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SUMMARY

Obesity is often associated with aging. However, the mechanism of age-related obesity is unknown. The
melanocortin-4 receptor (MC4R) mediates leptin-melanocortin anti-obesity signaling in the hypothalamus.
Here, we discovered that MC4R-bearing primary cilia of hypothalamic neurons progressively shorten with
age in rats, correlating with age-dependent metabolic decline and increased adiposity. This “age-related cili-
opathy” is promoted by overnutrition-induced upregulation of leptin-melanocortin signaling and inhibited or
reversed by dietary restriction or the knockdown of ciliogenesis-associated kinase 1 (CILK1). Forced short-
ening of MC4R-bearing cilia in hypothalamic neurons by genetic approaches impaired neuronal sensitivity to
melanocortin and resulted in decreased brown fat thermogenesis and energy expenditure and increased
appetite, finally developing obesity and leptin resistance. Therefore, despite its acute anti-obesity effect,
chronic leptin-melanocortin signaling increases susceptibility to obesity by promoting the age-related short-
ening of MC4R-bearing cilia. This study provides a crucial mechanism for age-related obesity, which in-

creases the risk of metabolic syndrome.

INTRODUCTION

Adult humans become increasingly susceptible to obesity through
middle age. Itis generally accepted that the increased susceptibil-
ity to obesity is caused by age-related alterations in energy bal-
ance, particularly a reduced resting metabolic rate in older age
compared with younger age.' Although the age-related decline
in metabolism may be partly due to reduced muscle mass,’
age-related decline in metabolic thermogenesis in brown adipose
tissue (BAT) has been strongly associated with the accumulation
of body fat in middle age.® On the other hand, young individuals
in the growth phase require more active thermogenesis to
compensate for higher heat loss due to their larger body-sur-
face-to-mass ratio. Since BAT thermogenesis is controlled by
sympathetic outflow from the brain,* the changes in metabolic
and thermogenic activities during development and aging may
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be ascribed to age-related alterations in the central neural circuit
controlling energy homeostasis. Age-related alterations in the
central circuitry may also contribute to the overeating and seden-
tary lifestyle that lead to adult obesity.® However, it is unknown
how the central homeostatic circuit is altered through develop-
ment and aging and whether this alteration may lead to obesity.

The melanocortin-4 receptor (MC4R) plays a pivotal role in the
central neural circuit that controls the balance between energy
intake and expenditure. Mc4r mRNA is expressed in neurons
of several hypothalamic nuclei involved in the regulation of the
energy balance, such as the dorsomedial hypothalamus (DMH)
and the paraventricular hypothalamic (PVH) nucleus.® Hypotha-
lamic MC4Rs mediate satiety signaling by the endogenous ago-
nists, «-melanocyte-stimulating hormone (z-MSH) and 3-MSH,
to reduce food intake and increase energy expenditure.”™®
This melanocortin signaling constitutes a major downstream
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c ik Figure 1. Endogenous MC4Rs localize to
15 xxn | primary cilia of hypothalamic neurons
£ ., (A) MC4R immunohistochemistry in the PVH (left)
° Zi 10 and DMH (right) of 3-week-old rats using the anti-
gg body to the N terminus. 3V, third ventricle; DA,
gi sl - dorsal hypothalamic area; dDMN, dorsal part of
S the dorsomedial hypothalamic nucleus. Scale
© bars, 100 um.
MC4OR — (B) Confocal images of MC4R-immunoreactive

DMH

cilia in the DMH, which were co-labeled with AC3
immunoreactivity. Scale bars, 10 pm.

(C) Average length of MC4R-negative (AC3-posi-
tive) and MC4R-immunoreactive cilia in the DMH
and PVH of 3-week-old rats (n = 7). Unpaired t test,
***p < 0.001. All error bars represent SEM.

(D) Close distribution of MC4R-immunoreactive
cilia and a-MSH-immunoreactive axons in the PVH
of 3-week-old rats. Scale bars, 10 um. See also
Video S1.

(E) Top: representative confocal images of cell
bodies (arrowheads) that had MC4R-immunore-
active cilia and were immunoreactive for OXT,
TRH, AVP, or CRH in the rat PVH. Scale bars,
10 um. Bottom: populations with and without the
expression of each neuropeptide in PVH neurons
with MC4R-immunoreactive cilia (top) and pop-
ulations with and without MC4R-immunoreactive
cilia in each neuropeptidergic group of neurons

PVH

1,284 neurons
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component of the anorexigenic leptin signaling, '® and deficiency
of the Mc4r gene in mice and humans results in hyperphagia and
severe obesity.' "' However, alterations in the intracellular dy-
namics of MC4R proteins during development and aging have
not been studied due to the unavailability of anti-MC4R anti-
bodies applicable to the immunocytochemical detection of
endogenous MC4R proteins. In a recent attempt to visualize
green fluorescent protein (GFP)-tagged MC4Rs in a genetically
engineered mouse model,' there was a concern that the exog-
enous addition of GFP to the intracellular C terminus of the re-
ceptor might have disrupted its physiological subcellular locali-
zation and signaling function.

Because energy intake and expenditure must be regulated
commensurately with body size, it is particularly important to
investigate whether the satiety signaling via hypothalamic
MC4Rs is altered with development and age. If the intracellular
dynamics of MC4Rs in hypothalamic neurons are altered with
age, it may be relevant to the decreased thermogenic activity

1,271 neurons

483 CRH-labeled neurons

(bottom). Cells were counted in 3 rats.

of BAT in middle age® and thereby cause
age-related obesity, arisk factor for meta-
bolic syndrome.’>'® To investigate age-
related changes in the intracellular dy-
namics of MC4R proteins, in this study,
we developed anti-MC4R antibodies and
performed immunostaining in the brains
of rats of different ages under different
nutritional conditions. Furthermore, using
genetic approaches in rats, we investi-
gated the extent to which age-related al-
terations in the intracellular dynamics of
MCA4R proteins affect energy homeosta-
sis and susceptibility to obesity. Finally, to explore molecular in-
terventions to prevent age-related obesity, we investigated the
molecular signaling by which aging and nutritional conditions
alter the intracellular dynamics of MC4R proteins.

CRH (+)

RESULTS

MC4Rs localize to neuronal primary cilia

We developed two polyclonal antibodies against the N and C
termini of the rat MC4R protein, which exhibited immunoreac-
tivity to MC4R proteins expressed in cultured cells (Figure S1A).
With either antibody, intense immunoreactivity was observed in
fibrous structures in the DMH and PVH of rats and mice, but
not in Mc4r-deficient mice (Figures 1A, S1B, and S1C), indicating
that these antibodies specifically recognize endogenous MC4R
proteins. The MC4R-immunoreactive fibrous structures were
found to be neuronal primary cilia, cellular antennae,’” as they
were immunopositive for the neuronal ciliary marker, adenylate
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cyclase 3 (AC3) (Figure 1B). Furthermore, these MC4R-bearing
(MC4R™) primary cilia were longer than MC4R-negative primary
cilia in 3-week-old rats, and MC4R™ cilia in the DMH were longer
than those in the PVH (Figure 1C).

MC4R* primary cilia were densely distributed in the DMH and
PVH (Figure 1A), but not in other brain and spinal regions in
9-week-old rats, except that some MC4R* cilia were sparsely
distributed in the medial preoptic nucleus, which controls sexual
behavior (Figure S1D). This observation suggests that the more
broadly distributed cell populations reported to express Mc4r
mRNA® or to be labeled in Mc4r-Cre mice'® do not necessarily
express MC4R proteins. Many axon terminals containing
a-MSH were distributed in proximity to MC4R-immunoreactive
primary cilia in the DMH and PVH but scarcely formed syn-
apse-like apposition to those cilia (Figure 1D; Video S1), sug-
gesting the role of MC4R* primary cilia as cellular antennae
that receive «-MSH by volume transmission. In the following
MC4R immunostaining, we used the antibody to the N terminus
due to its better staining performance.

Characterization of MC4R*-ciliated neurons

The PVH harbors several types of neurons that express neuro-
peptides, such as oxytocin (OXT), thyrotropin-releasing hormone
(TRH), arginine vasopressin (AVP), and corticotropin-releasing
hormone (CRH). In the PVH of 3-week-old rats, 37% of MC4R-
immunoreactive primary cilia protruded from OXT neurons, and
15% were from TRH neurons, but few were from AVP and
CRH neurons (Figure 1E). MC4R-immunoreactive primary cilia
were observed in 59% of OXT neurons and 44 % of TRH neurons
but only in approximately 10% of AVP and CRH neurons
(Figure 1E).

The DMH consists of the dorsomedial hypothalamic nucleus
and dorsal hypothalamic area (DA)'® (Figure 1A) and contains
densely clustered neurons that send sympathoexcitatory signals
to the rostral medullary raphe region (rMR).**° The rMR,
including the rostral raphe pallidus and raphe magnus nuclei,
harbors vesicular glutamate transporter (VGLUT) 3-expressing
sympathetic premotor neurons, ~85% of which oligosynapti-
cally innervate BAT.*?" To examine whether DMH — rMR projec-
tion neurons have MC4R* primary cilia, we performed retrograde
neural tracing by injecting cholera toxin b-subunit (CTb), a retro-
grade tracer, into the rMR in 9- to 11-week-old rats (Figure 2A).
MC4R-immunoreactive cilia were observed in 79% of CTb-
labeled DMH neurons, and 74% of DMH neurons with MC4R-
immunoreactive cilia were labeled with CTb (Figures 2A and
S2A), raising the possibility that MC4R*-ciliated DMH neurons
innervate sympathetic premotor neurons in the rMR.

To examine this possibility by visualizing axonal projections
from MC4R-expressing DMH neurons to the rMR, we devel-
oped an Mc4r-Cre knockin rat (Figure S2B). Injection of a
Cre-reporting adeno-associated virus (AAV) (AAV-dsRed-
pSico-scramble)®” into the PVH and DMH of 3- to 4-week-old
Mc4r-Cre rats resulted in 93% (PVH) and 87 % (DMH) of Cre-ex-
pressing cells, but few Cre-negative cells, having MC4R-immu-
noreactive cilia (Figures S2C-S2E), indicating selective Cre
recombination in MC4R-expressing cells in this rat line. AAV-
mediated transduction of MC4R-expressing DMH neurons
with palmitoylated GFP (palGFP), a membrane-targeted form
of GFP,?® in this rat line visualized their numerous nerve endings
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in the rMR, which were closely associated with VGLUT3-ex-
pressing neurons (Figures 2B and S2F). This observation sug-
gests that MC4R*-ciliated DMH neurons directly innervate sym-
pathetic premotor neurons in the rMR to stimulate sympathetic
responses, including BAT thermogenesis.

MC4Rs in DMH stimulate BAT thermogenesis via rMR
We then hypothesized that the melanocortin-sensitized DMH—
rMR pathway stimulates BAT thermogenesis. However, to our
knowledge, it was unknown whether melanocortin action on
MC4Rs in the DMH stimulates BAT thermogenesis. Therefore,
we first nanoinjected melanotan-2 (MTIl), an MC4R agonist,
into the DMH (Figure 2C) and examined the effects on BAT ther-
mogenic, metabolic, and cardiac functions in anesthetized rats
aged 9-11 weeks. Unilateral nanoinjection of MTII into the
DMH increased BAT sympathetic nerve activity (SNA), BAT
temperature (Tgat), expired (Exp.) CO,, and heart rate (HR)
(Figures 2D and 2E). This result demonstrates that melanocortin
signaling via MC4Rs in the DMH stimulates BAT thermogenesis
and a cardiac response, thereby increasing systemic energy
expenditure.

Importantly, all these thermogenic and cardiac responses to
MTII were abolished by a prior nanoinjection into the rMR with
muscimol, a GABA, receptor agonist widely used as a neuronal
inhibitor (Figures 2C-2E). In contrast, none of the MTIll-evoked
responses were inhibited by suppression of neurons in both peri-
aqueductal gray and dorsal raphe nucleus (Figures S2G-S2l),
the brain sites located between the DMH and the rMR and re-
ported to be involved in the regulation of BAT thermogene-
sis.?*?® Together with our anatomical observations, these phys-
iological results strongly support the view that melanocortin
action on MC4R*-ciliated DMH neurons stimulates sympathoex-
citatory descending transmission via rMR premotor neurons to
increase systemic energy expenditure via BAT thermogenesis
and a cardiac response.

MC4R* primary cilia shorten with age

Interestingly, we noticed that MC4R™* primary cilia almost disap-
peared in aged obese rats. Therefore, the length of MC4R-immu-
noreactive primary cilia of DMH and PVH neurons was examined
in individually caged, wild-type male rats of various ages under
different nutritional conditions. In rats fed ad libitum with normal
chow (NC), the total length of MC4R-immunoreactive cilia in a
confocal microscopic field of view (291 um square, 25 um thick)
(Figure S3) was drastically reduced in both DMH and PVH with
age after weaning at 3 weeks old until 24 weeks (Figures 3A
and S4A). MC4R immunoreactivity was clearly detected along
the entire length of each MC4R" primary cilium visualized by
AC3 immunoreactivity, even during age-related shortening
(Figures 1B and S4B), indicating that ciliary shortening reduced
the number of cell-surface MC4R proteins in proportion to the
length. However, Mc4r mRNA expression levels were compara-
ble between 3- and 24-week-old rats in both brain regions (Fig-
ure S4C). Importantly, the total length of MC4R-negative primary
cilia in the same microscopic field did not change over the time
course (Figure 3A), indicating that age-related shortening occurs
selectively in MC4R™ primary cilia. MC4R™* cilia did not exhibit
circadian changes in their length (Figure S4D), unlike the spra-
chiasmatic nucleus.?®
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Figure 2. MC4R*-ciliated DMH neurons
innervate the rMR to drive BAT thermogene-
sis

(A) Left: CTb injection into the rMR (top, delineated
by red, blue, and green lines for 3 rats). The bottom
image shows a representative injection (arrow).
Scale bars, 500 pm. py, pyramidal tract; RMg,
raphe magnus nucleus; rRPa, rostral raphe pal-
lidus nucleus. Middle: CTb-labeled (rMR-projec-
ting) DMH neurons with MC4R-immunoreactive
primary cilia (arrowheads). Scale bars, 10 um. See
also Figure S2A. Right: MC4R*-ciliated population
in CTb-labeled DMH neurons (left) and CTb-
labeled population in MC4R*-ciliated DMH neu-
rons (right). Counted in 3 rats.

(B) Apposition (arrowheads) of palGFP-labeled
axon swellings of MC4R-expressing DMH neurons
to a VGLUT3-immunoreactive cell body in the rMR.
Scale bars, 10 um. See also Figure S2F.

(C-E) In vivo physiological experiments. The effect
of MTII nanoinjection into the DMH (unilateral) was
tested after saline and muscimol nanoinjection into
the rMR in the same anesthetized rats (injection
sites mapped in C). Arrows (C) show representa-
tive injections identified with fluorescent microbe-
ads. Scale bars, 200 um. mt, mammillothalamic
tract. MTIl injection (arrow, D) into the DMH
increased BAT SNA, Tgat, EXp. CO,, and HR after
saline injection, but not after muscimol injection
into the rMR in the same rat. Timescale, 100 s.
Group data (E) compare MTIl-evoked changes
(means + SEM of 5 rats) by paired t tests. *p < 0.05
and ***p < 0.001.
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weaning time for rats. Soon after wean-
ing, infants are at risk of hypothermia
because they no longer acquire heat
from the dam and easily lose body heat
due to the high surface-area-to-mass ra-

AHR (bpm)
N
o

1
.
o

In rats fed ad libitum with high-fat diet (HFD) from 3 weeks old,
MC4R-immunoreactive cilia shortened similarly in the DMH and
a little faster in the PVH compared with the NC-fed group (Fig-
ure 3A). In contrast, NC feeding with dietary restriction (DR: fed
60% of consumption by ad libitum NC-fed rats of the same
age) from 3 weeks old strongly inhibited the shortening of
MC4R-immunoreactive cilia in both brain regions (Figure 3A).
Therefore, MC4R™ primary cilia in hypothalamic neurons shorten
with age, and this is promoted by overnutrition and inhibited by
undernutrition.

In even older male rats (6—20 months old), which were group
reared with ad libitum NC feeding, the length of MC4R-immu-
noreactive cilia of DMH and PVH neurons was kept short,
whereas that of MC4R-negative cilia remained unchanged (Fig-
ure 3B). Interestingly, postnatal histochemical analyses re-
vealed that MC4R-immunoreactive cilia of DMH and PVH neu-
rons were longest at 3 weeks old (Figure S4E), the average

e e S
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P

tio of their small body. Therefore, they
particularly need a high ability to actively
produce heat. Consistently, oxygen con-
sumption per body weight, indicative of
energy expenditure, was 2.5-3.5 times
higher in 3-week-old rats than in adults (Figure 3C). Since
MC4R*-ciliated DMH neurons directly innervate BAT sympa-
thetic premotor neurons (Figure 2B), we examined whether
the length of MC4R™ cilia in DMH neurons is correlated with
metabolic parameters. The shortening of MC4R-immunoreac-
tive cilia of DMH neurons after weaning was correlated with
age-related decreases in body-surface-area-to-mass (weight)
ratio and oxygen consumption (Figures 3D, 3E, and S4F). In
the whole cohort, including the NC, HFD, and DR groups, the
length of MC4R-immunoreactive cilia in the DMH was nega-
tively correlated with body fat percentage (Figure 3F). These re-
sults raise the possibility that MC4R* primary cilia of DMH neu-
rons are shortened to regulate the amount of thermogenesis
commensurate with body size during the developmental phase,
whereas the resultant reduction in the sensitivity of DMH neu-
rons to melanocortins results in the accumulation of body fat
in adults.
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Figure 3. MC4R* primary cilia shorten with age in correlation with metabolic decline and increased adiposity

(A) Left: MC4R-immunoreactive cilia in the DMH of 3- to 24-week-old, individually caged rats fed with ad libitum normal chow (NC), ad libitum high-fat diet (HFD),
or normal chow with dietary restriction (DR). Scale bars, 10 um. Right: age-related changes in the length of MC4R-immunoreactive cilia in the DMH and PVH (left
graphs, n = 4 rats except 3-week-old rats, n = 7). Right graphs compare MC4R-immunoreactive and MC4R-negative (AC3-immunopositive) cilia in the NC group.
Two-way ANOVA followed by Bonferroni’s post hoc test, *p < 0.05, **p < 0.01, and ***p < 0.001 (vs. 3 weeks old); fp < 0.05, f'p < 0.01, and T'p < 0.001 (vs. NC).
(B) Length of MC4R-immunoreactive and MC4R-negative (AC3-positive) cilia of group-caged, NC-fed rats over 6 months old (n = 4-5), compared with 3-week-old
rats from (A) (n = 7). One-way ANOVA followed by Bonferroni’s post hoc test, *p < 0.05; **p < 0.01; and ***p < 0.001; ns, not significant.

(C) Metabolic rate (VO,, oxygen consumption rate per body weight) in rats over 6 months old, compared with 3-week-old rats (n = 4-5). One-way ANOVA followed

by Bonferroni’s post hoc test, ***p < 0.001.

(D-F) Linear regression analyses (Pearson’s correlation tests) between MC4R™ ciliary length in the DMH and the ratio of body surface area to body weight of NC
rats (D); VO, of NC rats (E); or body fat percentage of NC, HFD, and DR rats (F). The rats aged 6-18 months in (B) and (C) were also included (6—-18 months).

All error bars represent SEM.

We also confirmed that MC4R™ primary cilia of both DMH and
PVH neurons in female rats (group reared with ad libitum NC
feeding) were shortened from 3 to 24 weeks of age to a similar
extent as in males (Figure S4G). These data indicate that the
age-related reduction in melanocortin sensitivity dependent on
MC4R* ciliary shortening occurs similarly in both sexes. There-
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fore, the following experiments were performed in male rats to
minimize the number of animals sacrificed.

Shortening of MC4R* cilia is obesogenic
To determine the contribution of hypothalamic MC4R™ cilia to en-
ergy balance regulation, we selectively shortened MC4R* primary
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cilia in specific brain regions by knocking down the expression of
intraflagellar transport protein 88 (/ft88) mRNA. IFT88 is a subunit
of the IFT-B complex, which plays an important role in the anter-
ograde transport of ciliary proteins.’”*® In preliminary experi-
ments, two short hairpin RNAs (/ft88 shRNA #1 and #2) or a
scramble sequence was expressed in nonspecific DMH and
PVH neurons with AAVs at 3 weeks of age, and 2 weeks later,
the expression of either shRNA, but not the scramble, efficiently
shortened primary cilia and eliminated IFT88 protein in infected
neurons (Figures S5A and S5B). Following this validation, we
selected /ft88 shRNA #1 and generated an AAV for Cre-depen-
dent expression of the shRNA (AAV-dsRed-pSico-/ft88 shRNA).
The AAV was injected bilaterally into both DMH and PVH of
9-week-old Mc4r-Cre rats, which were then fed NC ad libitum
for 7 weeks. The expression of /ft88 shRNA markedly shortened
MC4R* cilia in 2-4 weeks after AAV injection and almost elimi-
nated them at 7 weeks in both hypothalamic nuclei but did not
affect MC4R-negative primary cilia (Figures 4A and S5C). The
expression of Ift88 shRNA also did not cause appreciable cyto-
toxicity or cell death, as it did not affect the number of Mc4r-
Cre-positive cells (Figure S5D). The Ift88-knockdown (KD) rats ex-
hibited significantly lower oxygen consumption and higher food
intake than control rats in which an AAV with a scramble sequence
instead of shRNA (AAV-dsRed-pSico-scramble) was injected into
the DMH and PVH (Figures 4B and 4C). Consequently, the /ft88-
KD rats exhibited remarkably greater increases in body weight
and adiposity than the scramble rats (Figure 4D). Therefore, the
shortening of MC4R™" primary cilia in DMH and PVH neurons ex-
erts strong obesogenic effects by reducing systemic metabolism
and increasing food intake.

To more specifically determine the role of MC4R* primary
cilia of DMH neurons in energy homeostasis, AAV-dsRed-
pSico-/ft88 shRNA was bilaterally injected only into the DMH
of 9-week-old Mc4r-Cre rats, resulting in extremely shortened
MC4R-immunoreactive cilia in the DMH (Figure 4E). These
rats exhibited lower oxygen consumption but consumed com-
parable amounts of food compared with scramble rats (Figures
4F and 4G). Nonetheless, these /ft88-KD rats exhibited greater
increases in body weight and adiposity than scramble rats (Fig-
ure 4H). These results indicate that ciliary MC4Rs in DMH neu-
rons mediate melanocortin signaling to increase energy expen-
diture, but not to decrease food intake, and that the shortening
of MC4R* cilia in DMH neurons has a sufficient obesogenic
impact.

Shortening of MC4R* cilia blunts BAT thermogenesis
and cold defense
To examine the behavioral effects of shortening MC4R™ cilia,
Mc4r-Cre rats with /ft88 KD in MC4R™*-ciliated DMH and PVH
neurons were implanted with a telemetric transmitter for daily
monitoring of activity, body core temperature (T¢ore), and Tgat-
They exhibited daily changes in activity and T, comparable
to scramble rats but had slightly lower Tgar (Figures S5E-
S5G). Interestingly, the elevation of Tgar Observed in scramble
rats during cold exposure was not evident in /ft88-KD rats (Fig-
ure S5@G), indicating that the shortening of MC4R™ primary cilia
blunts adaptive BAT thermogenesis for cold defense.

We further determined the impact of shortening MC4R™ cilia in
DMH neurons on BAT thermogenic and cardiac functions in
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anesthetized rats. Similar to wild-type rats (Figures 2C-2E), the
unilateral nanoinjection of MTIl into the DMH of control (scramble
AAV-injected) Mc4r-Cre rats aged 11-13 weeks increased BAT
SNA, Tgat, EXp. CO,, and HR (Figures 5A and 5B). However,
all these thermogenic, metabolic, and cardiac responses to
MTII were abolished by shortening MC4R* cilia of DMH neurons
with /ft88 KD in Mc4r-Cre rats of the same age (2-4 weeks after
AAV injection; Figures 5A, 5B, S6A, and S6B). These results
demonstrate that ciliary MC4R proteins in DMH neurons are
essential for the action of melanocortins to elicit BAT thermo-
genic and cardiac responses and, importantly, that neurons
with shortened MC4R* primary cilia lose the responsiveness to
melanocortin inputs.

Notably, aged animals similarly exhibited a reduced respon-
siveness of DMH neurons to melanocortins. Although the unilat-
eral nanoinjection of MTII into the DMH of 9-week-old wild-type
rats (Figure S6C) elicited marked increases in BAT SNA, Tgar,
Exp. CO,, and HR, these responses were blunted in 6-month-
old (~24 weeks) rats (Figures 5C and 5D), which had shorter
MC4R™* cilia in the DMH than 9-week-old rats (Figure 3A).
Furthermore, BAT thermogenic and tachycardic responses
evoked by trunk skin cooling were significantly smaller in rats
with artificially (/ft88-KD rats) or age-dependently (6-month-old
rats) shortened MC4R" primary cilia in the DMH than in the
respective control rats (Figures 5E and 5F). Therefore, melano-
cortin signaling via ciliary MC4Rs in DMH neurons strongly sup-
ports central sympathetic outflow to drive cold-defensive re-
sponses. The age-related shortening of MC4R™ primary cilia of
DMH neurons reduces the capability for BAT thermogenesis,
thereby contributing to the reduced whole-body metabolic rate
and blunted cold defense in aged animals.

Shortening of MC4R* cilia causes leptin resistance
Leptin is an adipokine that suppresses appetite by activating
proopiomelanocortin (POMC) neurons in the arcuate nucleus
of the hypothalamus, and MC4Rs mediate the leptin-elicited
melanocortin signaling from POMC neurons to reduce food
intake.” %29 Leptin resistance is a hallmark of obesity and meta-
bolic syndrome, but its etiology remains unclear.**° To test the
hypothesis that the age-related shortening of MC4R* primary
cilia in hypothalamic neurons contributes to the development
of leptin resistance, we examined leptin sensitivity in rats with
shortened MC4R* cilia. Leptin injection into the lateral ventricle
reduced food intake in control (scramble AAV-injected) Mc4r-
Cre rats at 10 weeks of age, whereas this leptin effect was
abolished in /ft88-KD rats with shortened MC4R* cilia in both
PVH and DMH or even only in the PVH (Figures 6A, S7A, and
S7B). Therefore, the shortening of MC4R™ cilia in hypothalamic
neurons, particularly PVH neurons, causes leptin resistance
in feeding regulation by disrupting the leptin-melanocortin
signaling pathway.

Leptin signaling shortens MC4R* cilia

To further investigate the mechanistic relationship between the
age-related shortening of MC4R™ primary cilia and obesity, we
examined the length of MC4R™* cilia in obese Zucker fa/fa rats,
an outbred strain that harbors a missense mutation (fa) in the lep-
tin receptor (LepR) gene and exhibits blunted leptin signaling.®"
Given their severe obesity, we initially expected this strain to
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Figure 4. Shortening of MC4R" cilia is obesogenic

(A) Ift88 KD shortens MC4R" cilia. AAV-dsRed-pSico-scramble (scramble) or AAV-dsRed-pSico-/ft88 shRNA (/ft88 KD) was bilaterally injected into the DMH and
PVH of 9-week-old Mc4r-Cre rats. Pseudocolored images of infected DMH neurons 7 weeks after AAV injection (top) show that Mc4r-Cre-expressing neurons,
labeled with dsRed only (single arrowheads), had MC4R-immunoreactive cilia in scramble rats, whereas those cilia were extremely shortened or eliminated in
1ft88-KD rats. Mc4r-Cre-negative neurons, labeled with both dsRed and EGFP (double arrowheads), did not have MC4R-immunoreactive cilia (see also Fig-
ure S5C). Scale bars, 10 pm. Graphs (bottom) show the total length of MC4R-immunoreactive cilia 7 weeks after AAV injection (n = 8 rats). Unpaired
t test, *p < 0.01.

(B) Ift88 KD reduces metabolic rate. Average readings of VO, for a 24-h period, light phase or dark phase 7 weeks after AAV injection (n = 8). Unpaired t test,
*p < 0.05 and ***p < 0.001.

(C) Ift88 KD increases food intake. Weekly food intake (total of 7 days) was calculated per 100 g unit of weekly body weight and summed for 7 weeks after AAV
injection (n = 8). Unpaired t test, **p < 0.01.

(D) Ift88-KD rats exhibit greater increases in body weight and adiposity. Body weight and body fat percentage were measured weekly for 7 weeks after AAV
injection (n = 8). Two-way ANOVA followed by Bonferroni’s post hoc test, “p < 0.05, **p < 0.01, and ***p < 0.001.

(E-H) AAV-dsRed-pSico-scramble (scramble) or AAV-dsRed-pSico-/ft88 shRNA (/ft88 KD) was bilaterally injected into the DMH, but not into the PVH, of 9-week-
old Mc4r-Cre rats (scramble, n = 7; Ift88 KD, n = 11; except G, scramble, n = 6; /ft88 KD, n = 9). 7 weeks after AAV injection, MC4R-immunoreactive cilia in the
DMH were shortened by /ft88 KD (E). /ft88-KD rats exhibited reduced metabolic rate (F), but intact food intake (G), contrasting to the increased food intake by /ft88
KD in both PVH and DMH (C). Unpaired t test (E-G), *p < 0.05; ***p < 0.001; ns, not significant. /ft88-KD rats exhibited greater increases in body weight and
adiposity (H, two-way ANOVA followed by Bonferroni’s post hoc test, *p < 0.05, **p < 0.01, and ***p < 0.001).

All error bars represent SEM.
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Figure 5. Shortening of MC4R" cilia in DMH neurons blunts BAT thermogenesis and cold defense

(A-D) Shortening of MC4R™ cilia blunts the sensitivity of thermogenic DMH neurons to melanocortin signals. In (A) and (B), scramble or /ft88-KD AAV was injected
into the DMH of 9-week-old Mc4r-Cre rats, and in vivo physiological recordings were performed at 11-13 weeks old. Unilateral MTIl nanoinjection into the DMH
(arrows) increased BAT SNA, Tgart, Exp. CO,, and HR in scramble rats (SC, A and B) and 9-week-old wild-type rats (C and D), but the responses were diminished
in Ift88-KD rats (KD, A and B) and 6-month-old wild-type rats (C and D). Timescales, 100 s. MTll-evoked changes are compared by unpaired t tests (Band D, n =
6-8). *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S6.

(E and F) Shortening of MC4R* cilia blunts cooling-evoked BAT thermogenic and cardiac responses. Skin cooling (Tskin) Was given to scramble and /ft88-KD rats
(E) and 9-week-old and 6-month-old wild-type rats (F) (n = 7-8). Timescale, 30 s. Unpaired t test, *p < 0.05 and **p < 0.01.

All error bars represent SEM.
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Figure 6. Chronic leptin-melanocortin signaling shortens MC4R* cilia, and shortening MC4R* cilia causes leptin resistance
(A) Ift88 KD induces leptin resistance. Top: scramble or /ft88-KD AAV was injected into both DMH and PVH or only the PVH of Mc4r-Cre rats (n = 4-5) at 7 weeks
old. Saline and leptin were injected into the lateral ventricle (i.c.v.) 2 and 3 weeks later, respectively. Bottom: food intake after i.c.v. injection is expressed as a
percentage of preinjection food intake. Paired t test; *p < 0.05; **p < 0.01; ns, not significant. See also Figures S7A and S7B.
(B) Ablation of leptin signaling inhibits the age-related shortening of MC4R* cilia. Top: MC4R-immunoreactive cilia in the DMH of lean and obese Zucker rats.
Scale bars, 10 um. Bottom: MC4R-immunoreactive cilia were longer in obese Zucker rats (n = 3). One-way ANOVA followed by Bonferroni’s post hoc test,
*p < 0.05 and **p < 0.001.
(C) Chronic leptin signaling shortens MC4R* cilia. Wild-type rats (12 weeks old) were injected with saline (n = 4) or leptin (5 ng, n = 5) into the lateral ventricle every
other day for 5 weeks under DR (fed 60% of NC consumed by ad-libitum-fed, age-matched rats). Leptin injection shortened MC4R-immunoreactive cilia in both
DMH (left images) and PVH. Scale bars, 10 um. Unpaired t test; *p < 0.05.
(D) Serum leptin concentration negatively correlates with MC4R™ ciliary length. Linear regression analysis (Pearson’s correlation test) between MC4R* ciliary
length in the DMH (data from Figure 3A) and serum leptin concentrations measured in wild-type rats of the same diet and age (n = 4 rats except 3-week-old NC-fed
rats: ciliary length, n = 7; and leptin n = 12).
(E) Hypothetical mechanism by which chronic leptin-melanocortin signaling shortens MC4R* primary cilia. LepR, leptin receptor.

(legend continued on next page)
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have short MC4R™ cilia. However, obese Zucker fa/fa rats at 9
and 18 weeks of age had longer MC4R-immunoreactive cilia in
both DMH and PVH than age-matched lean Fa/fa rats (Figure 6B).
Therefore, the ablation of leptin-melanocortin signaling inhibits
the age-related shortening of MC4R* cilia. Consistently, chronic
(5 weeks) leptin injections into the lateral ventricle of wild-type
rats shortened MC4R™* cilia even under the DR condition (Fig-
ure 6C), despite significantly reduced body weight (saline:
298 + 3 g, mean + SEM of 4 rats; leptin: 242 + 4 g, 5 rats; t; =
9.62, p <0.001, unpaired t test). Furthermore, serum leptin levels
negatively correlated with MC4R™ ciliary length (Figure 6D).
These results indicate that the chronic upregulation of leptin-
melanocortin signaling promotes the age-related shortening of
MC4R* primary cilia in hypothalamic neurons.

Because the MC4R is coupled to the stimulatory G protein
Gs,*?*° the binding of «-MSH to MC4Rs, as an outcome of lep-
tin-melanocortin signaling, activates AC, leading to increased
intracellular cyclic AMP (cCAMP) levels (Figure 6E). To chronically
stimulate this signaling pathway, we bilaterally injected the DMH
with an AAV for Cre-dependent expression of a constitutively
active mutant of AC3 (Adcy3"2793* in 9-week-old Mc4r-Cre
rats and assessed body weight and body fat percentage for
7 weeks. Because this mutant simulates chronic MC4R-medi-
ated melanocortin satiety signaling, rats expressing Adcy3"27%
in MC4R-expressing DMH neurons were leaner than control
rats expressing palGFP instead (Figure 6F). Notably, however,
postmortem examination revealed that MC4R* cilia were almost
lost in the DMH with Adcy3"27® expression compared with the
control group (Figure 6F). These results indicate that the chronic
upregulation of leptin-melanocortin-MC4R signaling, as in obese
animals, blunts the signaling itself by diminishing MC4R* cilia.

DR regenerates MC4R* cilia in aged rats

If leptin signaling shortens MC4R™ cilia in hypothalamic neurons,
a hunger state might regenerate eliminated MC4R™ cilia in aged
rats. To test this possibility, we examined the length of MC4R*
cilia in the hypothalamus of 20-month-old wild-type rats after
2 months of DR (fed 60% of NC consumed by ad-libitum-fed
control rats). Body weight and body fat percentage decreased
by 13% + 0.1% and 29% =+ 2%, respectively, during DR
(means + SEM, n = 3). Control rats (18-20 months old) fed ad li-
bitum with NC exhibited trace levels of MC4R-immunoreactive
ciliary length in the DMH and PVH (Figure 3B). However, DR
rats had significantly longer MC4R-immunoreactive cilia in
both regions (Figure 7A), indicating that even once shortened,
MC4R* primary cilia can regrow in old animals with DR, perhaps
due to reduced leptin-melanocortin signaling.

Molecular intervention to prevent MC4R" ciliary
shortening

To explore interventions to prevent age-related obesity, we at-
tempted a molecular strategy to counteract the HFD-induced
shortening of MC4R™ primary cilia. The length of primary cilia is
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regulated by the opposing actions of anterograde and retro-
grade transporters, which transport membrane proteins and
tubulin that constitute primary cilia.®® Ciliogenesis-associated ki-
nase 1 (CILK1 or intestinal cell kinase), a serine/threonine protein
kinase of ciliary transporters, localizes to primary cilia to nega-
tively regulate ciliary length,® and the knockdown of Cilk?
expression accelerates anterograde intraflagellar transport in
primary cilia for elongation.’” To knock down Cilk1 mRNA
expression in MC4R-expressing hypothalamic neurons, we
selected a rat Cilk1 shRNA sequence corresponding to that
used in mice®” and injected an AAV for Cre-dependent expres-
sion of the shRNA (AAV-dsRed-pSico-Cilk1 shRNA) bilaterally
into both DMH and PVH of 9-week-old Mc4r-Cre rats, which
were then fed HFD ad libitum for 7 weeks. The expression of
the shRNA reduced CilkT mRNA in MC4R-expressing hypotha-
lamic neurons (Figure S7C).

MC4R™ cilia were successfully maintained longer in the DMH
of Cilk1-KD rats at 16 weeks old, in contrast to shortened
MC4R* cilia in scramble rats, whereas Cilk1 KD did not affect
MC4R" cilia in the PVH for unknown reasons (Figure 7B). None-
theless, the prevention of the age-related shortening of MC4R™*
primary cilia in the DMH significantly reduced body weight gain
on HFD (Figure 7C). This finding indicates that the molecular ma-
chinery regulating intraflagellar transport in MC4R™* primary cilia
of hypothalamic neurons can be a potential target for the preven-
tion of age-related obesity.

DISCUSSION

Obesity is a major health problem in many developed coun-
tries; therefore, combating obesity has been a major focus
of health science. In this study, we discovered “age-related
ciliopathy” as a key cellular mechanism in the brain that
makes individuals more susceptible to obesity as they age.
Our discovery that MC4R* primary cilia shorten with age to
reduce the hypothalamic sensitivity to satiety signals signifi-
cantly adds to the current concept of the etiology of obesity
and leptin resistance. Furthermore, this study is the first to
show that primary cilia of a specific group of central neurons
are selectively shortened with age, providing important impli-
cations for central systems controlling other homeostatic func-
tions that are altered with age, such as sleep, cardiovascular,
and endocrine regulations. Alterations in cilia-mediated
signaling pathways, such as Sonic Hedgehog and Wnt path-
ways, in the brain have been linked to brain diseases that
progress with age, including Alzheimer’s and Parkinson’s dis-
eases.®® It would be interesting to investigate whether the age-
related ciliopathy we found also occurs in other neurons and, if
so, whether it is involved in age-related diseases and condi-
tions besides obesity and leptin resistance.

Our MC4R immunohistochemistry revealed the native local-
ization of endogenous MCA4R proteins to primary cilia of
DMH and PVH neurons in wild-type animals, extending the

(F) Constitutive activation of AC3 eliminates MC4R"* cilia. Top left: AAV-EF1a-DIO-palGFP (palGFP) or AAV-CMV-Flex-FLAG-Adcy3"27 (Adcy3"27% was
bilaterally injected into the DMH of 9-week-old Mc4r-Cre rats (n = 5 and 6, respectively), and weekly changes in body weight and body fat percentage were
analyzed by two-way ANOVA followed by Bonferroni’s post hoc test (*p < 0.05 and **p < 0.01). Bottom: MC4R-immunoreactive ciliain the DMH 7 weeks after AAV
injection. Scale bars, 10 um. Top right: length of MC4R-immunoreactive cilia in the DMH. Unpaired t test, *p < 0.05.

All error bars represent SEM.
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Figure 7. Interventions to prevent age-related shortening of MC4R" cilia

(A) DR regenerates MC4R™ cilia in old rats. Left: MC4R-immunoreactive cilia in the DMH of 20-month-old wild-type rats fed NC ad libitum or after 8 weeks of DR.
Scale bars, 10 um. Right: length of MC4R-immunoreactive cilia is compared between NC (n = 5) and DR (n = 3) rats (unpaired t test, *p < 0.05 and **p < 0.01).
(B and C) Molecular intervention to prevent the age-related shortening of MC4R* cilia. Scramble AAV or AAV-dsRed-pSico-Cilk1 shRNA (Cilk1 KD) was bilaterally
injected into the DMH and PVH of 9-week-old Mc4r-Cre rats, which were then ad libitum fed HFD for 7 weeks. Pseudocolored confocal images in the DMH
7 weeks after AAV injection (B) show that Mc4r-Cre-positive neurons, labeled with dsRed only (single arrowheads), lost MC4R-immunoreactive cilia due to aging
in scramble rats, but retained them in Cilk7-KD rats. Double arrowheads indicate an infected Mc4r-Cre-negative cell, which expressed both dsRed and EGFP.
Scale bars, 10 um. Cilk1-KD rats had longer MC4R-immunoreactive cilia in the DMH, but not in the PVH, than scramble rats (B, scramble, n = 8; Cilk1 KD, n =6,
unpaired t test, **p < 0.01; ns, not significant). Cilk7-KD rats exhibited reduced body weight gain (C, two-way ANOVA followed by Bonferroni’s post hoc
test, *p < 0.05).

(D) A model for the mechanism of age-related obesity. MC4R™ primary cilia of hypothalamic neurons progressively shorten with age. This “age-related ciliopathy”
is promoted by overnutrition, which chronically sensitizes MC4Rs to melanocortins, whereas it is inhibited by dietary restriction. The shortening of MC4R* cilia
impairs neuronal sensitivity to leptin-melanocortin satiety signals, thereby decreasing metabolism and BAT thermogenesis, increasing food intake, and ultimately
developing obesity and leptin resistance.

observation of the ciliary localization of GFP-tagged MC4Rs in  of MC4R™ cilia in the DMH correlated with the post-weaning,
PVH neurons in a genetically engineered mouse model."* age-related reduction in energy expenditure and with the
Remarkably, MC4R™" cilia shorten with age after peaking at accompanying increase in adiposity. Our in vivo experiments
3 weeks old, the average weaning age for rats. The shortening in Mc4r-Cre knockin rats showed that the /ft88 KD-mediated
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selective shortening of MC4R* cilia in both DMH and PVH
neurons of 9-week-old rats, which otherwise still have sub-
stantial MC4R" cilia, increased body weight and adiposity by
reducing energy expenditure and increasing food intake. The
shortening of MC4R™* cilia also developed leptin resistance.
These findings indicate that the length of MC4R™ primary cilia
of DMH and PVH neurons is a strong determinant of the sensi-
tivity to leptin-melanocortin satiety signaling in the central
regulation of systemic energy balance; therefore, the age-
related shortening of these cilia predisposes to obesity by
reducing energy expenditure and increasing food intake via
a reduction in the sensitivity to leptin-melanocortin signaling
(Figure 7D).

The age-related shortening of MC4R* primary cilia was facili-
tated by overnutrition but inhibited by undernutrition (DR). How-
ever, the age-related shortening of MC4R™* cilia was inhibited
by impaired leptin signaling in Zucker fa/fa obese rats and
promoted by chronic leptin injection. Our data indicate that
leptin-melanocortin signaling, which is augmented by increased
adiposity after chronic overnutrition, facilitates the shortening of
MC4R* cilia. Therefore, although leptin-melanocortin signaling
acutely elicits anti-obesity responses via MC4Rs, it chronically
promotes the age-related shortening of MC4R* primary cilia,
thereby reducing the sensitivity to the satiety signaling itself
to increase susceptibility to obesity (Figure 7D). MC4Rs are
coupled to the Gs-AC pathway to increase intracellular cAMP
levels.®**® We found that the constitutive activation of AC3 in
MC4R-expressing DMH neurons eliminates their MC4R™ cilia.
Although in vitro studies have yielded inconsistent results
regarding the effect of increased cAMP on ciliary length,3%*°
our in vivo data suggest the presence of a cAMP-mediated
mechanism that shortens MC4R* primary cilia in hypothalamic
neurons.

The present /t88 KD selectively shortened MC4R* cilia in the
specific hypothalamic regions, DMH and PVH. The /ft88 KD-
mediated shortening of MC4R" cilia in both DMH and PVH neu-
rons increased food intake and decreased energy expenditure.
In contrast, the shortening of MC4R™ cilia only in DMH neurons
had no effect on food intake but decreased energy expenditure.
Furthermore, the loss of MC4R™ cilia only in PVH neurons was
sufficient to develop leptin resistance in feeding regulation, and
MC4R*-ciliated PVH neurons contained OXT and TRH, which
suppress appetite.’’*** These findings are consistent with the
view that MC4Rs in the DMH and PVH mediate different melano-
cortin effects, increasing energy expenditure and decreasing
food intake, respectively.*®**

We further demonstrate that BAT is an important metabolic
effector for the increase in energy expenditure by MC4Rs in
the DMH. Our physiological and anatomical results show that
MC4Rs on primary cilia of DMH neurons stimulate BAT thermo-
genesis via the innervation of sympathetic premotor neurons in
the rMR and that the shortening of MC4R™ cilia in DMH neurons
blunts cooling- and MTlI-evoked BAT thermogenesis. The post-
weaning shortening of MC4R* primary cilia in the DMH corre-
lated with age-related reduction in oxygen consumption, and
the artificial (/ft88 KD) shortening of MC4R™ cilia in the DMH
increased adiposity and body weight gain. Therefore, BAT
thermogenesis stimulated by MC4R-mediated melanocortin
signaling in the DMH substantially contributes to the anti-obesity
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effect of melanocortins, and the post-weaning shortening of
MC4R* cilia of DMH neurons leads to an age-related decline in
BAT thermogenesis, which has been linked to the development
of obesity in middle-aged humans.®

BAT thermogenesis is also important for cold defense, espe-
cially in pups. Therefore, it seems reasonable that MC4R* cilia
of DMH neurons are longest around the time of weaning. During
the lactation period, pups manage to maintain body temperature
by receiving body heat from their dam, but soon after weaning,
they need to produce sufficient amounts of heat on their own
by activating BAT and other metabolic thermogenesis, which is
probably boosted by the MC4R-mediated sensitization of sym-
pathoexcitatory DMH neurons. However, the rate of heat pro-
duction required to maintain body temperature decreases with
development, as the heat loss per body weight decreases due
to the reduction in the body-surface area-to-mass ratio. There-
fore, the post-weaning shortening of MC4R* cilia of DMH
neurons, which leads to the age-related decline in BAT thermo-
genesis, may in part be an adaptation process for thermal
homeostasis during the increase in body mass. In adults, the
shortened MC4R™ cilia of DMH and PVH neurons, which keep
energy expenditure low and appetite high, confer the resistance
to starvation, which mammals have experienced throughout
evolution. However, this mechanism increases the susceptibility
to obesity in food-satiated animals, perhaps including modern
humans.

Leptin therapy was initially expected to have the same suc-
cess in treating people with obesity as insulin has had in treating
patients with diabetes.*® However, a major problem is that most
patients with obesity have elevated plasma leptin levels and
would be resistant to exogenous leptin.?®“® Although the etiol-
ogy of hyperleptinemia and leptin resistance is unknown, rodent
studies have shown that the cellular response to leptin (e.g., the
activation of intracellular signal transducer and activator of tran-
scription 3 [STAT3] signaling) in the arcuate nucleus is preserved
in diet-induced obese, hyperleptinemic animals,”” suggesting
that the cause of leptin resistance is downstream of arcuate nu-
cleus neurons sensitized by leptin. Our results suggest that the
loss of MC4R* primary cilia of hypothalamic neurons due to
chronic sensitization to leptin-melanocortin signaling may be a
major cause of leptin resistance in patients with obesity. Sup-
porting this view, chronic hyperleptinemia is required for the
development of leptin resistance in mice.*®

Importantly, we found that DR inhibits the age-related short-
ening of MC4R* cilia and even regenerates MC4R* cilia once
they are diminished due to aging. Therefore, DR is likely to be
an effective way to treat patients with obesity because it not
only expends excess energy stored in fat tissues but also re-
stores sensitivity to leptin-melanocortin signals. The effect of
DR on MC4R* ciliary length may be due not only to decreased
melanocortinergic satiety signaling but also to increased hun-
ger signaling mediated by agouti-related protein (AgRP), an
endogenous MC4R antagonist released by arcuate nucleus
neurons. Our results also suggest that the severe obesity in
the hereditary ciliopathies Bardet-Biedl syndrome and Alstrém
syndrome*®*°? is ascribable to diminished MC4R* cilia of hy-
pothalamic neurons. MC4R agonists may still be effective in
treating patients with these and other types of obesity®' via
hypothalamic MC4Rs on remnant cilia in the patients, but
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the effect may wane if chronic administration eliminates
MC4R* cilia in humans. Molecular intervention in the intrafla-
gellar transport machinery, as shown in our Cilk1 KD study,
may be a potential approach to enhance the neuronal sensi-
tivity to MC4R agonists.

Limitations of the study

The present immunohistochemistry visualized the localization of
MCA4R proteins in primary cilia of hypothalamic neurons. Howev-
er, this observation does not exclude the possibility that MC4R
proteins are present at subdetectable levels in other subcellular
parts of neurons or other brain regions. Moreover, most of the
present analyses were performed in male rats because the
age-related shortening of MC4R* cilia was similar in both sexes.
On the other hand, sex differences are known in several aspects
of obesity and the regulation of energy homeostasis in rodents
and humans.® Therefore, further studies are needed to address
how the age-related shortening of MC4R™* cilia contributes to
obesity in females, especially in association with female-specific
events, such as pregnancy. The differences between rodents
and humans, such as lifespan, should also be considered
when interpreting the present findings. The age-related short-
ening of MC4R™ cilia in the human hypothalamus needs to be
investigated.
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Custom made
Cat # 77116
Cat # 263810

(Continued on next page)
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SulfoLink Coupling Resin Thermo Fisher Scientific Cat # 20401

Lipofectamine 2000 transfection reagent
Avidin-biotinylated peroxidase complex
3,3’-diaminobenzidine tetrahydrochloride
Avidin-biotin blocking kit
Alexab594-conjugated CTb

FITC-conjugated tyramide (Tyramide Signal
Amplification FITC Systems)

Alexa488-conjugated streptavidin
Alexab94-conjugated streptavidin

RNAscope negative control probe

RNAscope probe for Cilk1

Cy3-conjugated tyramide (TSA Plus Cyanine 3)
Food pellets for NC, HFD and DR rats

Pyrogen-free 0.9% saline
Recombinant rat leptin
RNAlater

MTII

Fluorescent microbeads

Thermo Fisher Scientific
Vector Laboratories
Merck

Vector Laboratories
Thermo Fisher Scientific
Parkin Elmer

Thermo Fisher Scientific
Thermo Fisher Scientific
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Akoya Biosciences
Research Diets

Otsuka

R&D systems

Merck

Sigma-Aldrich

Thermo Fisher Scientific

Cat # 11668030

Cat # PK-6100

Cat # 281751

Cat # SP-2001

Cat # C34777

Cat # SAT701001KT

Cat # S11223

Cat # S11227

Cat # 310043

Cat # 1177181-C1
Cat # NEL744001KT

Cat # D12450H (NC)
Cat # D12451 (HFD)

N/A

Cat # 598-LP

N/A

Cat # M8693

Cat # F8801, F8803

Critical commercial assays

MEGAshortscript T7 Transcription Kit Life Technologies Cat # AM1354
mMMESSAGE mMACHINE T7 Ultra Kit Life Technologies Cat # AM1345
MEGACIear kit Life Technologies Cat # AM1908
NucleoSpin Gel and PCR Clean-up Takara Bio Cat # 740609
KAPA Express Extract Kit Kapa Biosystems Cat # KK7100
RNAscope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics Cat # 323100
Mouse/Rat Leptin Quantikine ELISA Kit R&D Systems Cat # MOBO00B
RNeasy Lipid Tissue Mini Kit Qiagen Cat # 74804
iTag Universal SYBR Green One-Step Kit Bio-Rad Cat # 1725150
Experimental models: Cell lines

HEK293T N/A N/A
Experimental models: Organisms/strains

Rat: Slc:Wistar/ST Japan SLC N/A

Rat: lar:Wistar-lmamichi Institute for Animal Reproduction N/A

Rat: Slc:Zucker Japan SLC lean Fa/fa and obese fa/fa
Mc4r-deficient mice Balthasar et al.*® N/A

Mouse: C57BL/6JJcl CLEA Japan N/A

Guinea pigs Shimizu Experimental Materials N/A

Oligonucleotides

scrambled sequence (5’-GCGCTTAGCTGTAGGATTC
TTCAAGAGAGAATCCTACAGCTAAGCGCTTTTTT-3’)

1ft88 shRNA #1 (5’-GGCATTAGATACTTACAAATT
CAAGAGATTTGTAAGTATCTAATGCCTTTTTT-3’)

1ft88 shRNA #2 (5’-GTATTTCCCTTCTAACATTTTCA

AGAGAAATGTTAGAAGGGAAATACT -3)
Cilk1 shRNA (5’-CACAACCACGTGGCGGTGTAAT

TCAAGAGATTACACCGCCACGTGGTTGTGT -3’)
Actb: forward 5’-CCACACTTTCTACAATGAGC-3’ and

reverse 5-ATACAGGGACAACACAGC-3’
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McA4r: forward 5’-GACGGAGGATGCTATGAG-3’ and
reverse 5’-AGGTTCTTGTTCTTGGCTAT-3’

Thermo Fisher Scientific

Custom made

Recombinant DNA

pCas9-polyA Addgene Cat # 72602
PAAV2-CMV-Flex-Flag-Adcy3"279 Vector Builder Custom made
pcDNA3 Invitrogen N/A

Software and algorithms

CRISPOR http://crispor.tefor.net/ N/A

siDirect http://sidirect2.rnai.jp N/A

Imaris software version 9.6.0

Oxford Instruments

RRID: SCR_007370

Spike 2, version 7.10 CED RRID: SCR_00903
Prism 7.04 GraphPad RRID: SCR_002798
Other

Gap electrode Nepa Gene Cat # CUY520P5
Electroporator (NEPA21 Super Electroporator) Nepa Gene Cat # Nepa21

DNA Sequencer (Applied Biosystems 3130x/ Thermo Fisher Scientific 3130xI-100

Genetic Analyzer)

Epifluorescence microscope Nikon Eclipse 80i
Confocal laser-scanning microscope Leica TCS SP8

Body composition analyser Hitachi EchoMRI-900
Metabolism-measuring system Muromachi Kikai MK-5000RQ

3D scanner Japan 3D printer Einscan SP
Feedam Melquest cFDM-700AS
Microsyringe Hamilton N/A

Real-time PCR system Thermo Fisher Scientific StepOnePlus
Battery-operated telemetric transmitter Data Science International F40-TT

Telemetry system Data Science International PhysioTel and PONEMAH
Needle-type thermocouple Physitemp MT-29/2

Amplifier for electrophysiological recordings Molecular Devices CyberAmp 380

Picospritzer llI

Parker

Cat # 052-0500-900

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kazuhiro

Nakamura (kazu@med.nagoya-u.ac.jp).

Materials availability

Mc4r-T2A-iCre knockin rat, anti-MC4R antibody, and original AAVs are available from the lead contact under material transfer

agreements.

Data and code availability

o Data S1. Unprocessed data underlying the display items in the manuscript, related to Figures 1, 2, 3, 4, 5, 6, 7, S2, and S4-S7.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Generation of Mc4r-T2A-iCre knockin rats

Slc:Wistar/ST rats for the donor of embryos were obtained from Japan SLC (Shizuoka, Japan). lar:Wistar-Imamichi rats for the trans-
plant recipient of genome-edited zygotes were obtained from the Institute for Animal Reproduction (Ibaraki, Japan). To design the
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guide RNA (gRNA) for the CRISPR-Cas9-mediated genome editing, we used the software tool CRISPOR (http://crispor.tefor.net/) to
predict unique target sites throughout the rat genome. The target sequence selected for knock-in production was 5’-GTTACCTGG
CAGGTATTAAG-3'. The gRNA was transcribed in vitro using a MEGAshortscript T7 Transcription Kit (Life Technologies, Carlsbad,
CA) from synthetic double-stranded DNAs obtained from Integrated DNA Technologies (Coralville, 1A). Cas9 mRNA was transcribed
in vitro using a MMESSAGE mMACHINE T7 Ultra Kit (Life Technologies) from a linearized plasmid (pCas9-polyA; Addgene, #72602)
and was purified using a MEGACIear kit (Life Technologies). As the knock-in donor, long single-stranded DNA (IssDNA) (Figure S2B)
was prepared by a method using nicking endonucleases (nickase) as we reported.®’ Briefly, a double-stranded DNA plasmid con-
taining homology arms, T2A sequence, iCre sequence, and two nicking endonuclease Nt.BspQl and Nb.BbvCl sites was custom-
made by the GeneArt Gene Synthesis (Thermo Fisher Scientific). For digestion, 100 ug of the plasmid was incubated at an optimum
temperature for 2-3 h with the two nicking endonucleases (New England Biolabs, MA). After ethanol precipitation, the DNAs were
denatured with a 3-fold amount of formamide at 80°C for 10 min, and then applied to agarose gel electrophoresis. A band corre-
sponding to a single-stranded DNA fragment was extracted using a NucleoSpin Gel and PCR Clean-up (Takara Bio, Shiga, Japan).
Finally, 2-4 ng of IssDNA was obtained.

Pronuclear-stage rat embryos were collected from female Wistar/ST rats at 8-12 weeks old that were superovulated by an admin-
istration of 150 U/kg of pregnant mare serum gonadotropin (ASKA Animal Health, Tokyo, Japan) followed by 75 U/kg of human cho-
rionic gonadotropin (ASKA Animal Health). After natural mating, pronuclear-stage embryos were collected from the oviducts of the
females and cultured in a modified Krebs—Ringer bicarbonate medium or rat KSOM medium (ARK Resource, Kumamoto, Japan). For
electroporation, 120 embryos at 3—4 h after collection were placed in a chamber with 40 pl of serum-free media (Opti-MEM, Thermo
Fisher Scientific) containing 400 ng/ul Cas9 mRNA, 200 ng/ul gRNA, and 40 ng/ul IssDNA. They were then electroporated witha5 mm
gap electrode (CUY520P5, Nepa Gene, Chiba, Japan) in a NEPA21 Super Electroporator (Nepa Gene). The parameters of poring
pulses for the electroporation were voltage 225 V, pulse width 2.0 ms, pulse interval 50 ms, and number of pulses 4. The parameters
of transfer pulses were voltage 20 V, pulse width 50 ms, pulse interval 50 ms, and number of pulses 5. Total 72 of the 100 embryos that
developed to the two-cell stage after the introduction of Cas9 mRNA, gRNA, and IssDNA were transferred into the oviducts of 3 fe-
male surrogates anesthetized with isoflurane. Finally, pups were born, and one of them was confirmed as a knock-in rat.

We performed genotyping and sequencing analyses with the primer sets (Figure S2B) to confirm the position and sequence of the
inserted transgene in this knockin strain. Genomic DNA was extracted from the tail tips using the KAPA Express Extract Kit (Kapa
Biosystems, London, UK). The PCR products amplified with specific primer sets were directly sequenced using a BigDye terminator
v3.1 cycle sequencing mix according to the standard protocol for an Applied Biosystems 3130x/ Genetic Analyzer (Life Technolo-
gies). The Mc4r-T2A-iCre knockin line was maintained in heterozygotes on a Wistar/ST genetic background, and transmission of
the transgene to offsprings was monitored by PCR (Figure S2B).

Animals

Wistar rats (Slc:Wistar/ST) and Zucker rats (lean Fa/fa; 7 week old and obese fa/fa; 5 week old) were purchased from Japan SLC.
Mc4r-deficient mice on the C57BL/6J background were a gift from Dr. Joel K. EImquist (University of Texas Southwestern Medical
Center).”® C57BL/6J wild-type mice were purchased from CLEA Japan (Tokyo, Japan). Rats and mice used in experiments were
male, except in Figure S4G, which used female rats. All rats and mice were two or three to a cage with ad libitum access to a standard
pellet diet (MF, Oriental Yeast, Tokyo, Japan) and water in a room air-conditioned at 25 + 2°C under a 12 h light/dark cycle (lights on
from 7:00 a.m. to 7:00 p.m.) until being used for experiments or surgery. Animals were randomly allocated to each experimental
group. Male and female guinea pigs (200-250 g) for the production of anti-MC4R antibodies were purchased from Shimizu Exper-
imental Materials (Kyoto, Japan). All procedures conform to the guidelines of animal care by the Division of Experimental Animals,
Nagoya University Graduate School of Medicine and by the Institute of Laboratory Animals, Faculty of Medicine, Kyoto University,
and were approved by the Nagoya University Animal Experiment Committee (approval #M220097-002) and the Animal Research
Committee of Osaka University (approval #24-006-042).

METHOD DETAILS

AAV vectors

The recombinant AAVs used in the present study were serotype 1. The production of AAV-EF1a-DIO-palGFP was reported previ-
ously.*® For production of AAV-dsRed-pSico-scramble, AAV-dsRed-pSico-/ft88 shRNA (#1), and AAV-dsRed-pSico-Cilk1 shRNA
(Figure S2C), a synthetic double-stranded DNA fragment (Sigma-Aldrich) was inserted into the backbone plasmid pAAV2-dsRed-
pSico-shRNA (a gift from Dr. Ronald S. Duman)”® between the Hpal/Xhol sites. For production of AAV-U6-GFP-scramble, AAV-
U6-GFP-/ft88 shRNA #1, and AAV-U6-GFP-/ft88 shRNA #2 used to validate the /ft88 shRNA sequences (Figures S5A and S5B), a
synthetic double-stranded DNA fragment was inserted into the backbone plasmid pAAV2-U6-GFP (VPK-413, Cell Biolabs, San
Diego, CA) between the BamHI/EcoRl sites.

The inserted sequence (except the restriction enzyme recognition sequences) was scrambled sequence (5-GCGCTTAGCTGTAG
GATTCTTCAAGAGAGAATCCTACAGCTAAGCGCTTTTTT-3), Ift88 shRNA #1 (5°-GGCATTAGATACTTACAAATTCAAGAGATTTGTAA
GTATCTAATGCCTTTTTT-3’), Ift88 shRNA #2 (5’- GTATTTCCCTTCTAACATTTTCAAGAGAAATGTTAGAAGGGAAATACTTTTTT-3’),
or Cilk1 shRNA (5’-CACAACCACGTGGCGGTGTAATTCAAGAGATTACACCGCCACGTGGTTGTGTTTTTT-3’). The /ft88 shRNA se-
quences were selected by referring to siDirect (http://sidirect2.rnai.jp). The Cilk7 shRNA sequence is homologous to that previously
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used in mice®” with a 1-base difference. None of the shRNAs including the scrambled sequence caused any appreciable cytotoxicity or
cell death when expressed in hypothalamic neurons (e.g., Figure S5D), suggesting that expression of the shRNAs did not cause satu-
ration of the endogenous RNA interference pathway, which has been reported to induce neurotoxicity in the brain even with expression
of a non-targeting (scramble) shRNA.*®

To produce AAV-CMV-Flex-Flag-Adcy3V27 we designed the plasmid, pAAV2-CMV-Flex-Flag-Adcy3"27® by referring to a pre-
vious study,®* and then synthesized (Vector Builder, Yokohama, Japan).

The generated pAAV2 vectors were then used for the production and purification of the AAVs according to our methods, and
their final titrations were 8.8 x 10" GC/ml (AAV2/1-Ef1a-DIO-palGFP), 3.3 x 10'2 GC/ml (AAV2/1-dsRed-pSico-scramble), 2.4 x
10'2 GC/ml (AAV2/1-dsRed-pSico-/ft88 shRNA #1), 1.3 x 10'? GC/ml (AAV2/1-UB-GFP-scramble), 1.1 x 10" GC/ml (AAV2/1-
UB-GFP-/ft88 shRNA #1), 1.1 x 10'2 GC/ml (AAV2/1-U6-GFP-/ft88 shRNA #2), 4.3 x 10'* GC/ml (AAV2/1-dsRed-pSico-Cilk1
shRNA), and 4.3 x 10'2 GC/ml (AAV2/1-CMV-Flex-Flag-Adcy3V279,

The AAV-dsRed-pSico-shRNA vectors, which ubiquitously label infected cells with DsRed, also express EGFP, but halt shRNA
expression in Cre-negative cells. In Cre-positive cells, they do not express EGFP, but do express shRNA under the U6 promotor,
thereby reporting Cre expression and permitting shRNA expression exclusively in Cre-expressing cells (Figures S2C and S2D).

56,59

Stereotaxic injection into the brain

Rats were anesthetized with a combination anesthetic (0.15 mg/kg medetomidine hydrochloride, 2.0 mg/kg midazolam, 2.5 mg/kg
butorphanol tartrate; s.c.) following brief gas anesthesia with 3% isoflurane and were positioned in a stereotaxic apparatus so that the
incisor bar level was adjusted until the lambda and bregma levels were equal. A glass micropipette (tip inner diameter: 15-30 um)
filled with a solution containing AAV was perpendicularly inserted into the DMH (coordinates: 3.0-3.1 mm caudal to bregma,
0.5 mm lateral to the midline, 8.1-8.3 mm ventral to the brain surface) or the PVH (1.7-1.8 mm caudal to bregma, 0.5 mm lateral
to the midline, 7.5 mm ventral to the brain surface). For AAV injection into the brain of 3—4-week-old Mc4r-Cre rats (Figures S2D
and S2E), the coordinates used were DMH: 2.4 mm caudal to bregma, 0.5 mm lateral to the midline, and 7.5 mm ventral to the brain
surface; and PVH: 1.4-1.5 mm caudal to bregma, 0.5 mm lateral to the midline, and 7.4 mm ventral to the brain surface. The solution
(100 nl/site) was pressure-ejected by using a Picospritzer Il (Parker, Hollis, NH). All AAV injections were made bilaterally. For retro-
grade neural tracing, a solution of Alexa Fluor (Alexa) 594-conjugated CTb (1 mg/ml, 100 ni/site; C34777, Thermo Fisher Scientific)
was pressure-injected into the rMR (2.7-3.0 mm posterior to the interaural line, on the midline, 9.5 mm ventral to the brain surface) of
9-11-week-old rats. The micropipette remained for 5 min after injection before it was withdrawn. After the injection, all incisions were
sutured and disinfected with iodine, and ampicillin sodium (0.2 ml, 125 mg/ml) and atipamezole hydrochloride (250 ng/kg) solutions
were injected into femoral muscles. The rats were housed at least 7 days under regular health check until subsequent procedure or
experiments. None of the rats exhibited any signs of pain or discomfort during the surgical procedures or postoperative recovery. For
anterograde and retrograde tracing, rats were injected with AAV-EF10-DIO-palGFP or CTb, respectively, and then survived for
2 weeks until subsequent immunohistochemical procedure described below.

Development of anti-MC4R antibodies

Anti-MCA4R antibodies were developed by K.N. in the Department of Morphological Brain Science, Graduate School of Medicine,
Kyoto University in 2004. Peptides of N-terminal (N34 peptide: YTSLHLWNRSSHGLHGNASESLGKGHSDGGCYEQ) and C-terminal
(C19 peptide: KEIICFYPLGGICELPGRY) parts of the rat MC4R protein were synthesized (Sigma-Aldrich) and 2 mg of each peptide
was conjugated with 2 mg of maleimide-activated bovine serum albumin (Pierce, Rockford, IL) through the cysteine residues. The con-
jugated peptide solutions were emulsified with the same volume of Freund’s complete adjuvant (Difco, Detroit, MI) and then were intra-
cutaneously injected in equal amounts into two male and one female guinea pigs for the N34 peptide and two males and two females
for the C19 peptide under anesthesia. One month later, the animals were immunized again with the same conjugated peptides in
Freund’s incomplete adjuvant. The sera were collected 10-14 days after the second immunization, and a crude y-globulin fraction
was obtained by ammonium sulfate fractionation. This fraction was subjected to affinity chromatography on a SulfoLink Coupling
Resin (Pierce) conjugated with the respective peptide (2 mg peptide per ml resin). The polyclonal antibodies were eluted from the col-
umn with 0.1 M glycine-HCI (pH 2.5), and the eluate was neutralized with 1.0 M potassium phosphate buffer (pH 8.6). The anti-MC4R
antibodies against the N-terminus and C-terminus used in the present study were obtained from female and male guinea pigs, respec-
tively. The N- and C-terminal antigenic peptide sequences have 94% and 84% homology to the mouse sequences, respectively.

DNA transfection into cultured cells and MC4R immunocytochemistry

The coding sequence of rat Mc4r cDNA was amplified by PCR from rat brain cDNA and cloned into pcDNAS (Invitrogen) between the
BamHlI/Xhol sites. pcDNA3-MC4R or pcDNA3 (mock transfection) was transfected into HEK293T cells with a Lipofectamine 2000
transfection reagent (Thermo Fisher Scientific). After 48 h, the cells seeded on cover glasses were fixed with 4% formaldehyde in
0.1 M phosphate buffer (pH 7.4). After a rinse with phosphate-buffered saline (PBS), the cells were incubated overnight with one
of the anti-MC4R guinea pig antibodies against the N-terminus and C-terminus (2 ng/ml) in an antibody incubation buffer containing
0.3% Triton X-100.%° After a rinse, the cells were further incubated with Alexa488-conjugated goat antibody to guinea pig IgG
(5 pg/ml; A11073, Thermo Fisher Scientific) for 1 h. The stained cells on cover glasses were thoroughly washed and mounted
onto glass slides for fluorescence microscopy. For antigen absorption, the anti-MC4R antibodies (2 ng/ml) were premixed with
the respective antigenic peptide (0.8 ng/ml).
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Immunohistochemistry

Immunohistochemical procedures followed our previous studies.?’*°° Animals under anesthesia with the combination anesthetic
were transcardially perfused with saline and then with 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were
removed, postfixed in the fixative at 4°C for 2 h, and transferred into a 30% sucrose solution longer than overnight for cryoprotection.
The tissues were cut into 30-pum-thick frontal sections on a freezing microtome and were subjected to immunohistochemical ana-
lyses. For immunostaining for VGLUTS3, the fixative used for perfusion and postfixation was 2% formaldehyde in 0.1 M phosphate
buffer (pH 7.4). For immunostaining for TRH, rats were perfused with 3% formaldehyde and 1% acrolein in 0.1 M phosphate buffer
(pH 7.4), and the brains were postfixed in the same fixative without acrolein.

For immunoperoxidase staining for MC4R, brain sections were incubated overnight with guinea pig polyclonal antibodies against
the N- or C-terminus of rat MC4R (2 ug/ml) and then for 1 h with biotinylated donkey antibody to guinea pig IgG (10 ug/ml; 706-065-
148, Jackson ImmunoResearch, West Grove, PA). The sections were further incubated for 1 h with avidin-biotinylated peroxidase
complex (ABC, 1:50; PK-6100, Vector Laboratories, Burlingame, CA). Bound peroxidase was visualized by incubating the sections
in a Ni-DAB solution containing 0.02% 3,3'-diaminobenzidine tetrahydrochloride (DAB; Merck), 0.0002% hydrogen peroxide, and
0.5% ammonium nickel sulfate hexahydrate in 50 mM Tris-HCI (pH 7.6) to develop MC4R immunoreactivity as a blue-black reaction
product of Ni-DAB. The sections were mounted on amino silane-coated glass slides and coverslipped. The sections were observed
under a bright-field microscope. The anti-MC4R antibody to the N-terminus was used in the following MC4R immunostaining due to
its better staining performance.

For double immunoperoxidase staining for palGFP and VGLUT3 for anterograde tracing, brain sections from the Mc4r-Cre rats that
received an injection of AAV-EF1a-DIO-palGFP into the DMH were incubated overnight with anti-VGLUT3 guinea pig antibody
(0.5 ng/ml)®® and then for 1 h with biotinylated donkey antibody to guinea pig IgG (10 pg/ml). The sections were further incubated
for 1 h with ABC (1:50). Bound peroxidase was visualized by incubating the sections with the Ni-DAB solution to develop VGLUT3
immunoreactivity as a blue-black reaction product. The bound peroxidase and unreacted avidin and biotin in the sections were
blocked with 3% hydrogen peroxide and an avidin-biotin blocking kit (SP-2001, Vector Laboratories), respectively. The sections
were further incubated overnight with anti-GFP mouse antibody (1 pg/ml; A11120, Thermo Fisher Scientific). After the sections
were incubated with biotinylated donkey antibody to mouse IgG (10 pg/ml; AP192B, Merck) and then with ABC, the bound perox-
idase was visualized by incubating the sections with 0.02% DAB and 0.001% hydrogen peroxide in 50 mM Tris-HCI (pH 7.6). In
this manner, GFP immunoreactivity was developed as a brown reaction product of DAB. The sections were mounted on amino
silane-coated glass slides and coverslipped.

For immunofluorescence staining for MC4R in combination with retrograde tracing, brain sections from the rats that were injected
with Alexa594-conjugated CTb into the rMR were incubated overnight with anti-MC4R guinea pig antibody (2 ng/ml). After arinse, the
sections were incubated for 1 h with Alexa488-conjugated goat antibody to guinea pig IgG (5 ng/ml). CTb-labeled cells were iden-
tified by the fluorescence of Alexa594 combined with CTb.

For immunofluorescence staining for MC4R in sections with fluorescence labeling of neurons with DsRed, EGFP and/or palGFP,
the sections were incubated overnight with anti-MC4R guinea pig antibody (2 pg/ml). After arinse, the sections were incubated for 1 h
with Alexa647-conjugated (A21450, Thermo Fisher Scientific) or Alexa594-conjugated (A11076, Thermo Fisher Scientific) goat anti-
body to guinea pig IgG (5 png/ml).

For double immunofluorescence staining for MC4R and AC3, OXT or AVP, sections were incubated overnight with a combination of
anti-MC4R guinea pig antibody (2 pg/ml) and anti-AC3 rabbit antibody (0.4 ng/ml; sc-588, Santa Cruz Biotechnology), anti-OXT rab-
bit serum (1:5000; 20068, Immunostar, Hudson, WI) or anti-AVP rabbit serum (1:5000; PC234L, Merck). After a rinse, the sections
were incubated for 1 h with a combination of Alexa488-conjugated goat antibody to guinea pig IgG (5 ng/ml) and Alexa594-conju-
gated goat antibody to rabbit IgG (5 pg/ml; A11037, Thermo Fisher Scientific) or with a combination of Alexa488-conjugated goat
antibody to rabbit IgG (5 ng/ml; A11034, Thermo Fisher Scientific) and Alexa594-conjugated goat antibody to guinea pig IgG
(5 pg/mil).

For double immunofluorescence staining for MC4R and a-MSH, sections were incubated overnight with anti-MC4R guinea
pig antibody (2 png/ml) and anti-a-MSH sheep serum (1:10,000, AB5087, Merck). After a rinse, the sections were incubated
for 1 h with Alexa488-conjugated donkey antibody to goat IgG (5 ng/ml; A11055, Thermo Fisher Scientific). The sections
were blocked with 10% normal goat serum for 1 h and then incubated with Alexa594-conjugated goat antibody to guinea
pig 1gG (5 pg/ml).

For double immunofluorescence staining for MC4R and CRH, sections were incubated with anti-MC4R guinea pig antibody
(2 ng/ml) and anti-CRH rabbit serum (1:10,000; T-4037, Peninsula Laboratories, San Carlos, CA) at 4°C for 2 days. After a rinse,
the sections were incubated with biotinylated donkey antibody to rabbit IgG (10 ng/ml; AP182B, Merck) and Alexa594-conjugated
goat antibody to guinea pig IgG (5 ug/ml) for 1 h. The sections were further incubated with ABC (1:50) for 1 h and then, CRH immu-
noreactivity was visualized by reaction with FITC-conjugated tyramide (1:50; SAT701001KT; Tyramide Signal Amplification FITC Sys-
tems, ParkinElmer) for 1 min.

For double immunofluorescence staining for MC4R and TRH, sections of rat brains perfused with the fixative containing formal-
dehyde and acrolein described above were treated with 1% sodium borohydride in distilled water for 30 min, and then with 0.5%
H-0, and 0.5% Triton X-100 in PBS for 15 min. After a rinse, the sections were incubated with anti-MC4R guinea pig antibody
(2 ng/ml) and anti-TRH sheep serum (1:10,000; a gift from Dr. Csaba Fekete)®* at 4°C for 2 days. After a rinse, the sections were incu-
bated for 1 h with biotinylated donkey antibody to goat IgG (10 ng/ml; AP180B, Merck). After blocking with 10% normal goat serum
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for 1 h, the sections were incubated with Alexa594-conjugated goat antibody to guinea pig IgG (5 pg/ml). The sections were further
incubated with Alexa488-conjugated streptavidin (5 ng/ml; S11223, Thermo Fisher Scientific) for 1 h.

For immunofluorescence staining for IFT88, sections were incubated with anti-IFT88 rabbit antibody (0.8 ug/ml; 13967-1-AP, Pro-
teintech, Rosemont, IL) overnight and then with biotinylated donkey antibody to rabbit IgG (10 pg/ml). The sections were further incu-
bated with Alexa594-conjugated streptavidin (5 ug/ml; S11227, Thermo Fisher Scientific) for 1 h.

After fluorescence staining, sections were thoroughly washed and mounted onto glass slides. Following coverslipped with 50%
glycerol/50% PBS containing 2.5% triethylenediamine, they were observed under an epifluorescence microscope (Eclipse 80i, Ni-
kon) or a confocal laser-scanning microscope (TCS SP8, Leica).

In situ hybridization combined with immunohistochemistry

For histochemical measurement of intracellular Cilk1 mRNA (Figure S7C), we performed fluorescence in situ hybridization for Cilk1
mRNA using RNAscope Multiplex Fluorescent Reagent Kit v2 (323100, Advanced Cell Diagnostics, Newark, CA) combined with immu-
nohistochemistry to detect EGFP and DsRed. Two weeks after injections of AAV-dsRed-pSico-Cilk7 shRNA into the DMH and PVH,
Mc4r-Cre rats were transcardially perfused with 4% formaldehyde as above. The brains were postfixed in the fixative at 4°C for
2 days, cryoprotected in a 30% sucrose solution longer than overnight, and sliced into 25-um-thick frontal sections. The sections
mounted on glass slides were dried at 60°C for 30 min and treated with hydrogen peroxide according to the manufacturer’s (RNAscope)
instructions. The slides were placed in 99.5% ethanol for 3 min and dried at room temperature for 5 min and then at 60°C for 30 min. The
sections were treated with RNAscope Protease Plus at 40°C for 10 min and washed in distilled water 3 times. The sections were then
treated with 0.1% Tween 20 in PBS at room temperature for 15 min and incubated with anti-GFP mouse antibody (1 ug/ml) and anti-
monomeric red fluorescent protein (MRFP) rabbit antibody (1 ug/ml)®> in 5x SSC at 4°C for > 17 h. The anti-mRFP antibody cross-re-
acted with dsRed. After a wash in PBS containing 0.1% Tween 20, the sections were incubated with Alexa488-conjugated goat anti-
body to mouse IgG (10 ug/ml; A11029, Thermo Fisher Scientific) and Alexa647-conjugated goat antibody to rabbit IgG (10 ng/mi;
A21245, Thermo Fisher Scientific) in 5x SSC at room temperature for 2 h. After a wash in PBS containing 0.1% Tween 20, the sections
were incubated with 4% formaldehyde at room temperature for 30 min to covalently conjugate the antibodies to the tissue. The sections
were washed in PBS containing 0.1% Tween 20, rinsed in distilled water, and treated with RNAscope 1x Target Retrieval Reagent for
5 min according to the manufacturer’s instructions. This treatment involved heating the sections to a boiling temperature, which
completely eliminated autofluorescence of EGFP and DsRed in the tissue. The sections were then processed for hybridization and
amplification using RNAscope probes according to the manufacturer’s instructions using a negative control probe (310043, Advanced
Cell Diagnostics) or a probe for mouse Cilk1 mRNA (1177181-C1, Advanced Cell Diagnostics), which had a 19-bp hybridization
sequence targeting a mouse sequence (996 bp) with 91% homology to rat Cilk7 mRNA. After the step of incubation with RNAscope
Multiplex FL v2 HRP-C1, the sections were incubated with Cy3-conjugated tyramide (1:200; NEL744001KT; TSA Plus Cyanine 3, Akoya
Biosciences, Marlborough, MA) at 40°C for 30 min to develop mRNA hybridization signals. After washing with RNAscope Wash Buffer,
the sections were treated with RNAscope HRP blocker at 40°C for 15 min to stop the reaction. After washing with RNAscope Wash
Buffer and with PBS, the sections were dried in the dark at 4°C overnight and coverslipped as described above.

Hybridization with the negative control probe resulted in very low background signals, confirming the specificity of the remarkable
dot signals with the probe for Cilk7 mRNA (Figure S7C). RNAscope has single-molecule resolution, one dot of hybridization signal
represents one transcript, and therefore the number of dots is considered proportional to the number of transcripts expressed.®’
We counted the number of dots within each cell body in the DMH and PVH in the sections and compared between the neuronal
groups expressing both EGFP (Alexa488) and DsRed (Alexa647) (i.e., Mc4r-Cre-negative cells that did not express Cilk1 shRNA)
and those expressing only DsRed (i.e., Mc4r-Cre-positive cells that expressed Cilk1 shRNA) (Figure S7C).

Measurement of ciliary length

For imaging analyses of primary cilia, z-series stacks of 291-um-square and 25-um-thick images were taken with a 40 x 1.3 NA oil
objective using a z-resolution of 1 um by a confocal laser-scanning microscope (TCS SP8, Leica). This confocal imaging was per-
formed at defined locations (3 locations in the PVH and 1 location in the DMH; see Figure S3). To measure the length of primary cilia
in the acquired images, we analyzed the confocal z-series stacks in an Imaris software (version 9.6.0, Oxford Instruments, Abingdon,
UK) by tracing each fluorescence-labeled primary cilium either manually with the Filament tool or, when analyzing straight cilia,
through semi-automated detection in Imaris, which created an artificial object encasing a cilium with the Surfaces function and
then exported the length of the longest dimension of the object. We always visually verified that the semi-automated tracing was
performed properly. We obtained the total length of all MC4R-immunoreactive primary cilia or all AC3-immunoreactive, MC4R-im-
munonegative primary cilia within a confocal z-series stack (i.e., 291 x 291 x 25 um imaged space). To obtain the total ciliary length in
the PVH, we further summed the total lengths from the three imaged spaces in the PVH, except for Figure S5B, which shows the total
length in one imaged space of the PVH.

To avoid undercounting MC4R™ cilia lost due to aging or /ft88 KD, and to avoid underestimating the length of cilia cut by tissue
sectioning, we calculated the total ciliary length (as opposed to the average ciliary length per cell) when evaluating “remaining”
MC4R™ cilia within each hypothalamic region and compared it among groups of animals of different ages or treatments (e.g., Fig-
ure 3A), because the total length of remaining MC4R™" cilia should represent the total melanocortin sensitivity of neurons within
the tissue area. However, when comparing ciliary length between cell groups (e.g., MC4R-positive cilia vs MC4R-negative cilia in
Figure 1C), we calculated the average length per cilium.
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Measurements of body fat percentage, metabolism, and body surface area

Whole-body composition analysis to obtain body fat percentage was conducted using a quantitative magnetic resonance method
without anesthesia (EchoMRI-900, Hitachi, Tokyo, Japan). To obtain whole-body metabolic rate, oxygen consumption rate, VO, (ml/min)
was monitored for 48 h (over 3 days) using a metabolism-measuring system for small animals (MK-5000RQ; Muromachi Kikai, Tokyo,
Japan). We analyzed average readings of VO, for a 24-h period (from 7:00 a.m. to 7:00 a.m.) on the second and third days, by which
time the animals had adapted to the environment. In Figures 4B and 4F, VO, data during the light (7:00 a.m. to 7:00 p.m.) and dark
(7:00 p.m. to 7:00 a.m.) periods were separately analyzed. Body surface area was calculated by Meeh’s formula, S = kW23 (S, body sur-
face area; k, constant; W, weight) as previously reported.®® To obtain the k value for the rat strain used in the present study, we first
measured the body surface area of male Wistar/ST rats by a 3D scanner (Einscan SP, Japan 3D printer, Tokyo, Japan) under anesthesia
with the combination anesthetic and then, calculated k values from the measured surface area and body weight as shown in Figure S4F.
By using the obtained k values and Meeh’s formula, we calculated the body surface area-to-mass (weight) ratios of the NC-fed rats
for Figure 3D based on their body weight.

Measurement of food intake and dietary restriction

The amount (weight) of food intake was measured by placing rats individually in a cage installed with an automated feeding behavior
measurement apparatus (Feedam, Melquest, Toyama, Japan). The cage had a water bottle and a food box containing NC (D12450H,
Research Diets, New Brunswick, NJ) or HFD (D12451), and the access to the food box was time-controlled by a shutter. For ad libitum
feeding, the shutter was opened all the time. For dietary restriction (DR), the shutter was opened at 5:00 p.m. every day and was
closed when the food (NC) consumption reached 60% of the amount consumed by age-matched rats with ad libitum NC feeding.

Leptin resistance test

Male Mc4r-Cre rats aged 7 weeks were anesthetized with the combination anesthetic, and we drilled a small hole in the skull to ac-
cess the lateral ventricle (0.8 mm caudal to bregma, 1.8 mm right to the midline and 3.8 mm ventral to the brain surface) and also
injected AAV-dsRed-pSico-scramble or AAV-dsRed-pSico-/ft88 shRNA bilaterally into both DMH and PVH or into PVH only. After
the surgery, the incisions were sutured and disinfected with iodine, and ampicillin sodium (0.2 ml, 125 mg/ml) and atipamezole hy-
drochloride (250 pg/kg) solutions were injected into femoral muscles. The rats were individually caged under regular health check and
their 24-h food intake (from 5:00 p.m. to 5:00 p.m.) was measured using Feedam with NC as described above. Two weeks after the
AAV injections, 5 ul pyrogen-free 0.9% saline (Otsuka, Tokyo, Japan) was injected into the lateral ventricle with a microsyringe (Ham-
ilton) at a rate of 5 ul/min under gas anesthesia with 3% isoflurane. One week later, another injection was made with 5 ul recombinant
rat leptin (1 mg/ml; 598-LP, R&D Systems, Minneapolis, MN), which was dissolved in pyrogen-free 0.9% saline, into the lateral
ventricle in the same manner. This dose of leptin has been shown to reduce food intake for 2 days in rats.®® To exclude the effect
of postanesthetic hypophagia, we waited at least 24 h after intracerebroventricular injection before initiating the measurement of
24-h food intake. The 24-h food intake after saline or leptin injection is expressed as a percentage of the average 24-h food intake
during the 72-h period prior to each injection (Figure 6A).

Chronic leptin injection

Injection into the lateral ventricle through a pre-implanted cannula in free-moving rats was performed according to our previous pro-
cedure.'® Recombinant rat leptin (5 g in 5 ul) or saline was injected into the lateral ventricle of male Wistar/ST rats under the DR
condition described above. The injection was performed at 01:00 p.m. every other day for 5 weeks starting at 12 weeks of age.
At the end of the injection period, the rats were transcardially perfused with 4% formaldehyde as above, and the brains were pro-
cessed for immunohistochemical analysis of the length of MC4R™ cilia.

Measurement of serum leptin

Male Wistar/ST rats were raised in the NC, HFD, or DR condition in Feedam from 3 to 24 weeks of age as described above. Blood
samples were collected from the tail at 3, 9, 15, and 24 weeks of age, and the leptin concentrations in the sera were measured using a
Mouse/Rat Leptin Quantikine ELISA Kit (MOB00OB, R&D Systems) according to the manufacturer’s instructions. The correlation
between the obtained average leptin concentrations and the total MC4R™ ciliary length in the DMH of the rats of the same age
and dietary conditions (data from Figure 3A) was analyzed (Figure 6D).

Quantitative real-time PCR

Male Wistar/ST rats aged 3 and 24 weeks were anesthetized with the combination anesthetic and quickly perfused with PBS trans-
cardially. The brains were sliced and the PVH and DMH were separately dissected and stored in RNAlater (Merck) at —-80°C. Total
RNA was isolated with an RNeasy Lipid Tissue Mini Kit (Qiagen), according to the manufacturer’s protocol. Reverse transcription
from total RNA (0.4 ng) and gPCR were performed using an iTaq Universal SYBR Green One-Step Kit (Bio-Rad) in a StepOnePlus
real-time PCR system (Thermo Fisher Scientific). All procedures were performed according to the manufacturers’ protocols. The
amount of Mc4r mRNA was normalized to that of B-actin mRNA and the relative fold mRNA expression was calculated by the
delta-delta Ct method. Based on the sequences of rat Actb (B-actin) mRNA (NM_031144) and rat Mc4r mRNA (NM_013099), we
used the primers for SYBR-green qPCR: Actb: forward 5’-CCACACTTTCTACAATGAGC-3’ and reverse 5’-ATACAGGGACAACA
CAGC-3’; Mc4r: forward 5-GACGGAGGATGCTATGAG-3’ and reverse 5’-AGGTTCTTGTTCTTGGCTAT-3'.
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Telemetry

Simultaneous telemetric recordings of activity, Toore, and Tgat in free-moving rats were performed according to our procedure.20
Briefly, male Mc4r-Cre rats, 7 weeks old, were anesthetized with the combination anesthetic and injected bilaterally into the DMH
and PVH with AAV-dsRed-pSico-scramble or AAV-dsRed-pSico-/ft88 shRNA as described above. The rats were then implanted
with a battery-operated telemetric transmitter that projected two cables of external thermistor probes (F40-TT, Data Science Inter-
national, St Paul, MN), one placed in the abdominal cavity to monitor T, and the other inserted into the interscapular BAT. After
surgery, all incisions were sutured and disinfected with iodine, and ampicillin and atipamezole were injected as described above.
The rats were individually housed for 2 weeks to recover from surgery under regular health check. None of the rats exhibited any signs
of pain or discomfort during surgery or postoperative recovery. During the recovery period, the animals were acclimated to the exper-
imental environment.

On the day before data collection, the individually caged animals were placed in a climate chamber air-conditioned at 25 + 1°C, and
telemetric recordings of activity, Tcore, and Tgat Were started by using a telemetry system (PhysioTel and PONEMAH, Data Science
International). Circadian changes in the physiological variables were monitored for 48 h starting at 07:00 a.m. (Figures S5F and S5G).
The effects of 4°C and 15°C exposure on T, and Tgat Were examined on separate days by changing the air temperature in the
chamber (Figure S5G).

In vivo physiological experiment

In vivo physiological experiments were conducted as previously described.®* %> Male Wistar/ST rats aged 9-11 weeks and 6 months
and male Mc4r-Cre rats 2—-4 weeks after bilateral injections of AAV-dsRed-pSico-scramble or AAV-dsRed-pSico-/ft88 shRNA into
the DMH at 9 weeks old were used. Rats were anesthetized with urethane (0.8 g/kg) and a-chloralose (80 mg/kg) after cannulation
of a femoral artery, a femoral vein, and the trachea under anesthesia with 2%-3% isoflurane in 100% O,. HR was recorded from a
pressure transducer attached to the arterial cannula. T Was monitored with a copper-constantan thermocouple inserted into the
rectum and maintained at 36.0-38.0°C by perfusing a plastic water jacket, which was wrapped around the shaved trunk, with warm or
cold water. Skin temperature was monitored with a thermocouple taped onto the abdominal skin underneath the water jacket. The
rats were placed in a stereotaxic apparatus with a spinal clamp, paralyzed with D-tubocurarine (0.6 mgi.v. initial dose, supplemented
with 0.3 mg/h), and artificially ventilated with 100% O, (60 cycles/min, tidal volume: 3.5 ml) to stabilize BAT nerve recording by pre-
venting respiration-related movements. Mixed expired CO, (Exp. CO,) was monitored through the tracheal cannula using a capnom-
eter to provide an index of changes in whole-body metabolism. Tgar was monitored with a needle-type thermocouple (0.33 mm
diameter; Physitemp, Clifton, NJ) inserted into the left interscapular BAT pad, and postganglionic BAT SNA was recorded from
the central cut end of a nerve bundle isolated from the ventral surface of the right interscapular BAT pad after dividing it along the
midline and reflecting it laterally. The nerve bundle was placed on bipolar hook electrodes and soaked in mineral oil. Nerve activity
was amplified (x 5,000-50,000) and filtered (1-300 Hz) by a CyberAmp 380 amplifier (Molecular Devices). All the physiological vari-
ables were digitized and recorded to a personal computer using a Spike2 software (version 7.10, CED, Cambridge, UK).

For nanoinjection into the brain, a sharp glass micropipette (tip inner diameter: 15-30 um) filled with MTII (0.5 mM; M8693, Merck)
dissolved in pyrogen-free 0.9% saline, was perpendicularly inserted and unilaterally injected into the DMH (100 nl). In experiments to
examine the effect of neuronal inhibition in the rMR or periaqueductal gray/dorsal raphe nucleus on MTll-evoked physiological re-
sponses (Figures 2C-2E, and S2G-S2I), saline or muscimol was nanoinjected into the rMR (100 nl, midline single injection) or peri-
aqueductal gray/dorsal raphe nucleus prior to MTlIl injection into the DMH. Periaqueductal gray/dorsal raphe nucleus injections were
bilateral and at 4 sites at once (60 nl/site; coordinates: ventrolateral periaqueductal gray, 8.4-8.6 mm caudal to bregma, 0.8 mm left
and right to the midline, 5.4 mm ventral to the brain surface; dorsal raphe nucleus, 7.5 mm caudal to bregma, 0.3 mm left and right to
the midline, 5.5 mm ventral to the brain surface; corresponding to previous rat’* and mouse®® studies). Because two unilateral MTII
injections into the left and right DMH elicited consistent physiological responses, the effects of saline and muscimol were tested
sequentially in the same rats by injecting into the same sites > 1 h apart. To identify the injection sites, a small amount (~ 5 nl) of fluo-
rescent microbeads (0.1 um diameter, 0.2% solids in saline; F8801 or F8803, Thermo Fisher Scientific) was injected at the same site
with the same pipette at the end of recordings. In experiments involving skin cooling-evoked BAT thermogenesis (Figures 5E and 5F),
the trunk skin was cooled by perfusing the water jacket with ice-cold water for 1 min, which reduced the skin temperature by approx-
imately 4°C from thermal conditions under which BAT SNA was very low (initial skin temperature, 37-39°C). After recordings, the
animals were transcardially perfused with 4% formaldehyde and the brain tissues were processed for MC4R immunohistochemistry
as described above.

For data analyses, BAT SNA amplitudes were quantified using Spike2 in sequential 4-s bins as the square root of the total power
(root mean square) in the 0-20 Hz band of the autospectra of each 4-s segment of the BAT SNA traces. The “power/4 s” traces were
used for quantification and statistical analyses of changes in BAT SNA. In experiments testing MTIl-evoked physiological responses
(Figures 2D, 2E, 5A-5D, S2H, and S2I), baseline values of BAT SNA, TgaT, Exp. COs, and HR were the averages during the 30-s period
immediately prior to MTIl injection. MTII-induced changes in Tgat, Exp. CO,, and HR were calculated as changes from their baseline
to peak values within 5 min after MTIl injection. For MTII-induced changes in BAT SNA, the area under the curve (AUC) of the “power/
4 s” trace above the baseline for 5 min after MTIl injection was expressed as % of the area below the baseline for the 5-min period. In
experiments involving skin cooling-evoked BAT thermogenesis (Figures 5E and 5F), baseline values of BAT SNA, Tgar, Exp. CO,, and
HR were the averages during the 30-s period immediately prior to skin cooling. Skin cooling-evoked changes in TgaTt, EXxp. CO,, and
HR were calculated as changes from their baseline to peak values within 100 s after the initiation of cooling. For skin cooling-evoked
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changes in BAT SNA, the AUC of the “power/4 s” trace above the baseline for 100 s after the initiation of cooling was calculated as %
of the area below the baseline for the 100-s period.

QUANTIFICATION AND STATICAL ANALYSIS

Anatomy and statistical analysis
We adopted the cytoarchitecture and nomenclature of most brain regions from Paxinos and Watson,®® but those of subregions in the
PVH followed a previous study.®” The DMH consisted of the dorsomedial hypothalamic nucleus and dorsal hypothalamic area.'®?°
The raphe pallidus nucleus was nomenclaturally divided into the rostral (rRPa) and caudal parts at the rostral end of the inferior olivary
complex.?'®®

Data are shown as the means + SEM. Statistic comparison analyses were performed using a paired or unpaired t test, simple linear
regression, Pearson’s correlation test, ordinary one-way ANOVA followed by Bonferroni’s multiple comparisons test, and ordinary or
repeated measures two-way ANOVA followed by Bonferroni’s multiple comparisons test (Prism 7, GraphPad, La Jolla, CA), as indi-
cated in the figure legends. All the statistic tests were two-sided. p < 0.05 was considered statistically significant. All results from
ANOVA and t tests in main figures are shown in Table S1.
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