARd in skeletal muscle results in

increased glucose utilization in vitro and in vivo (Gan et al.,

2011; Kramer et al., 2005). Overexpression of PPARg in skeletal

muscle causes increased glucose uptake (Amin et al., 2010).

PDK4 phosphorylates pyruvate dehydrogenase (PDH) to inhibit

utilization of pyruvate formed from glycolysis, controlling the bal-

ance of glucose and fatty acid utilization (Atas et al., 2020).

PDK2/PDK4 double-knockout mice show decreased phosphor-

ylation of PDH, impaired insulin-induced glucose uptake, and

decreased basal levels of glucose-6-phosphate content, an

intermediary metabolite of glycolysis, in skeletal muscle (Rahimi

et al., 2014). Consistent with the decreased expression of PDK4,

phosphorylation of PDHwas decreased inSlc12a8KDmice (Fig-

ure 4E). We also confirmed that intracellular pyruvate levels were

decreased by knocking down PDK4 in vitro in myotubes

(Figures S4D and S4E). These results suggest that Slc12a8 in

the LH regulates glycolysis in skeletal muscle by regulating

PPARd, PPARg, and PDK4. Because KD of PDK4 caused

decreased phosphorylation of p70S6K and S6 (Figures S4F

and S4G), the decreased protein synthesis in Slc12a8-KD mice

is most likely induced by decreased expression of PDK4.

Recent studies have demonstrated that skeletal muscle is

innervated by the sympathetic nerve, and stimulation of sympa-

thetic nerves activates skeletal muscle function through b2AR

(Khan et al., 2016; Straka et al., 2018). Thus, we analyzed the

sympathetic nerve-b2AR axis. Similar to an earlier report (Khan

et al., 2016), we confirmed that b2AR was highly expressed in

NMJs (Figure S4H) and that formoterol, a long-acting b2 agonist,

increased expression of PDK4, PPARd, and PPARg in skeletal

muscle in vivo (Figure S4I) (Chinsomboon et al., 2009; Pearen

et al., 2008). We found that protein expression of b2AR was

significantly decreased by 80% in Slc12a8 KD mice (Figure 4F).

We also analyzed innervation of the sympathetic nerve by stain-

ing with tyrosine hydroxylase (TH), a marker of the sympathetic

nerve, at NMJs (Khan et al., 2016). TH-positive signal levels
nthesis

nd S6 (bottom) of TA muscles from LH-specific Slc12a8 KD mice.

S6 (D) in LH-specific Slc12a8 KD mice. n = 10–20.

ssie Brilliant Blue) staining (right) of LH-specific Slc12a8 KD mice.

, and ***p < 0.001 by Student’s t test. Error bars indicate SEM.
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around NMJs were suppressed in Slc12a8 KD mice (Figure 4G),

suggesting that regulation of glucose metabolism by the sympa-

thetic nerve-b2AR axis is affected in skeletal muscle of Slc12a8

KD mice.

Slc12a8-KD mice recapitulate phenotypes in aged mice
It has been reported that aged mice show significant decreases

in skeletal muscle mass and maximum strength (Ham et al.,

2020). Thus, we became interested in whether Slc12a8-KD

mice could recapitulate molecular phenotypes of aged mice.

During the process of aging, expression of Slc12a8 in the LH

decreased in 18- to 20-month-old mice compared with 3- to

4-month-old mice at an extent similar to KD efficiency (Fig-

ure 5A). Protein expression of b2AR in skeletal muscle was

also dramatically decreased during aging, consistent with that

in Slc12a8 KD mice (Figure 5B). Expression of PDK4 and the

amounts of pyruvate in skeletal muscle were also gradually

decreased during aging, whereas expression of PPARs was

not altered (Figures 5C and 5D). Therefore, Slc12a8 KD mice

recapitulated molecular phenotypes observed in aged mice,

suggesting involvement of Slc12a8 in the LH for the pathogen-

esis of age-associated sarcopenia and frailty.

Overexpression of Slc12a8 in the LH of aged mice
improves age-related dysfunction of energy
expenditure and skeletal muscle functions
Because LH-specific KD of Slc12a8 recapitulates aging phe-

notypes, we expected that increasing Slc12a8 expression in

the aged LH could improve reduced energy expenditure and

skeletal muscle functions in aged mice. We overexpressed

Slc12a8 in the LH of aged mice by stereotaxic injection of a

lentivirus encoding Slc12a8 (OE-Slc12a8). LH-specific

Slc12a8 signals detected by RNAscope were doubled by

overexpression of Slc12a8 (Figure S5A). Three months after

lentivirus injection, we found that overexpression of Slc12a8

in the LH resulted in increased energy and carbohydrate

expenditure in aged mice during light and dark times

(Figures 6A, 6B, S5B, and S5C). Fat expenditure was

increased only during the light time in aged, LH-specific

Slc12a8-overexpressing (Slc12a8-OE) mice (Figures 6C and

S5D). There was no difference in RER between aged

Slc12a8-OE mice and control mice (Figures S5E and S5F).

Although we did not observe any changes in food intake, daily

activity in the cage, or voluntary wheel running distance

(Figures S5G–S5I), aged Slc12a8-OE mice showed approxi-

mately 0.6�C increases in rectal temperature (Figure 6D).

Thus, overexpression of Slc12a8 in the LH significantly

ameliorated age-related dysfunction of whole-body meta-

bolism. We next analyzed endurance capacity by a treadmill
Figure 4. Slc12a8 in the LH regulates glycolysis through the sympathe

(A–C) Amounts of glycogen (A), glucose (B), and pyruvate (C) in LH-specific Slc1

(D) mRNA expression levels of PPARa, PPARd, PPARg, and PDK4 in LH-specifi

(E) Representative western blotting for phosphorylated and total PDH (left) and q

(F) Representative western blotting for b2AR (left) and its quantitative analysis in

(G) Representative images of TH (a marker of the sympathetic nerve, yellow), a-BT

rons, green) in LH-specific Slc12a8 KD mice (left) and quantitative analysis of TH

*p < 0.05 and ***p < 0.001 by Student’s t test. Error bars indicate SEM.
test. Aged Slc12a8-OE mice showed approximately 70% in-

creases in running distance with increased carbohydrate

expenditure at maximum speed (Figures 6E and 6F). There

was no difference in fat expenditure (Figure 6G). RER at

maximum speed tended to increase in aged Slc12a8-OE

mice (Figure S5J). These results indicate that overexpression

of Slc12a8 in the LH enhances endurance capacity, accompa-

nied by enhanced carbohydrate expenditure. We also

analyzed muscle force in vivo. There was no difference in

twitch force between aged Slc12a8-OE mice and control

mice (Figure 6H). However, compared with control mice,

aged Slc12a8-OE mice showed enhanced muscle force dur-

ing high-frequency electrical stimulation (Figure 6I), demon-

strating that age-associated dysfunction in maximum strength

is ameliorated by overexpression of Slc12a8 in the LH. Fatigue

resistance in aged Slc12a8-OE mice was not altered (Fig-

ure 6J). Thus, increasing the Slc12a8 dosage in the LH can

restore younger functions of skeletal muscle in aged mice.

Finally, we evaluated tissue and molecular restoration in aged

Slc12a8-OE mice. Aged Slc12a8-OE mice showed increased

TA, GAS, and QUA muscle weights compared with control

mice (Figure 7A). Although the cross-sectional areas of type 1 fi-

bers in aged Slc12a8-OE mice were comparable with those in

control mice (Figure S6A and S6B), the cross-sectional areas

of type 2A and type 2B fibers in aged Slc12a8-OE mice were

significantly larger than those in control mice (Figures S6A,

S6C, and S6D). Remarkably, the expression of b2AR was

increased in aged Slc12a8-OE mice (Figure 7B). Expression of

PDK4 and the amounts of pyruvate, which were decreased in

Slc12a8 KD mice and aged mice (Figures 4 and 5), were signifi-

cantly increased in aged Slc12a8-OE mice (Figures 7C and 7D).

The intensity of TH-positive signals around NMJs was enhanced

in aged Slc12a8-OEmice (Figure 7E), indicating that age-associ-

ated dysregulation of the skeletal muscle-directed sympathetic

nervous system was ameliorated by overexpression of Slc12a8

in the LH of aged mice. These findings demonstrate that

Slc12a8 in the LH plays a critical role in regulating energy expen-

diture and skeletal muscle functions and that overexpression of

Slc12a8 in the LH can ameliorate the age-associated impair-

ments in energy metabolism and skeletal muscle functions in

aged mice (Figure 7F).

DISCUSSION

In this study, we demonstrated that (1) Slc12a8 is expressed

in the LH; (2) KD of Slc12a8 in the LH of young mice reduces

activity-dependent energy expenditure and skeletal muscle

functions, decreases skeletal muscle mass through impaired

protein synthesis, and causes a decrease in glycolysis
tic nerve-b2AR axis

2a8 KD mice. n = 7–10.

c Slc12a8 KD mice. n = 10.

uantitative analysis of the phosphorylation of PDH (right). n = 10.

LH-specific Slc12a8 KD mice (right). n = 10.

X (a marker of NMJs, red), and neurofilament-H (NF-H; a marker of motor neu-

signals around NMJs in LH-specific Slc12a8 KD mice (right). n = 10.
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through an impaired sympathetic nerve-b2AR axis; (3)

Slc12a8-KD mice recapitulate molecular phenotypes in aged

mice; and (4) overexpression of Slc12a8 in the LH of aged

mice ameliorates the age-associated dysfunctions of energy

expenditure and skeletal muscle functions. These findings

strongly suggest importance of Slc12a8 in the LH in the path-

ogenesis of age-associated sarcopenia and frailty. Although

hypothalamic regulation of skeletal muscle function still re-

mains underinvestigated, much work has been directed to-

ward regulation of glucose metabolism. For instance, it has

been reported that glucose uptake in skeletal muscle is

induced by injection of orexin-A into the VMH (Shiuchi et al.,

2009). Orexin receptors in the ventral median raphe nucleus

and raphe pallidus serotonergic neurons regulate glucose uti-

lization in brown adipose tissue and skeletal muscle (Xiao

et al., 2021). We have shown previously that overexpression

of Sirt1 in the DMH and LH improves age-associated morpho-

logical changes of mitochondria and NMJs in skeletal muscle

(Satoh et al., 2013; Snyder-Warwick et al., 2018) and that loss

of function of Sirt1 in the DMH and LH causes decreased

expression of mitochondrial functional genes and b2AR in

skeletal muscle, indicating the importance of the hypothalam-

ic NAD+-Sirt1 axis in regulation of skeletal muscle function.

Our present study is able to add another key component to

this axis, Slc12a8, and reveals the physiological relevance of

the Slc12a8 NMN transporter in regulation of activity-depen-

dent energy expenditure and skeletal muscle functions during

the process of aging.

Our findings demonstrate that the connection between the LH

and skeletal muscle is mediated by the sympathetic nerve-b2AR

axis. Themajor role of sympathetic innervation in skeletal muscle

has long been considered for vasoconstriction. Recently, direct

innervation of sympathetic nerves to skeletal muscle NMJs has

been reported (Khan et al., 2016; Straka et al., 2018). Although

the role of sympathetic innervation in regulation of skeletal mus-

cle function is still under extensive investigation, it has been re-

ported that the abundance, distribution, and maintenance of

acetylcholine receptors and muscle mass are regulated by sym-

pathetic nerves in skeletal muscle (Khan et al., 2016; Rodrigues

et al., 2019; Snyder-Warwick et al., 2018). We have shown pre-

viously that KD of Sirt1 in the DMH and LH causes decreased

sympathetic regulation in skeletal muscle (Satoh et al., 2013;

Snyder-Warwick et al., 2018). We showed in the present study

that KD of Slc12a8 in the LH causes significant decreases in

b2AR and TH signals at NMJs and induces sarcopenic and

frailty-like phenotypes in mice (Figure 4G), suggesting that the

LH is involved in sympathetic regulation of skeletal muscle

function.

Our findings showed that Slc12a8 in the LH is one of the

essential regulators of b2AR in skeletal muscle. The functional
Figure 5. LH-specific Slc12a8-KD mice recapitulate phenotypes in age

(A) Expression of Slc12a8 in the LH in 3- to 4-month-old and 18- to 20-month-ol

(B) Left: representative images of western blotting for b2AR in 3- to 4-month-old, 1

of the time course changes of b2AR expression. n = 6–8.

(C) Time course changes for the expression of PDK4, PPARa, PPARd, and PPAR

(D) Time course changes for the amounts of pyruvate in skeletal muscle. n = 10–

*p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test for (A) or one-way ANO
roles of b2AR in skeletal muscle are well studied (Santulli and

Iaccarino, 2013). Administration of its agonists, such as for-

moterol or clenbuterol, induces muscle hypertrophy, protein

synthesis, and metabolism-related gene expression. Expres-

sion of b2AR in skeletal muscle was dramatically decreased

during aging (Figure 5B), suggesting that loss of b2AR

signaling contributes to age-associated dysfunction of skel-

etal muscle. It has been reported that administration of

b2AR agonists is beneficial for age-associated functional

and molecular dysfunction of skeletal muscle (Conte et al.,

2012; Ryall et al., 2004; Schertzer et al., 2005). Because the

phenotypes of LH-specific Slc12a8 KD or aged Slc12a8-OE

mice are consistent with the previously reported functions of

b2AR (Conte et al., 2012; Ryall et al., 2004; Santulli and Iac-

carino, 2013; Schertzer et al., 2005), the link between

Slc12a8 in the LH and skeletal muscle is most likely mediated

by b2AR.

We also showed that phosphorylation levels of p70S6K/S6

and protein synthesis are decreased in Slc12a8 KD mice (Fig-

ure 3). KD of PDK4 in vitro in myotubes showed decreased

phosphorylation of p70S6K/S6 (Figure S4F and S4G), sug-

gesting that PDK4 acts as a hub molecule for regulation of

glycolysis and protein synthesis and that metabolic changes

precede changes in protein synthesis. Decreased phosphory-

lation of p70S6K by KD of PDK4 is also observed in NIH 3T3

cells (Liu et al., 2014). The phosphorylation levels of Akt, an

upstream kinase of p70S6K/S6, were not decreased in

Slc12a8 KD mice or PDK4 KD myotube (Figures S3G, S3H,

S4F, and S4G), suggesting that the decreased phosphoryla-

tion of p70S6K/S6 is independent of Akt. This inverse correla-

tion for phosphorylation of Akt and p70S6K/S6 also suggests

that the phenotype of Slc12a8 KD mice is not due to a

decreased growth hormone (GH)/insulin growth factor 1

(IGF-1) axis because GH and IGF-1 can induce activation of

the Akt-p70S6K-S6 axis (Egerman and Glass, 2014). One

possible explanation for this inverse correlation is the negative

feedback in this pathway (Yoon, 2017). Muscle-specific

knockout of raptor, a regulator of mammalian target of rapa-

mycin that acts as an upstream regulator of p70S6K/S6,

shows decreased phosphorylation of p70S6K/S6, whereas

phosphorylation levels of Akt are increased (Bentzinger

et al., 2008). Because Akt is regulated by growth factors

that are important for muscle development and growth (Eger-

man and Glass, 2014), the LH might regulate protein synthesis

and muscle mass independent of growth factors through the

sympathetic nerve-b2AR axis. The molecular mechanism by

which PDK4 regulates protein synthesis in skeletal muscle

will need to be examined.

Given that skeletal muscle is one of themajor tissues for amino

acid metabolism (Wagenmakers, 1998), responding to systemic
d mice

d mice. n = 13.

8- to 20-month-old, and 26- to 28-month-old mice. Right: quantitative analysis

g in skeletal muscle. n = 6–20.

14.

VA with Tukey’s test for (B)–(D). Error bars indicate SEM.
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amino acid and/or glucose deficiency by inducing protein degra-

dation under nutritional depletion (Shimizu et al., 2015), Slc12a8

in the LHmay control the balance between two different aspects

of skeletal muscle function: a metabolic tissue that needs to

maintain amino acids and a mechanical tissue that needs to

maintain locomotive activity. It will be of great interest to examine

whether Slc12a8 in the LH is critical for skeletal muscle to

respond to nutritional changes, such as caloric restriction and

a high-fat diet.

Regulation of feeding behavior by the LH has been well stud-

ied, and the food intake of Slc12a8 KD mice was comparable

with that of control mice (Figure S2H). Incomplete KD efficiency

of Slc12a8 could be an explanation. Another possibility is that

Slc12a8-expressing cells comprise different cell populations

that are not involved in feeding behavior. Only 3%–4% of

Slc12a8-expressing cells were positive for orexin or MCH

(Figures 1E and 1G). Further characterization of Slc12a8-ex-

pressing cells in the LH will shed lights onto how exactly the

LH regulates skeletal muscle and contributes to the pathogen-

esis of sarcopenia and frailty.

We also found that Slc12a8 in the LH regulates activity-

dependent energy and carbohydrate expenditure. However,

expression of Slc12a8 in the hypothalamus was not

affected by 1-month-long voluntary exercise, suggesting

that beneficial effects of exercise on skeletal muscle are

not due to increased expression of Slc12a8 in the

hypothalamus.

Remarkably, overexpression of Slc12a8 in the LH was able

to ameliorate age-associated decreases in energy metabolism

and skeletal muscle functions in aged mice (Figures 6 and 7).

Although the underlying molecular mechanisms of sarcopenia

and frailty are multifaceted and still controversial (Kim and

Choi, 2013), abnormalities in neural functions have been spec-

ulated to be one of the causes of sarcopenia and frailty. Our

results clearly showed that a reduction in Slc12a8 expression

in the LH, at least in part, causes age-associated sarcopenic

and frailty-like phenotypes in mice. In this regard, a more pre-

cise analysis will be necessary for the time course of changes

in Slc12a8 expression in the LH and skeletal muscle force and

metabolism. We were able to ameliorate these age-associ-

ated functional decreases in energy metabolism and skeletal

muscle functions by enhancing the function of Slc12a8 in

the LH in aged mice. It will be of great importance to directly

manipulate the activity of Slc12a8-positive neurons by

designer receptors exclusively activated by designer drugs

(DREADDs) and examine whether sarcopenic and frailty phe-

notypes can be ameliorated in aged mice. A more translatable
Figure 6. Overexpression of Slc12a8 in the LH ameliorates age-asso

muscle force

(A–C)Metabolic cage analysis for energy expenditure (A), carbohydrate expenditu

(D) Rectal temperature of aged, LH-specific Slc12a8-OE mice. n = 10.

(E) Endurance capacity of aged, LH-specific Slc12a8-OE mice by treadmill analy

(F and G) Carbohydrate expenditure (F) and fat expenditure (G) at maximum spe

(H) Twitch force measurement of aged, LH-specific Slc12a8-OE mice. n = 12–13

(I) In vivo muscle force-frequency curve of aged, LH-specific Slc12a8-OE mice.

(J) Force reduction during repeated electrical stimulation in aged, LH-specific Sl

*p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test for (D)–(F) or by two-w
approach would be to find compounds that could activate the

function of Slc12a8. Based on our results, such compounds

could be tested as potential therapeutic agents for age-asso-

ciated sarcopenia and frailty.

Our results highlight a key role of Slc12a8 in the LH for regula-

tion of energy metabolism and skeletal muscle functions and

imply its importance in the pathogenesis of sarcopenia and frailty

during aging.
Limitations of this study
Although our results demonstrate the functional link between

Slc12a8 in the LH and skeletal muscle, which is mediated by

the sympathetic nerve-b2AR axis, the neural circuit and the mo-

lecular mechanism by which Slc12a8-positive neurons in the LH

regulate the sympathetic nervous tone directed to skeletal mus-

cle remain unclear. In this regard, further characterization of

Slc12a8-positive neurons, their projection sites, and their neural

activities will be of great importance to better understand the

importance of this Slc12a8-mediated inter-tissue communica-

tion during aging.
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RESOURCE AVAILABILITY

Lead contact
d Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Shin-

ichiro Imai (imaishin@wustl.edu).

Materials availability
d Mice generated in this study are available from the lead contact with a Materials Transfer Agreement.

Data and code availability
d Upon reasonable request, any data reported in this paper are available from the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
C57BL/6 mice were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). Slc12a8-CreERT2mice were generated at the Transb-

order Medical Research Center in Tsukuba University. Rosa26-CAG-LSL-ZsGreen mice were from Jackson Laboratory (Madisen

et al., 2010). All mice were housed at the institutional animal facility in National Cerebral and Cardiovascular Center or in RIKEN

on a 12 h:12 h light/dark cycle. All animal procedures were approved by the Experimental Animal Care and Use Committee at the

National Cerebral and Cardiovascular Center (Approval number: 19,051, 21,045, 21,066, 21,067), or at the Foundation for Biomedical

Research and Innovation at Kobe (FBRI) (Approval number: 18-01). Male mice were used for analysis. Young, middle aged and aged

mice were defined as 3-4 months, 18-20 months and 26-28-months-old, respectively. All experimental methods were performed in

accordance with approved guidelines.

Cell culture and primary cell culture
Neuro2a cells were purchased from ATCC. The cells were maintained with DMEM (high glucose, 4 mM L-glutamine, sodium bicar-

bonate, and sodium pyruvate, Sigma-Aldrich, D6429) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-strepto-

mycin (Thermo Fisher) at 37�C with 5% CO2.

Primary culture ofmuscle progenitor cells was performed as described previously withminor modifications (Ito et al., 2017). Briefly,

EDLmuscles from 3-4-months old mice were dissociated with 0.2% type 1 collagenase (Worthington)/DMEM for 90min. After gentle

pipetting of dissociated muscles, muscle fibers were isolated and plated on Matrigel (Matrigel-Growth Factor Reduced, BD Biosci-

ences)-coated dishes. Isolated muscle fibers with primary muscle progenitor cells were cultured in DMEM (high glucose, sodium py-

ruvate, and GlutaMAX supplement; Thermo Fisher Scientific) supplemented with 20% FBS, 2.5 ng/mL of basic fibroblast growth fac-

tor , and 1% penicillin-streptomycin (Thermo Fisher) at 37�C with 5% CO2. The medium was changed every 2 days. Differentiation

was induced by replacing medium to DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.

METHOD DETAILS

Stereotaxic injection of lentivirus
Stereotaxic injection of lentivirus into the LH was performed as described previously with minor modification (Cetin et al., 2006; Gro-

zio et al., 2019; Satoh et al., 2013). Briefly, young and middle-aged mice were anesthetized with 1.5% and 1.0% isoflurane, respec-

tively, with a temperature-regulated incubator. The mice were placed in a three-point fixation stereotaxic frame (model 963,

David Kopf Instruments). A midline incision was made, and the periosteum was dissected from the cranium. Appropriate

coordinates for the stereotaxic injection were registered: relative to bregma, anterior-posterior �1.8 mm, medial-lateral ± 0.9 mm,
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and dorsal-ventral�5.4mm.Hamiltonmicrosyringe (NeurosModel 7000.5 KH) was directed to the indicated coordinate. The solution

containing lentivirus was slowly injected (0.1 mL/min) using an electrical syringe pump (Legato 130). Total volume of lentivirus solution

was 0.4 mL. Lentivirus with a titer of 2.0–3.5 x 1010 genome copy/mL was used for stereotaxic injection. The incision was closed with

7-0 nylon sutures. All injected mice had one week to recover before being used for experiments. Three months after the injection of

lentivirus, the functional and biological tests were performed.

Lentivirus was produced as described previously with modifications (Grozio et al., 2019; Ito et al., 2017). Briefly, TransIT-Lenti

Transfection Reagent (Takara) were used for lentivirus preparation. The produced lentivirus was collected 3 days after transfection

and was purified by Lenti-X Maxi Purification Kit (Takara). The titer of lentivirus was analyzed by Lenti-X qRT-PCR Titration Kit

(Takara).

Metabolic cage analysis
Metabolic cage analysis were performed as described previously with modification (Chen et al., 2020; Okamoto et al., 2018). Briefly,

food intake, activity in the cage, and running distance using a running wheel were measured with the use of a feeding and activity

monitoring system (MFD-RQ, SHINFACTORY). Movement in the cage was measured by a beam sensor. All animals were habituated

to the metabolic cage for 3 days before experiments. The average of the cumulative data from 4 to 7 days was used. Energy meta-

bolism was analyzed using an ARCO-2000magnetic-type mass spectrometric calorimeter (ARCO SYSTEMS). Oxygen consumption

(VO2) and carbon dioxide exhalation (VCO2) weremeasured. In addition, RER, carbohydrate expenditure, fat expenditure, and energy

expenditure were calculated by equations described previously (Minegishi et al., 2018). The average of the data from 4 to 7 days was

used. The data were obtained every 5 min.

The rectal temperature at ZT15:00 was analyzed by KN-91-AD1687 (Natsume Seisakusho Co, Ltd, Tokyo, Japan).

Skeletal muscle functional test
The treadmill exercise experimental model was performed as described previously with minor modification (Ito et al., 2018). Briefly,

the mice were placed on a flat MB-2000 treadmill (ARCO SYSTEM, Japan) at around ZT15:00. For the first 5 min, the mice were

forced to run at 5 m/min. Then, the speed was increased by 1 m/min every minute for 20 min. After the speed reached 25 m/min,

the mice were forced to run at constant speed until the mice could not run. In parallel with the endurance test, energy metabolism

was analyzed using an ARCO-2000. VO2, VCO2, RER, carbohydrate expenditure, fat expenditure, and energy expenditure were

measured and calculated. The data were obtained every 2 min.

In vivomuscle force measurement was performed as described previously with modification (Myers et al., 2019). The plantar flexor

force and fatigue resistance were analyzed using 1300A (Aurora scientific, ON, Canada). The young and middle-aged mice were

anesthetized with 1.5% and 1.0% isoflurane, respectively, and a heated plate was used to maintain body temperature. Hindlimb an-

kles were positioned at 90� flexion. Muscle force measures were obtained through indirect electrical stimulation of the plantar flexor

muscles through the tibial nerve. First, electrically evoked contraction with a single 0.2 msec pulse was measured as twitch force.

After 2 min rest, 20, 40, 60, 80, 100, 120, 150, and 200 Hz for 0.35 s with 1 min interval was applied to analyze force-frequency curve.

After 2 min rest, a fatigue resistance test was performed with 60 repeated electrical stimulations with a 2 s interval of 30 Hz for 0.35 s.

The reduction from maximum to minimum muscle force was calculated as % reduction.

Histological, immunohistochemical, and RNAscope analysis
Histological and immunohistochemical analyses were performed as described previously with minor modifications (Ito et al., 2013,

2017; Snyder-Warwick et al., 2018).

For immunohistochemical analysis of the brain, themice were anesthetized and perfused with 4%paraformaldehyde (ElectronMi-

croscopy Science, Hatfield, PA, USA) (PFA)/PBS. The isolated brainwas postfixed overnight at 4�C, then transferred to 15%sucrose/

PBS and 30% sucrose/PBS for cryoprotection, and embedding in OCT (Tissue-Tek, Miles, Elkhart, USA). The 25 mm-thick frozen

sections were prepared by a cryostat. The sections were washed with PBS, then permeabilized with 0.3% Triton X-100/PBS for

3 min at room temperature. After washing with PBS, the sections were blocked with 5% goat serum in 1% BSA/0.3% Triton

X-100/PBS for 1 h at room temperature followed by staining with the primary antibody in 1% BSA/0.3% Triton X-100/PBS for over-

night at 4�C. Anti-ZsGreen (FRONTIER INSTITUTE, MSFR106450, 1:200), anti-orexin (CST, #16743, 1:200), anti-MCH (PHOENIX

PHARMACEUTICALS, H-070-47, 1:1000), anti-GFP (NACALAI TESQUE, 04,404-26, 1:1000) and anti-PPP1r17 (Thermo Fisher,

PA5-61599, 1:1000) were used. After washing with 0.01% Tween 20/PBS, the sections were stained with Alexa-conjugated second-

ary antibody (Thermo Fisher, 1:1000) in 1% BSA/0.3% Triton X-100/PBS with 10 mg/mL DAPI (NACALAI TESQUE, 11,034-56) for 1 h

at room temperature. After washing with 0.01% Tween 20/PBS, the sections were mounted with ProLong Glass Antifade Mountant

(Thermo Fisher) or Fluoromount (Diagnostic Biosystems).

For RNAscope analysis of the brain, the mice were anesthetized and perfused with 2%PFA/PBS. The isolated brain was postfixed

overnight at 4�C, then transferred to 20% sucrose/PBS for cryoprotection, and embedded in OCT. The 15 mm-thick frozen sections

were prepared by a cryostat. Air-dried sections were washed with PBS and baked for 30 min at 60�C. Then sections were fixed with

4% PFA/PBS for 15 min at 4�C. The slides were dehydrated with 50%, 70%, 100%, and 100% EtOH. The slides were treated with

hydrogen peroxide solution to block endogenous HRP for 10min at room temperature. After washingwith distilledwater, the sections

were dehydrated with 100% EtOH for 5 min at room temperature. The sections were treated with Protease III for 30 min at 40�C
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followed by washing with distilled water. The slides were then hybridized with an RNAscope probe for 2 h at 40�C. Mm-Slc12a8

(846,551 and 846,731), Mm-Slc17a6 (319,171), Mm-Slc32a1 (319,191) and Cre (312,281) were used. The slides were washed with

wash buffer. The RNAscope probe was hybridized with Multiplex FL v2 Amp 1, Multiplex FL v2 Amp 2, or Multiplex FL v2 Amp 3

for 30 min at 40�C. After washing, the signals were amplified with TSA Plus fluorophores. The slides were stained with DAPI in

PBS, then mounted with ProLong Glass Antifade Mountant.

For immunohistochemical analysis of the longitudinal section of skeletal muscle, the TA muscles were isolated and fixed with 4%

PFA/PBS for 30 min at 4�C, then transferred to 10% sucrose/PBS and 20% sucrose/PBS for cryoprotection, and embedded in OCT.

The 30 mm-thick frozen sections were prepared by a cryostat. After air-dry, the sections were permeabilized and blocked with 5%

goat serum/2% Triton X-100/PBS for 1 h at room temperature. The sections were then stained with first antibodies or reagents. Anti-

TH (MERCK, AB152, 1:300), anti-neurofilament-H (Biolegend, 801,701, 1:1500) and Alexa 647 conjugated-a-BTX (Thermo Fisher,

1:500) in 5% goat serum/2% Triton X-100/PBS were used. After washing with 2% Triton X-100/PBS, the sections were stained

with Alexa conjugated secondary antibodies in 1:1000 dilution for 1 h at room temperature. After washing and staining with DAPI,

the sections were mounted with ProLong Glass Antifade Mountant.

For immunohistochemical analysis of the transverse section of skeletal muscle, isolated TA or GASmuscles were frozen in isopen-

tane cooled by liquid nitrogen. The 8 mm-thick cryosections were cut across the middle part of the muscle. The air-dried sections

were fixed with 4% PFA/PBS or cooled acetone for 10 min at room temperature. After washing with PBS, the sections were blocked

with 5% goat serum/1%BSA/PBS for 15 min at room temperature. The sections were then stained with the first antibody or reagent.

Anti b2AR (1:400), Alexa 555 conjugated-a-BTX (Thermo Fisher, 1:500), anti-type 1 fiber (Developmental Studies Hybridoma Bank,

clone: BA-D5, 1:300), anti-type 2A fiber (Developmental Studies Hybridoma Bank, clone: SC-71, 1:200), anti-type 2B fiber (Develop-

mental Studies Hybridoma Bank, clone: BF-F3, 1:400) or anti-laminin a2 (Enzo Life Sciences, clone: 4H8-2, 1:200) in 1% BSA/PBS

were used. After washing with PBS, the sections were stained with Alexa conjugated secondary antibody in 1% BSA/PBS overnight

at 4�C. After washing and staining with DAPI, the sections were mounted with Fluoromount. For NMJ analysis, the sections were

observed using Leica fluorescence microscopy (Leica DM6 B). The average of TH signals around NMJs was quantified by ImageJ.

Twelve-twenty nine NMJs in youngmice and 23-42 NMJs in agedmice permouse were analyzed. For themeasurement of the cross-

sectional area, the sections were observed using KEYENCE fluorescence microscopy. Approximately 40–150 type 1 fibers, 550-

1020 type 2A fibers, and 920-3000 type 2B fibers were analyzed from one mouse.

For administration of tamoxifen, 100 mg/kg of tamoxifen in corn oil was administered to Slc12a8-CreERT2 mice every day for

5 days followed by a 7-day recovery period.

Laser captured microdissection
Laser microdissection of hypothalamic subregions was performed as described previously with minor modifications (Johnson et al.,

2018). Briefly, the brains from 3-4-months-old and 18-20-months-oldmicewere isolated and freshly frozen. TheDMH, VMH, Arc, and

LHwere dissected by lasermicrodissection using the Leica LMD7000 (LeicaMicrosystems, USA). RNA from each hypothalamic sub-

region was isolated by PicoPure RNA Isolation Kit (Applied Biosystems). cDNAwas generated from 16 ng of RNAwith SuperScript IV

VILO Master Mix (Invitrogen) and was used for qRT-PCR.

RNA isolation and reverse transcription-polymerase chain reaction analysis
RNA isolation and subsequent polymerase chain reaction (PCR) analysis were performed as described previously with minor mod-

ifications (Ito et al., 2018). Briefly, TA muscles were isolated at ZT15:00 and immediately frozen by liquid nitrogen. For the formoterol

experiment, 0.2 mg/kg of formoterol was administered at ZT2:00, then TAmuscles were isolated 6 or 12 h after administration. TRIzol

(Invitrogen) was used for the isolation of total RNA. Single-strand cDNA was synthesized using a Superscript IV VILO Master Mix (In-

vitrogen). For quantitative reverse transcription (qRT)-PCR, the expression level of target genes was evaluated using TB Green Pre-

mix Ex Taq II on a QuantStudio 3 (applied biosystems). The primer sequences for qRT-PCR were as follow: Slc12a8 forward

50-ggcggtgtctactccatgat-30, reverse 50-agcacctgcaacacactgtc-30, PPARa forward 50-agaagttgcaggaggggatt-30, reverse 50-ttgaag
gagctttgggaaga-30, PPARd forward 50-gatggaagaccactcgcatt-30, reverse 50-aaccattgggtcagctcttg-30, PPARg forward 50-gatggaa
gaccactcgcatt-30, reverse 50-aaccattgggtcagctcttg-30, PDK4 forward 50-tgactcaaagacgggaaacc-30, reverse 50-actggtcgcagag
catcttt-30, Trim63 forward 50-atggagaacctggagaagcagc-30, reverse 50-tggaagatgtcgttggcacac-30, Fbxo32 forward 50-ccagcacacga
caacacttcag-30, reverse 50-tatcccccgcagtttcaagc-30. TBP forward 50-cagcctcagtacagcaatcaac-30, reverse 50-taggggtcataggagt
cattgg-30. The expression level of each gene was normalized to that of TBP. For genotyping, KOD FX (TOYOBO, KFX-101, Japan)

was used.

Western blotting
Western blotting was performed as described previously withminor modification (Ito et al., 2018). Briefly, TAmuscles were isolated at

ZT15:00. The isolated TA muscles were immediately frozen by liquid nitrogen. These muscles were dissected with a cryostat, and

toral protein was extracted with a sample buffer containing 50 mM HEPES (pH 7.4), 4 mM EGTA, 10 mM EDTA, 15 mM Na4P2O7,

25 mMNaF, 100 mM glycerophosphate, 5 mMNa2VO4, 0.1% Triton X-100 and a complete protease inhibitor cocktail (Roche, Basel,

Switzerland). The concentration of extracted protein was determined by Coomassie Brilliant Blue G-250 (Bio-Rad, Hercules, CA,

USA). Immediately before SDS-PAGE, the extracted protein solution was mixed with an equal volume of sample loading buffer
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containing 30% glycerol, 62.5 mM Tris-HCl (pH 6.8), 2.3% SDS, 5% 2-mercaptoethanol, and 0.05% bromophenol blue. The mixed

solution was heated at 60�C for 10 min. Thirty mg of extracted protein was separated on an SDS-polyacrylamide gel and transferred

from the gel to a polyvinylidene difluoride membrane (Millipore, Burlington, MA, USA). The signals were detected by the ECLWestern

Blotting Detection system with Hyperfilm ECL. Anti-p-p70S6K (Thr389) (#9205, 1:400 for in vivo sample, 1:10,000 for in vitro sample),

anti-p-p70S6K (Thr421/Ser424) (#9204, 1:2000 for in vivo sample, 1:120,000 for in vitro sample), anti-p70S6K (#2708, 1:100,000 for

in vivo sample, 1:40,000 for in vitro sample), anti-p-S6 (Ser235/236) (#4858, 1:10,000 for in vivo sample, 1:100,000 for in vitro sample),

anti-p-S6 (Ser240/244) (#5364, 1:40,000 for in vivo sample, 1:400,000 for in vitro sample), anti-S6 (#2217, 1:100,000), anti-p-Akt

(Ser473) (#9271, 1:2000), anti-p-Akt (Thr308) (#13038, 1:20,000 for in vivo sample, 1:10,000 for in vitro sample), anti-Akt (#9272,

1:20,000), anti-p-FoxO1 (Ser256) (#9461, 1:1200), anti-FoxO1 (#2880, 1:4000), anti-p-FoxO3a (Ser253) (#13129, 1:800), anti-FoxO3a

(#12829, 1:24,000) and anti-a-tubulin (#3873, 1:2000) were purchased from CST. Anti-p-PDH (Ser293) (NB110-93479, 1:4000) was

purchased from NOVUS. Anti-PDHA1 (8D10 3 106, 1:12,000) and anti-b2AR (ab182136, 1:400,000) were purchased from Abcam.

For rabbit polyclonal or monoclonal antibodies, HRP-conjugated anti-Rabbit IgG (GE, NA9340, 1:2000) was used for the secondary

antibody. For mouse monoclonal antibodies, EasyBlot HRP-conjugated goat anti-mouse IgG antibody (GeneTex, GTX221667-01,

1:2000) was used for the secondary antibody.

For SUnSET analysis, 0.04 mmol/g body weight of puromycin was intraperitoneal administered. Thirty min after the administration,

TA muscles were isolated and immediately frozen by liquid nitrogen. Puromycin-labeled peptides were detected by anti-puromycin

antibody (Millipore, MABE343, 1:1000) and EasyBlot HRP-conjugated goat anti-mouse IgG secondary antibody (GeneTex,

GTX221667-01, 1:2000). Coomassie Brilliant Blue staining was performed using CBB Stain One Super (NACALAI TESQUE).

Measurement of metabolites
TA muscles were isolated at ZT15:00 and immediately frozen by liquid nitrogen. These muscles were dissected by a cryostat. Intra-

muscular glycogen/glucose and pyruvate were analyzed using Glycogen Colorimetric/Fluorometric Assay Kit and Pyruvate Assay Kit

(BioVision), respectively. For the measurement of pyruvate in vitro, primary myotubes were immediately frozen by liquid nitrogen.

Intracellular pyruvate was extracted and analyzed by Pyruvate Assay Kit (BioVision).

The blood glucose level at ZT15:00 was analyzed by LABGluco (ForaCare Japan, Tokyo, Japan). For GTT, mice were fasted for 18

h, and 1.5 g/kg body weight of glucose was intraperitoneally administered. Plasma glucose levels at 15, 30, 60, and 120 min after the

administration of glucose were measured by LAB Gluco. For ITT, mice were fasted for 18 h, and 0.6 mU/g body weight of insulin was

intraperitoneally administered. Plasma glucose levels at 30, 60, 90, and 120 min after the administration of insulin were measured by

LAB Gluco.

For the measurement of NAD/NADH, we used NAD/NADH-Glo Assay kit (Promega). After the infection of lentivirus, 2.0 x 104 cells

were seeded onto 96-well plates. Twenty-four hours after passage, the cells were treated with 100 nM FK866 alone or FK866 with

NMN. Twenty-four hours after the treatment, the cells were dissolved in NAD/NADH-Glo detection reagent and proceeded to the

measurement of NAD/NADH.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are expressed as mean ± standard error of the mean (s.e.m.). The statistical significance of differences was assessed by

Student’s t-test for comparison of two groups, one-way analyses of variance (ANOVA) with Tukey’s test for comparison of multiple

groups, and two-way repeated-measures ANOVA for repeatedmeasurement of two groups using Prism 8. Probabilities less than 5%

(*, p < 0.05), 1% (**, p < 0.01) or 0.1% (***, p < 0.001), respectively, were considered to be statistically significant.
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Figure S2. Related to Figure 2, Slc12a8 in the lateral hypothalamus regulates energy expenditure 

and skeletal muscle functions. 

(A) Knockdown efficiency for Slc12a8 in Neuro2a cells. n=6. (B) NMN-induced increases in NAD+ 

levels were analyzed in Slc12a8-knockdown Neuro2a cells. All cells were treated with 100 nM of 

FK866. n=6-7. (C-E) Average energy expenditure (C), carbohydrate expenditure (D) or fat 

expenditure (E) during ZT0:00-12:00 (left) or ZT12:00-24:00 (right) with or without running wheel 

in LH-specific Slc12a8-KD mice. n=4-8. (F) Metabolic cage analysis for RER of LH-specific 

Slc12a8-KD mice. n=8. (G-J) Average RER (G), food intake (H), open-field activity in a cage (I) or 

running distance by running wheel (J) during ZT0:00-12:00 (left) or ZT12:00-24:00 (right) in 

LH-specific Slc12a8-KD mice. n=8. (K) Rectal temperature of LH-specific Slc12a8-KD mice. n=10. 

(L and M) VO
2
 (L) or RER (M) at maximum speed in LH-specific Slc12a8-KD mice. n=10. 

(N) Knockdown efficiency for Nampt in Neuro2a cells. n=6. (O and P) Metabolic cage analysis for 

energy expenditure (O) and carbohydrate expenditure (P) of LH-specific Nampt-KD mice. n=8. 

*P < 0.05, **P < 0.01 and ***P < 0.001 by Student’s t-test in (A), (C), (D), (M) and (N), by one-way 

ANOVA with Tukey’s test in (B), or by two-way repeated-measures ANOVA in (O) and (P). 

Error bars indicate s.e.m.
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Figure S3. Related to Figure 3, Slc12a8 in the lateral hypothalamus regulates muscle mass 

through protein synthesis. 

(A) Heart weight (left) and epididymal fat weights (right) in LH-specific Slc12a8-KD mice. n=10. 

(B) Body weight changes in LH-specific Slc12a8-KD mice were comparable to those in control mice. 

n=15-35. (C) Representative image for Type 1 (left, red), Type 2A (middle, red) and Type 2B fibers 

(right, red). Type 2B fibers were co-stained with laminin _2 (right, green). Bar: 100 +m. 

(D-F) Left: The cross-sectional areas of type 1 fiber (D), type 2A fiber (E) or type 2B fiber (F). 

Right: The average cross-sectional areas of type 1 fiber (D), type 2A fiber (E) and type 2B fiber (F). 

n=5. (G) Representative Western blotting for phosphorylated and total Akt in TA muscles from 

LH-specific Slc12a8-KD mice. (H) Quantitative analysis for phosphorylation levels of Akt 

in LH-specific Slc12a8-KD mice. n=10. *P < 0.05 and **P < 0.01 by Student’s t-test. 

Error bars indicate s.e.m.
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Figure S4. Related to Figure 4, Slc12a8 in the lateral hypothalamus regulates glycolysis through 

the sympathetic nerve-`2AR axis. 

(A) Fed blood glucose levels in LH-specific Slc12a8-KD mice was comparable to those in control mice.

 n=10. (B-C) No differences were observed in GTT (left) and ITT (right) in LH-specific Slc12a8-KD 

mice. n=9-10. (D) Knockdown efficiency for PDK4 in primary myotubes. n=4. (E) Intracellular 

pyruvate levels in PDK4-knockdown primary myotubes. n=4. (F) Representative Western blotting for 

phosphorylated and total p70S6K, S6, and Akt in PDK4-knockdown primary myotubes. 

(G) Quantitative analysis of (F). n=4. (H) Representative images of `2AR and _-BTX 

(a maker of NMJ) in skeletal muscle. Bar: 100 +m. (I) The expression of PDK4, PPARb, and PPARa 

was induced by administration of formoterol. n=12. ***P < 0.001 by Student’s t-test in (D), (E), 

and (G), or by one-way ANOVA with Tukey’s test in (I). Error bars indicate s.e.m.
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Figure S5. Related to Figure 6, Overexpression of Slc12a8 in the lateral hypothalamus ameliorates 

age-associated decreases in energy expenditure, endurance capacity, and muscle force. 

(A) Quantitative analysis for the overexpression of Slc12a8 in the LH by RNAscope. n=4. 

(B-D) Average energy expenditure (B), carbohydrate expenditure (C) or fat expenditure (D) during 

ZT0:00-12:00 (left) or ZT12:00-24:00 (right) in aged, LH-specific Slc12a8-OE mice. n=14-15. 

(E) Metabolic cage analysis for RER in aged, LH-specific Slc12a8-OE mice. n=14-15. (F-I) Average 

RER (F), food intake (G), activity in cage (H) or running distance by running wheel (I) during 

ZT0:00-12:00 (left) or ZT12:00-24:00 (right) in aged, LH-specific Slc12a8-OE mice. n=14-15. 

(J) RER at maximum speed in aged, LH-specific Slc12a8-OE mice. n=11. *P < 0.05, **P < 0.01 

and ***P < 0.001 by Student’s t-test in (A), (B), (C), (D), and (J). Error bars indicate s.e.m.
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Figure S6. Related to Figure 6, Overexpression of Slc12a8 in the lateral hypothalamus ameliorates 

age-associated decreases in muscle cross-sectional area. 

(A) Representative image for Type 1 (left, red), Type 2A (middle, red) and Type 2B fibers (right, red). 

Type 2B fibers were co-stained with laminin _2 (right, green). Bar: 100 +m. 

(B-D) Left: The cross-sectional areas of type 1 fiber (B), type 2A fiber (C) or type 2B fiber (D). 

Right: The average cross-sectional areas of type 1 fiber (B), type 2A fiber (C) and type 2B fiber (D). 

n=8-9. *P < 0.05 by Student’s t-test. Error bars indicate s.e.m.
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