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Empirical and anecdotal evidence has associated stress with accelerated hair greying
(formation of unpigmented hairs)'?, but so far there has beenlittle scientific
validation of this link. Here we report that, in mice, acute stress leads to hair greying
through the fast depletion of melanocyte stem cells. Using acombination of
adrenalectomy, denervation, chemogenetics**, cell ablation and knockout of the
adrenergic receptor specifically in melanocyte stem cells, we find that the stress-
induced loss of melanocyte stem cells is independent of immune attack or adrenal
stress hormones. Instead, hair greying results from activation of the sympathetic
nerves thatinnervate the melanocyte stem-cell niche. Under conditions of stress, the
activation of these sympathetic nervesleads to burst release of the neurotransmitter
noradrenaline (also known as norepinephrine). This causes quiescent melanocyte stem
cells to proliferate rapidly, and is followed by their differentiation, migration and
permanent depletion from the niche. Transient suppression of the proliferation of
melanocyte stem cells prevents stress-induced hair greying. Our study demonstrates
that neuronal activity thatisinduced by acute stress can drive arapid and permanent loss
of' somatic stem cells, and illustrates an example in which the maintenance of somatic
stem cellsis directly influenced by the overall physiological state of the organism.

Stress has been anecdotally associated with a variety of changes in
tissues, including hair greying. However, whether external stressors
are the causal factors, and whether stress-related changes occur at
the level of somatic stem cells, remain poorly understood. The hair
follicle cycles between growth (anagen), degeneration (catagen) and
rest (telogen)®. The bulge and hair germ region of the follicle contains
two populations of stem cells: hair follicle stem cells (HFSCs), which
are epithelial tissues, and melanocyte stem cells (MeSCs)®, which are
derived fromthe neural crest. HFSCs and MeSCs are normally quiescent
except during early anagen, when they are activated concurrently to
regenerate a pigmented hair’®, Activation of HFSCs produces a new hair
follicle. Activation of MeSCs generates differentiated melanocytes that
migrate downwards, whereas MeSCs remain close to the bulge. At the
hair bulb, differentiated melanocytes synthesize melanin to colour the
newly regenerated hair fromthe root. At catagen, mature melanocytes
are destroyed, leaving only the MeSCs that will initiate new rounds of
melanogenesis in future cycles® (Extended Data Fig. 1a). The pre-
dictable behaviour of MeSCs and melanocytes, and the visible nature
of hair colour, makes the melanocyte lineage an accessible model to
investigate how stress influences tissue regeneration.

Diverse stressors induce hair greying

To examine whether psychological or physical stressors promote
hair greying, we used three approaches to model stress in C57BL/6)
mice with black coat colour: restraint stress™2, chronic unpredictable
stress**and nociception-induced stress (which was achieved through
aninjection of resiniferatoxin (RTX), an analogue of capsaicin'¢). All
three procedures led to increased numbers of unpigmented white
hairs over time. Restraint stress and chronic unpredictable stress led
to noticeable hair greying after three to five rounds of hair cycles.
Nociception-induced stress produced the most pronounced and rapid
effect—many new hairs that formed in the next hair cycle after RTX
injection became unpigmented (Fig. 1a, b, Extended Data Fig. 1b, c).
Psychological or physical stressors trigger the adrenal glands to
release stress hormones and catecholamines into the bloodstream?”.
Inaccordance with this, we detected anincrease in both corticosterone
(the primary glucocorticoid stresshormone in rodents that is equivalent
to cortisolin humans) and noradrenaline (acatecholamine) in the blood
of mice that were subjected to different stressors (Fig.1c, Extended Data
Fig.1d), suggesting that our approachesinduced classicstress responses.
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Fig.1|Stress depletes MeSCs. a, Black-coated C57BL/6) mice were subjected to
differentstress models. CUS, chronic unpredictable stress. b, Hair greying
afterinjection of mice with RTX or saline. Right, quantification of the area of
skin covered by white hairs (n =10 mice for each condition, two-tailed unpaired
t-test). ¢, Liquid chromatography with tandem mass spectrometry (LC-MS/MS)
was used to quantify the concentration of serum stress hormones
(corticosterone and noradrenaline) after injection of RTX alone or in
combination with buprenorphine (bup) (n=6 mice for each condition, one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons test).

d, Injection of RTX with buprenorphine blocks formation of white hairs (n=6
mice for each condition, two-tailed unpaired t-test). e, Top, experimental

RTX induces nociception by activating nociceptive sensory neu-
rons'®, Blocking the ability of mice to sense pain with buprenorphine
(an opioid analgesic) prevented the increase of corticosterone and
noradrenaline after RTX injection, suggesting that blocking pain sensa-
tion alleviates the physiological stress responses that are induced by
RTX (Fig.1c). Moreover, buprenorphine also suppressed the formation
of white hairsin mice that were injected with RTX (Fig. 1d). These data
showthat regardless of the stress modality, premature hair greying can
occurunder stress. Because the effect of nociceptioninduction on hair
greying was the strongest and fastest of all the stressors we tested, we
focused on RTX injection as our primary stressor.

Stressleads to loss of MeSCs

Loss of hair pigmentation can be due to defects in the synthesis of
melanin'?, loss of differentiated melanocytes® or problems in the
maintenance of MeSCs*. To understand how stress affects the mel-
anocyte lineage, we injected RTX into mice during anagen, a stage in
which both MeSCs and differentiated melanocytes were present but
located within distinct compartments—MeSCs were near to the bulge,
whereas differentiated melanocytes were at the hair bulb (Fig. 1e). After
injection of RTX, TRP2" MeSCs were significantly reduced in number
across the entire skin (Fig. 1e). In many hair follicles, MeSCs were com-
pletely lost from the bulge within five days, whereas differentiated
melanocytes in the same hair follicle remained unperturbed (Fig. le,
Extended Data Fig. 1e). These differentiated melanocytes continued
to generate pigments, and the hair coat remained black five days after
RTXinjection (Extended DataFig.1f, g). When hair folliclesin the RTX-
injected mice entered catagen and telogen, many had lost all MeSCs
(Fig.1e).Subsequently, when the next round of anagen started, differ-
entiated melanocytes were not produced to colour new hair shafts, and
unpigmented hairs emerged (Fig. 1e, Extended Data Fig.1h). Although
some regenerated hairs remained pigmented, the numbers of MeSCs
inthese pigmented hairs were also reduced compared to those in mice
not treated with RTX (Extended Data Fig. 1i). RTX injection led to the
same extent of hair greying in both male and female mice (Extended
DataFig.1j). Moreover, RTX also caused the loss of MeSCs wheninjected
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during telogen. In this case, unpigmented hairs appeared as soon as
new hairs emerged in the following anagen (Extended Data Fig. 2a,
b). These results suggest that MeSCs are exquisitely sensitive to RTX-
induced stress, whereas differentiated melanocytes and the synthesis
of melanin are not directly affected. MeSCs were also lost or reduced
in mice that were subjected to restraint stress or chronic unpredict-
able stress (Extended Data Fig. 2c). Because stress depleted MeSCs,
the loss of hair pigmentation in all three conditions was permanent
(Extended Data Fig. 2d). Collectively, these data indicate that stress
leads to loss of MeSCs.

Noradrenaline drives loss of MeSCs

Next, we asked how stress transmits to the periphery to alter MeSCs
(Fig.2a). Immune attack has been postulated to cause stress-induced hair
greying®?. To test the involvement of the immune system, we injected
RTXinto Ragl mutant mice, whichlackboth T and Bcells, and into CDI1b-
DTR mice, in which myeloid lineages had been ablated by diphtheria
toxin. Injection of RTX into these immune-deficient mice still resulted
information of white hairs, suggesting that RTX-induced hair greying is
independent of T cells, B cells or myeloid cells (Extended DataFig. 3a, b).

Asallstressors led to anincrease in the levels of corticosterone and
noradrenalineintheblood, we asked if these stress-induced circulating
factorshadaroleinthestress-inducedloss of MeSCs. RNA sequencing
(RNA-seq) data from MeSCs that were purified by fluorescence-acti-
vated cell sorting (FACS) suggested that MeSCs express the glucocorti-
coid receptor (GR, also known as Nr3ci, areceptor for corticosterone)
and the B,-adrenergic receptor (Adrb2, areceptor for noradrenaline)
(Extended DataFig.3c, Methods). To determine whether the glucocorti-
coid receptor mediated the effects of stress on MeSCs, we depleted this
proteinin MeSCs using Tyr-CreERT2—a tamoxifen-inducible CreERT2
fusion protein directed by a mouse tyrosinase promoter3*2¢, RTX
injectioninto Tyr*®"2,GR"" mice still resulted in hair greying (Extended
DataFig.3d). Moreover, no changesin MeSCs or hair pigmentation were
observed when the levels of corticosterone were increased by feeding
(Extended DataFig.3e). These data suggest that corticosterone is not
amajor driver of stress-induced loss of MeSCs.
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Fig.2|Noradrenaline drives hair greying. a, Possible mechanisms of loss of
MeSCs. b, Injection of RTX into Tyr " Adrb2™" (MeSC-specific Adrb2
conditional knockout (cKO)) mice does not trigger hair greying (n=6 mice for
each condition, two-tailed unpaired t-test). NA, noradrenaline. ¢, Formation of
white hairs at sites of noradrenaline injection (n=10 injected sites from 8 mice
foreach condition). For quantifications, see Extended Data Fig. 4e. Yellow
dashed circles denote intradermal injection sites. d, Formation of white hairs
after RTXinjectioninadrenalectomized mice (ADX) (n =6 mice for each
condition, two-tailed unpaired t-test). Alldataaremean +s.d.

We then investigated whether ADRB2 might mediate the effect of
stress on MeSCs. After injection of RTX, we observed amarked induc-
tion of phosphorylated CREB (a downstream effector of ADRB2) in
MeSCs, but notin mature melanocytes (Extended Data Fig. 4a). Moreo-
ver, when we depleted ADRB2 from MeSCs using Tyr-CreERT2, white
hairs did not form after RTX injection (Fig. 2b). These data suggest that
ADRB2 expressed by MeSCsiis essential for stress-induced hair greying.
By contrast, when ADRB2 was depleted from hair follicle stem cells that
share the same niche with MeSCs, RTX injection still resulted in hair
greying (Extended Data Fig. 4b). In the absence of stress, depletion of
ADRB2inMeSCsdid notlead to changesin MeSCs, melanocytes or pig-
ment production, suggesting that the noradrenaline-ADRB2 pathway is
dispensable for melanogenesis during the normal hair cycle (Extended
DataFig.4c,d). Collectively, these datasuggest that noradrenaline sig-
nalsthrough ADRB2 on MeSCs to mediate stress-induced hair greying.

Totestwhetheranincreasein noradrenaline was sufficient to cause
hair greying in the absence of stress, we introduced noradrenaline
locally to the skin through intradermal injections. Local injection of
noradrenaline promoted hair greying at the injection sites in wild-
type mice and mice with HFSC-specific knockout of Adrb2, but did
not cause hair greying in mice with MeSC-specific knockout of Adrb2
(Fig. 2c, Extended DataFig. 4e-g). Together, our data demonstrate that
althoughimmune cells and corticosterone are dispensable, noradrena-
line signalling appears to be necessary for stress-induced hair greying
and sufficient to trigger hair greying in the absence of stress.

Finding the source of noradrenaline

As the adrenal gland is a major source of noradrenaline under stress,
todetermine whether noradrenaline derived from the adrenal glands
mediates stress-induced hair greying, we surgically removed both
adrenal glands. Adrenalectomy significantly reduced the levels of corti-
costerone and noradrenaline in the bloodstream of RTX-injected mice
(Extended Data Fig. 5a). However, injection of RTX into adrenalecto-
mized mice still caused hair greying—suggesting that RTX-induced
hair greyingis independent of hormones or catecholamines from the
adrenal glands (Fig. 2d).
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An alternative source of noradrenaline is the sympathetic nerv-
ous system. Under stress, the sympathetic nervous system becomes
activated toinduce fight-or-flight responses through the secretion of
noradrenaline from peripheral axon terminals”. In the skin, sympa-
thetic nerves terminate close to the bulge where MeSCsreside (Fig. 3a).
Furthermore, skin regions with high numbers of unpigmented hairs
also have denser sympathetic innervation (Extended Data Fig. 5b).

To determine whether sympathetic nerves are indeed activated
after RTX injection, we examined the levels of FOS, animmediate early
transcription factor that serves as a reporter of neuronal activity?.
Robustinduction of FOS was detected in the cell bodies of sympathetic
neurons within 1 hour of RTX injection, peaking at around 2-4 hours
and diminishing after 24 hours, which suggests that RTX injection led
to aburst activation of sympathetic neurons (Fig. 3b, Extended Data
Fig. 5c). Moreover, when buprenorphine was injected together with
RTX to block pain, FOS expression was not induced in sympathetic
neurons (Fig. 3b). These data suggest that the sympathetic nervous
systembecomes highly activated following nociception-induced stress.

To test whether activation of sympathetic nerves is responsible for
the loss of MeSCs and hair greying under stress, we used 6-hydroxy
dopamine (6-OHDA)—a selective neurotoxin for sympathetic nerves*—
to ablate sympathetic nerves. Sympathectomy blocked RTX-induced
hair greying and loss of MeSCs (Fig. 3¢, Extended Data Fig. 5d), sug-
gesting that sympathetic nerves do mediate stress-induced hair grey-
ing. In addition, guanethidine—a chemical that blocks the release of
noradrenaline from sympathetic nerve terminals®—suppressed hair
greying and loss of MeSCs after RTX injection (Extended Data Fig. 5e).
Collectively, these datasuggest that noradrenaline secreted from sym-
pathetic nerve terminals mediates the effect of stress on MeSCs.

To determine whether the activation of sympathetic nerves in the
absence of stress is sufficient to drive the loss of MeSCs, we took a
chemogenetic approach using the DREADDs (designer receptors
exclusively activated by designer drugs) system**. G,-DREADD is an
artificial G,-protein-coupled receptor that is activated by the inert
molecule clozapine N-oxide (CNO), but not by endogenous ligands.
Activation of G,-DREADD leads to intracellular release of calcium and
neuronal firing. We generated TH"***”;CAG-LSL-G,-DREADD;Rosa™™°
miceinwhich the sympathetic nerves can be activated artificially with
CNO (Fig. 3d, Supplementary Discussion). Injection of CNO induced
theactivation of FOS in sympathetic ganglia, confirming the efficacy of
thisstrategy (Extended Data Fig. 5f). Activation of sympathetic nerves
with the DREADD system led to loss of MeSCs and hair greying at the
siteswhere CNOwasinjected (Fig.3d, Extended Data Fig. 5g). Moreover,
when TH-CreERT2 was activated mosaically by a low dose of tamox-
ifen, intradermal CNO injection resulted in loss of MeSCs only in hair
follicles innervated by DREADD-positive nerve fibres (recognizable
by their expression of GFP in the membrane; Fig. 3e, Extended Data
Fig.5h). These data suggest that activation of sympathetic nervesin the
absence of stressors is sufficient to drive the loss of MeSCs. Together,
our findings suggest that increased noradrenaline secreted from the
sympathetic nerve terminals drives the depletion of MeSCs under
stress.

Stress drives hyperproliferation of MeSCs

Next, we aimed toidentify the early changesin MeSCs under stress that
might account for their loss (Fig. 4a). Immunofluorescence failed to
detect active caspase-3 or TUNEL (terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling) signals in MeSCs before their depletion
fromtheniche afterinjection of RTX or noradrenaline. Moreover, RTX
injectioninto Ripk3mutant mice, which lack akey kinase for necrosis,
still caused hair greying (Extended Data Fig. 6a—c). These data sug-
gest that stress-induced loss of MeSCsis not mediated by apoptosis or
necrosis. Radiation causes DNA damage in MeSCs, and leads to their
differentiation within the niche?>. However, we failed to detect y-H2AX
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also Extended DataFig. 5d.d, Left, schematic of sympathetic nerve activation
using a G,-DREADD system. Right,immunofluorescent staining for TH (green)
and TRP2 (red) from TH***"?;CAG-LSL-G ,-DREADD mice treated with saline or
CNO (n=30 hair follicles from 6 mice for each condition, two-tailed unpaired
t-test). e, Mosaic activation of sympathetic nerves in TH"**"%,CAG-LSL-G,-
DREADD;Rosa™™° mice. Bar graphs quantify the number of MeSCsiin hair
folliclesinnervated by DREADD-negative sympathetic nerves (without
DREADD) versus DREADD-positive sympathetic nerves (with DREADD; marked
by membrane GFP expression) (n=30 hair follicles for each condition from 4
mice, two-tailed unpaired t-test). Scale bars, 50 um. Alldataare mean +s.d.

foci (a hallmark of DNA damage) in MeSCs after injection of RTX or
noradrenaline, which suggests that stress-induced depletion of MeSCs
is not mediated through DNA damage (Extended Data Fig. 6d).

Quiescenceis akey feature of many somatic stem cells** 3, and loss of
quiescence hasbeen postulated to cause loss of MeSCs in Bcl2 mutant
mice'®**, To examine whether stress alters quiescence in MeSCs, we
injected RTX or noradrenaline into mice that had entered full anagen
(when MeSCs are normally quiescent). We saw a marked increase in
the number of proliferating MeSCs within 24 hours of the injection of
RTXor noradrenaline—about 50% of MeSCs became positive for phos-
phorylated histone H3, amarker of M phase (Fig. 4b). Thisnumberisin
sharp contrast to the number of proliferating MeSCs in early anagen
(about 6%), the only stage when MeSCs proliferate to self-renew®*
(Extended Data Fig. 6e). Conversely, no changes in proliferation or
apoptosis were observed in mature melanocytes after injection of RTX
or noradrenaline (Extended Data Fig. 6f, g). These data suggest that
increased noradrenaline forces MeSCs to enter arapid and abnormally
proliferative state, but does not affect mature melanocytes.

To monitor changes in MeSCs after stress, we generated
Tyrtf2, Rosa™ "™ mice, in which MeSCs can be traced by their mem-
brane expression of GFP (Fig. 4c). Consistent with the observation that
proliferationis an early response of MeSCs to stress, we saw a transient
increasein GFP* cells shortly after RTX injection (Fig. 4c, day 1; quanti-
fied by FACS in Extended Data Fig. 6h). After this initial phase, many
GFP’ cells began to exhibit striking dendritic branching, whichis a
characteristic feature of differentiated MeSCs (Fig. 4c, day 2). They also
beganto move away fromthe bulge—some migrated downwards along
the hair follicle, and some migrated out into the dermis or epidermis
(Fig. 4c, days 2 and 3). By day 3, many GFP* cells had migrated out of
the bulge, and by day 4, many hair follicles had lost all GFP* cells in the
bulge. Moreover, ectopic pigmentation could be detected along the
hair follicle, epidermis and dermis—areas that are normally devoid of
pigments (Fig.4d, Extended DataFig. 6i). These data suggest that after
stress, MeSCs undergo rapid proliferation followed by differentia-
tion and migration, which leads to their loss from the niche (Fig. 4e,
Supplementary Discussion).
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Transcriptome analyses of MeSCs

Todiscover the molecular mechanisms that drive stress-induced loss of
MeSCs, we conducted RNA-seq using FACS-purified MeSCs from con-
trol and RTX-treated mice 12 hours after RTX injection, before MeSCs
showed phenotypic differences (Fig. 5a, Extended Data Fig. 7a-c).
Examination of the expression of marker genes for different types
of skin cell confirmed that we had successfully enriched for MeSCs
(Extended Data Fig. 7d). To uncover major molecular changes, we
conducted Gene Ontology (GO) enrichment analysis (Fig. 5b). We
also curated a list of known genes that are associated with the prolif-
eration and differentiation of MeSCs (Fig. 5¢, Extended Data Fig. 7e).
Moreover, we used a list of genes that have previously been shown to
beinvolvedinentryinto the cell cycle to assess whether regulators of
the cell cycle are altered at the transcriptional level® (Extended Data
Fig. 7f). Some of these key changes were also verified by quantitative
PCR with reverse transcription (QRT-PCR) (Extended Data Fig. 7g).
Collectively, we identified changes in several cell-cycle regulators in
stressed MeSCs, including cyclin-dependent kinase 2 (Cdk2), whichis
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akey promoter of the G1-to-S transition. Genes encoding receptors for
ligands that promote the proliferation, differentiation and migration
of MeSCs, including Kit*” and Mc1r*®, were also upregulated. In addi-
tion, genes that areinvolved in melanogenesis®, including Mitf, Tyrpl,
Tyr, Oca2 and Pmel, were upregulated (Fig. 5¢, Extended Data Fig. 7e,
g). These data suggest that MeSCs upregulate their proliferation and
differentiation programs after stress. Furthermore, treatment with
noradrenalinealsoled toarapidinduction of proliferation-associated
genes such as Cdk2 and differentiation-associated genes such as Mitf
and Tyrin cultured human melanocyte cells (Fig. 5d). These data suggest
that noradrenaline elicits similar responses in melanocyte lineages of
both humans and mice.

Blocking proliferation preserves MeSCs

Because MeSCs first lose quiescence when under stress, we asked
whether transient suppression of proliferation early in the stress
response might prevent their depletion. We injected RTX at full ana-
gen and applied CDK inhibitors (AT7519 or flavopiridol) topically to
suppress proliferation transiently until 48 hours after injection®°.
MeSCs in RTX-injected mice that were treated with CDK inhibitors
remained quiescent and were preserved inthe niche (Fig. Se, Extended
Data Fig. 8a). Proliferation of cells in the hair bulb remained largely
normal, probably because the penetration of inhibitors into subcu-
taneous regions in full anagen was limited (Extended Data Fig. 8b). To
further confirm thatloss of MeSCs can be prevented by inhibiting their
proliferation, we generated agenetic mouse model, Tyr“**™;Rosa"-™;
TetO™ ,inwhich the CDK inhibitor P27 can be transiently induced with
doxycyclineinMeSCs. Induction of P27 expressionin MeSCs suppressed
their aberrant proliferation and preserved MeSCs in the niche under
stress (Fig. Se, Extended Data Fig. 8a). These preserved MeSCs showed
an undifferentiated morphology and retained their functionality, as
newly regenerated hairs insubsequent cycles maintained pigmentation
(Fig.5f). Together, these datasuggest that loss of quiescence drives the
depletion of MeSCs under conditions of stress, and that suppression of
the proliferation of MeSCs is sufficient to prevent their loss.

Discussion

Acute stress is known to cause transient and beneficial fight-or-flight
responses that are essential for survival. Here, we demonstrate that
acute stress can also cause non-reversible depletion of somatic stem
cellsthrough activation of the sympathetic nervous system—resulting
inpermanent damage to tissue regeneration (Fig. 5g). Our findings sup-
portthe emerging notion that the sympathetic nervous systemnot only
regulates body physiology, but also influences a variety of processes
in development and tissue maintenance***, The adrenal glands are
the central regulators of stress responses. However, we show that the
adrenal-gland-derived circulating stress hormones and catecholamines
do not drive changes in MeSCs under stress. As sympathetic nerves
innervate essentially all organs, acute stress might have a broad and
rapid effect on many tissues through neuronal signals.

The reason for the existence of such an interaction between nerves
and MeSCs is unknown. This said, the connection between the nerv-
ous system and pigment-producing cells is probably conserved dur-
ing evolution. Cephalopods like squid, octopus and cuttlefish have
sophisticated colouration systems that allow them to change colour
for camouflage or communication. Neuronal activities control their
pigment-producing cells (chromatophores), allowing rapid changes
in colourinresponseto predators or threats*. Therefore, an attractive
hypothesisis that sympathetic nerves might modulate MeSC activity,
melanocyte migration or pigment productioninsituationsindependent
ofthe hair cycle—for example, under bright sunlight or UVirradiation®.
Under extreme stress, however, hyperactivation of neuronal activities
overstimulates the pathway, which drives the depletion of MeSCs.



MeSCs also exhibit ectopic differentiation and depletion with age'®®.
Of relevance, patients who have undergone partial sympathectomy
develop fewer numbers of unpigmented hairs on the sympathecto-
mizedside with age*®*. Inthe future, it will be interesting to investigate
whether the mechanisms that we have uncovered here also contribute
to the loss of MeSCs that occurs during ageing, and whether stress
might mimic an accelerated ageing process.
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Methods

Randomization

The mice were randomly assigned into different experimental groups
whenever possible, exceptin experiments that required specific geno-
types (in this case, sex-matched littermate controls were used).

Blinding

For LC-MS/MS analysis, RNA-seq library preparation and sequencing,
experimenters were blinded to experimental conditions. Blinding was
not possible in mouse studies owing to the need to identify specific
genotypes or treat mice with different chemicals according to experi-
mental designs.

Mice

C57BL/6), Tyr12, K15k Ragl mutant, CD11b-DTR, GR™, CAG-LSL-G
DREADD, Rosa'PCfF/cP-mcherry Rosa26™mC, RosatSt""" and Ripk3 mutant
mice were obtained from the Jackson Laboratory. Adrb2"* mice* were
originally generated by G. Karsenty (Columbia University) and provided
tousbyP.Frenette (Albert Einstein College of Medicine). TH™*? mice*
were generated and provided by D. Ginty (Harvard Medical School).
TetO™ mice® were originally generated by G. Cady (Roswell Park Cancer
Institute) and provided to us by V. Greco (Yale School of Medicine).
All experiments used balanced groups of male and female mice. All
experiments were conducted using mice at the same stage of the hair
cycleandinacomparable age range (postnatal day (P)20-P25 for first
telogen, P31-P36 for full anagen and P50-P60 for second telogen, or
long-term monitoring as specified). To monitor the hair cycle, mice
were shaved at weaning to monitor changes in skin colour, and these
were confirmed by skin sections. The acquisition of human melanocyte
cellswas carried out inaccordance with the Institutional Review Board
policies at Massachusetts General Hospital. All mice were maintained
in an animal facility approved by the Association for Assessment and
Accreditation of Laboratory Animal Care at Harvard University, Har-
vard Medical School and Ribeirao Preto Medical School. Procedures
were approved by the Institutional Animal Care and Use Committee
of allinstitutions and complied with all relevant ethical regulations.

Stress procedures

Restraintand chronic unpredictable stress procedures were performed
as previously described™ ™. In brief, for restraint stress, C57BL/6)
mice were kept in arestrainer (Thermo Fisher Scientific 12972590)
for four hours per day for five days starting from mid-anagen (P28-
P30).Hairs were depilated toinduce hair regeneration when their hair
cyclereached telogen. Mice were stressed and depilated four roundsin
total to monitor long-term changes. For chronic unpredictable stress,
C57BL/6) mice were exposed to a combination of stressors. Two of
the stressors were applied each day. The stressors included cage tilt,
isolation, damp bedding, rapid light and dark changes, overnightillu-
mination, restraint, empty cage and changing the cage three times. All
stressors were randomly repeated in consecutive weeks.

Drug treatments

For RTX treatment (see also Supplementary Discussion), mice received
injections of RTX (30-100 pg kg™) in the flank for 1-3 days, as described
previously>'®"%¢ RTX was preparedin 2% DMSO with 0.15% Tween 80 in
PBS. Control mice were treated with the vehicle only. RTX injection was
doneeitherinfull anagen (P31-P36) or infirst telogen (P21). For corti-
costerone feeding, 35 pg ml™ corticosterone (Millipore Sigma, C2505)
was dissolved in 0.45% hydroxypropyl-p-cyclodextrin and providedin
the drinking water. Mice were treated for three days (P28-P30). Control
micereceived the vehicle water (0.45% [3-cyclodextrin). For analgesia,
mice were injected with buprenorphine (0.1 mgkg™) 4 h before RTX
injection and every 6 h after RTX injection for 2 days. For tamoxifen
treatment, tamoxifen was diluted in corn oil to a final concentration

of 20 mg ml™. To induce recombination, 20 mg kg™ was injected
intraperitoneally once per day for 4-7 days. For mosaic induction of
Tyr-CreERT2 and TH-CreERT2, 20 mg kg™ tamoxifen was injected
intraperitoneally once per day for 3 days. Forintradermal noradrenaline
injection, noradrenaline (Sigma-Aldrich489350) solution was prepared
freshly by dissolvingin 0.1% ascorbic acidin 0.9% sterile NaCl to a final
concentration of 2 mM. Fifty microlitres was injected intradermally
into experimental mice together with fluorescent beads at full anagen
(around P31-P36). Control mice were injected with an equivalent vol-
ume of vehicle (0.1% ascorbicacid in 0.9% sterile NaCl) with fluorescent
beads. The injection sites were marked using water-resistant ink. For
ablation of sympathetic nerves, 6-hydroxydopamine hydrobromide
(6-OHDA, Sigma 162957) solution was prepared freshly by dissolving
6-OHDA in 0.1% ascorbic acid in 0.9% sterile NaCl. Mice were injected
intraperitoneally with 6-OHDA (100 mg per kg body weight) daily from
P18 to P22. Control mice were injected with an equivalent volume of
vehicle (0.1% ascorbic acid in 0.9% sterile NaCl). Ablation efficiency
in the skin was confirmed by immunofluorescence staining. For gua-
nethidine treatment, mice were intraperitoneally injected with 30 mg
per kg body weight of guanethidine (Sigma-Aldrich,1301801), once a
day for 3 consecutive days before RTX administration at full anagen
(around P31-P36). For induction of G,-DREADD, 50 pl CNO (1 mg mi™?
in 0.9% sterile saline) was injected intradermally into experimental
mice, together with fluorescent beads at fullanagen (around P31-P36).
Control mice were injected with an equivalent volume of vehicle (0.9%
sterile saline) together with fluorescent beads. For administration
of diphtheria toxin, diphtheria toxin (Sigma-Aldrich) was dissolved
in 0.9% saline (0.1 mg ml™). For ablation, CD11b-DTR transgenic mice
wereintraperitoneally injected with diphtheria toxin (25ng per gbody
weight) daily 3 days before RTX injection at full anagen (around P31~
P36). Diphtheria toxin (20 ng per g body weight) was injected every 3
days after RTX injection until collection of skin samples. For inhibitor
treatment, mice were shaved and pre-treated with AT7519 (Cayman
Chemical16231) or flavopiridol (Cayman Chemical 10009197) (both 5
mg per kg body weight) in ethanol topically 48 h and 24 h before RTX
injection, atthe time of RTX injection and 24 hand 48 hafter injection.
For induction of P27 expression, mice were fed with the doxycycline
rodent diet (VWR 89067-462) for three days before RTX treatment
and three days after. RTX was given at Anagen VI (around P31-P36).

Quantification of unpigmented hairs

For restraintand chronic unpredictable stress, unpigmented hairs were
quantified by plucking around 100 hairs from 3 or 4 regions of the skin
across the anterior to posterior end, and the percentage of white hairs
was calculated by dividing the number of white hairs by the total num-
ber of hairs plucked. For RTX injection experiments, the percentage
of regions with white hairs was calculated by dividing the size of areas
withwhite hairs by the size of the whole skin (both areas were measured
using Image)). For intradermal injection experiments (noradrenaline
or CNO), unpigmented hairs were quantified by plucking around 100
hairs from each injection site (marked by water-resistant ink at the
time of injection), and the percentage of white hairs was calculated by
dividing the number of white hairs by the total number of hairs plucked.

Histology and immunohistochemistry

Mouse skin samples were fixed using 4% paraformaldehyde (PFA) for
15minatroomtemperature, washed 6 times with PBS andimmersedin
30%sucrose overnight at4 °C. Samples were thenembedded in optimal
cutting temperature (OCT) compound (Sakura Finetek). Sections of
approximately 35-50 pmwere fixed in 4% paraformaldehyde (PFA) for 2
minand washed with PBS and 0.1% Triton X-100 in PBS. Slides were then
blocked using blocking buffer (5% donkey serum; 1% BSA, 2% cold water
fish gelatin in 0.3% Triton X-100 in PBS) for 1 h at room temperature,
followed by staining with primary antibodies overnight at 4 °C and
secondary antibody for 4 h at room temperature. For quantification



of the density of sympathetic nerves, 90-pum sections were used. The
TUNEL assay was performed according to the manufacturer’sinstruc-
tions (Roche). Fontana-Masson staining was performed according
to the manufacturer’s instructions (Market Lab ML7255). Antibodies
used: TRP2 (Santa Cruz 10451, 1:800), tyrosine hydroxylase (rabbit,
Millipore AB152, 1:1,000 or sheep, Millipore AB1542,1:150-1:300),
FOS (Abcam, 190289, 1:1,000), y-H2AX (Cell Signaling, 9718, 1:400),
phosphorylated histone H3 (rabbit, Cell Signaling Technology 3377S,
1:500), cleaved caspase 3 (rabbit, Cell Signaling Technology 9664S,
1:400), GFP (rabbit, Abcam ab290, 1:1,000 or chicken, Aves labs GFP-
1010,1:200), CD3 (eBioscience 14-0032-81,1:800), CD11B (eBioscience
14-0112-81,1:800), phosphorylated CREB (Cell Signaling 9198, 1:800)
and MITF (Abcam ab12039,1:400).

Measurement of stress hormones

A sample of 50 pl of blood plasma was collected from each mouse
and transferred into a1.5-ml microcentrifuge tube. Ten microlitres of
internal solution was added to each sample followed by 100 pl water
and 640 pl methanol. Samples were incubated at —20 °C for 1 h, then
centrifuged for 30 min atmaximumspeed at—9 °C. The supernatant was
transferred to a new tube and dried under N2 flow, then resuspended
in 50 pl methanol and transferred to micro-inserts. All samples were
runonanAgilent 6460 Triple Quad LC/MS with an Agilent 1290 Infinity
HPLC. For corticosterone-treated mice, plasma corticosterone levels
were determined by ELISA according to the manufacturer’sinstructions
(Arbor Assays, KO14-H1).

Radiation

Ten-week-old C57BL/6) mice were gamma-irradiated (*’Cs source) with
adose 0of 10.5 Gy. Mice were transplanted with 300,000 whole bone
marrow cells to ensure survival after lethal irradiation.

FACS

Mouse dorsal skin was collected, and the fat layer was removed by
gentle scraping from the dermal side. The skinwasincubated in 0.25%
collagenase in Hank’s balanced salt solution (HBSS) at 37 °C for 35-45
minon an orbital shaker. Single-cell suspension was collected by gentle
scraping of the dermal side and filtering through 70-pm and 40-pm
filters. The epidermallayer wasincubated in trypsin-EDTA at 37 °C for
35-45 min on an orbital shaker. Single-cell suspension was collected
by gentle scraping of the epidermal side and filtering through 70-pm
and 40-pumfilters. The single-cell suspension was centrifuged for 5min
at4 °C, resuspendedin 0.25% FBS in PBS and stained with fluorescent-
dye-conjugated antibodies for 30 min. For late anagen skin samples, the
bottom parts of the hair follicles, containing mature melanocytes, were
removed by gentle scraping under adissection microscope. The MeSCs
located close to the bulge remained and were verified by immunostain-
ing. Antibodies used: CD140A (Invitrogen 13-1401-82,1:200), CD45
(Invitrogen 13-0451-82,1:400), SCA1 (Invitrogen 13-5981-82,1:1,000),
CD34 (Invitrogen13-0341-82,1:100), CD117 (Biolegend 135136,1:400).
See a published protocol for detailed instructions®.

RNA isolation

RNA was isolated using a RNeasy Micro Kit (Qiagen) with QlAcube
according to the manufacturer’s instructions. RNA concentration
and RNAintegrity were determined by Bioanalyzer (Agilent) using the
RNA 6000 Nano chip. High-quality RNA samples withan RNA integrity
number of 8 or higher were used as input for RT-PCR and RNA-seq.

Cell culture

Primary human melanocytes were derived from neonatal foreskin as
previously described*®and cultured inMedium 254 (Invitrogen, Thermo
Fisher Scientific). Melanocytes (passages 2 and 4) were starved for
24 hin Ham’s F-10 nutrient mixture with 1% penicillin-streptomycin-
glutamine before the addition of noradrenaline (10 uM).

qRT-PCR

The cDNA libraries were synthesized using Superscript IV VILO master
mix with ezDNase (Thermo Fisher Scientific). qPCR was performed
using power SYBR green (Thermo Fisher Scientific) on an ABI QuantS-
tudio6 Flex qPCRinstrument. C, values were normalized to aninternal
control of B-actin (Actb).

Imaging and image analysis

Allimages were acquired using a Zeiss LSM 880 confocal microscope or
Keyence microscope with x20 or x40 magnification lenses. Images are
presented as maximumintensity projectionimages. For colocalization
analysis, images are presented as a single z-stack. For quantification
of the density of sympathetic nerves, tyrosine hydroxylase staining of
sympathetic nerves was performed on samples of skin sections (90-
pmthickness) to ensure the capture of all fibres innervating each hair
follicle. Sympathetic nerves innervating individual hair follicles were
selected and imaged using a Zeiss LSM 880 confocal microscope. Three-
dimensional (3D) surfaces of tyrosine hydroxylase staining were created
using Imaris x64 9.3.0 software and the volume was measured and
compared. To quantify cell numbers (MeSC numbers, cell death events,
proliferation events) within a hair follicle,immunofluorescence stain-
ingimages of skin sections from multiple regions across the body were
used. The number of cells was counted manually or by using Image].

Statistical analysis

Statistical analyses were performed with GraphPad Prism 7.00, using
unpaired two-tailed Student’s t-tests, one-way or two-way ANOVA. All
of the statistical tests performed are indicated in the figure legends.
Thedataarepresented asmean s.d. No statistical methods were used
to predetermine sample size.

RNA-seq and computational analysis

MeSCs were purified from skin samples from control and stressed
mice at telogen using FACS, based on their expression of CD117” and
starting from a population that is negative for CD140A, CD45, SCA1
and CD34%. A total of 2 ng of RNA from each sample was used to gen-
erate RNA-seqlibraries using a SMART-Seq v4 Ultra Low Input RNA kit
(Takara, 634888) and Nextera XT DNA Library Preparation Kit (Illu-
mina, FC-131-1024). Single-end sequencing reads were obtained using
the Illumina NextSeq 500 platform. Sequencing reads from RNA-seq
libraries were trimmed using Trim Galore! (https://www.bioinformat-
ics.babraham.ac.uk/projects/trim_galore/) and aligned to the mouse
reference genome (mm10) using STAR aligner®. Reads with alignment
quality < Q30 werediscarded. Gene expression levels were normalized
and differential expression of genes was calculated using the DESeq2
packageinR®. Gene set functional enrichment analysis was performed
using DAVID®*%, Transcripts per million (TPM) calculated from count
tables of control MeSC samples were used to determine the expression
levels of adrenergic receptors and glucocorticoid receptor shown in
Extended Data Fig. 3c.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The sequencing datathat support the findings of this study have been
deposited in the Gene Expression Omnibus (GEO) with the accession
code GSE131566. Source data for all main figures and Extended Data
figures are provided with the paper.
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Extended DataFig.1| Effects of stress on the hair pigmentation. a, Schematic
of MeSC behaviour during the hair cycle. b, Hair greying after mice were
subjected to chronicunpredictable stress. Quantifications were done by
pluckingaround 100 hairs from different regions across the skin and counting
the number of white hairs (n=9 plucked regions from 3 mice for each condition,
two-tailed unpaired t-test). ¢, Hair greying after mice were subjected to
restraint stress. Quantifications asdescribed inb.d, LC-MS/MS quantification
of corticosterone and noradrenaline after restraint stress (n=5mice for
controland n=6 mice for restraint, two-tailed unpaired t-test). e, Left,
immunofluorescentstaining of hair bulbs for melanocyte-inducing
transcription factor (MITF, red) from mice five days after treatment with saline
or RTX. Right, quantification of MITF* cells (n =30 hair follicles from 3 mice for
each condition, two-tailed unpaired t-test). f, Fontana-Masson staining of hair
bulbs for melanin from mice five days after treatment with salineor RTX (n=6
mice for each condition). g, Coat colour in mice five days after RTX injectionin
anagen.RTXwasinjectedin fullanagen and the mice were examined five days
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later, at late anagen. The coat colour remained black (n = 6 mice foreach
condition). h, Fontana-Masson staining of hair follicles for melanin from mice
thatwere treated with saline or RTX at firstanagen and examined at second
anagen (see Fig. le for corresponding fluorescentimages) (n= 6 mice for each
condition). i, Quantification of the number of MeSCsin the skin of mice
injected with saline or RTX. For the RTX-injected mice, the numbers of MeSCs
inregions with predominantly black hairs and regions with many white hairs
are quantified separately. Orange and green dashed boxes denote
representative black and white hair regions, respectively, in RTX-injected mice.
Enlarged boxes show representativeimmunofluorescentimages of hair
follicles fromeachregion. White arrowheads indicate regions where MeSCs
reside (n=30 hair follicles from 3 mice for each condition, one-way ANOVA with
Tukey’s multiple comparisonstest). j, Quantification of the body area covered
by white hairs in female versus male mice (n=5mice for each sex, two-tailed
unpaired t-test). Alldataare mean +s.d.
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Extended DataFig.2|Loss of MeSCsin three different models of stress.

a, Top, schematic of experimental design for RTX injectionin first telogen (red
arrows indicate collection of skinsamples). Bottom left, representative mouse
images 5 days and 16 days after RTX injection in first telogen. Bottom right,
quantification of the body area covered by white hairs 16 days after RTX
injection (n=4 mice for each condition, two-tailed unpaired t-test).

b, Immunofluorescentstaining for TRP2 from miceinjected with saline or
RTXinfirsttelogen (n=30 hair follicles from 4 mice for each condition, two-
tailed unpaired t-test). Yellow boxes denote the upper region of the hair follicle,
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where MeSCsreside. Enlarged views of the yellow-boxed regions are shown to
theright. White arrowheads indicate MeSCs. Quantifications of MeSCs are also
shown (bottom). ¢, Immunofluorescent staining for TRP2 (red) (left) and
quantification of MeSCs (right) from mice subjected to chronic unpredictable
stress or restraint stress (n=30 hair follicles from 5 mice for each condition,
two-tailed unpaired t-test). d, Hair coat colour was monitored in RTX-injected
mice for multiple rounds of hair-follicle regeneration (waxing was used to
initiate new rounds of anagen) (n =3 mice for each condition). Schematic
denotes the experimental design. Scalebars, 50 um. All dataare mean +s.d.
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Extended DataFig. 3 |Stress-induced hair greying is not mediated by
corticosterone orimmune attack. a, Left, formation of white hairs after RTX
injectionin Ragl mutant mice that are devoid of T and B cells (Rag1 KO) (n =6 for
each condition, two-tailed unpaired t-test). Right,immunofluorescent staining
for the T cell marker CD3 (green) in control and Rag1 KO skin (n =6 mice for each
condition, two-tailed unpaired t-test). b, Left, hair greying occurs when RTX is
injectedinto CD11b-DTR mice that were treated with diphtheria toxin to deplete
myeloid cells (n=6 mice for each condition). Right,immunofluorescent
staining for CD11B (green) in skin from control and CD11b-DTR mice that were
treated with diphtheria toxin (n = 6 mice for each condition). ¢, Expression of
adrenergicreceptorsand glucocorticoid receptor (GR) inMeSCs (n=2

biologicallyindependent samples).d, Formation of white hairs after RTX
injection into Tyr&2,GR"" mice (MeSC-GR cKO) (n =6 mice for each
condition, two-tailed unpaired t-test). e, Left, enzyme-linked immunosorbent
assay (ELISA) measurement of the level of corticosteronein theblood three
days after supplying corticosteronein the drinking water (n=4 mice for each
condition). Middle, immunofluorescent staining of hair follicles for TRP2 (red)
from mice five days after treatment with corticosterone (n=30 hair follicles
from 3 mice for each condition, two-tailed unpaired t-test). Right, coat colour
after hair follicles in corticosterone-treated mice enter another round of
anagentoregenerate new hairs. Scale bars, 50 pm. Alldataare mean +s.d.
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Extended DataFig. 4 | Perturbations of the noradrenaline-ADRB2 pathway.
a, Left,immunofluorescent staining of hair follicles for phosphorylated CREB
(pCREB; green) and TRP2 (red) 12 h after RTX injection. Right, quantification of
the percentage of pCREB* MeSCs (n =30 hair follicles from 3 mice for each
condition, two-tailed unpaired t-test). White arrowheads indicate pCREB*
MeSCsinupper hair follicles after RTX injection. b, Formation of white hairs
after RTX injection into KI5"°%; Adrb2"" mice (HFSC-Adrb2 cKO) (n=3 mice for
each condition, two-tailed unpaired t-test). ¢, Top left, coat colour in
unstressed Tyr 12, Adrb 2" mice (MeSC-Adrb2 cKO) in the second telogen
after treatment with tamoxifen (seven times) at the first telogen. Bottom left,
immunofluorescent staining of hair bulbs for MITF (red) in Tyr**"2;Adrb 2"
miceinanagen. Right, Fontana-Masson melanin staining of anagen hair follicles
from Tyr®'2;Adrb 2" mice (n=3 mice for each condition). d, Top left,
schematic of experimental design for mosaic labelling in unstressed control
and Adrb2knockout mice (red arrows indicate collection of skinsamples).
Bottom left,immunofluorescent staining for GFP (green) and TRP2 (red) from

TyrrER2: Rosa™ ™S mice (MeSC-mT/mG) and Tyr ™2 Adrb2™""; Rosa™ "™ mice
(MeSC-Adrb2 cKO-mT/mG) after treatment with tamoxifen (three times) at first
telogen. Right,immunofluorescent staining of hair follicles for GFP (green) and
TRP2 (red) after the mice enter anagen (n =3 mice for each condition).

e, Quantification of the percentage of white hairs after intradermal injection of
saline or noradrenaline (n=10 injected sites from 6-8 mice for each condition,
one-way ANOVA with Tukey’s multiple comparisons test). f, Left,
immunofluorescent staining of hair follicles for TRP2 (red) from the skins of
mice that wereintradermally injected with noradrenaline (n =30 hair follicles
from10injectionsites for each condition, one-way ANOVA with Tukey’s
multiple comparisons test). Right, quantification of MeSCs. g, White hairsare
formed after intradermal injection of noradrenaline in KI57**°%; Adrb2" mice
(HF-Adrb2 cKO) (n=3injection sites for each condition, two-tailed unpaired
t-test). Yellow dashed circles denote intradermal injection sites. Scale bars,

50 pm. Alldataare mean +s.d.
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5| Activation of the sympathetic nervous system by
nociception-induced stress or sympathetic-nerve-specificinducible G-
DREADD. a, LC-MS/MS quantification of stress hormones in sham-operated
and adrenalectomized mice (n=3 mice for each condition, two-way ANOVA
with Benjamini-Hochberg correction). b, Top, immunofluorescent staining of
sympathetic nervesin the skin regions with predominantly black hairs (orange
box) and with mostly white hairs (green box) (n=3 mice for each condition).
Bottom, 3D surfaces of tyrosine hydroxylase (TH) staining, created using
Imaris software, and quantification of the sympathetic nerve volume
fromregions with different numbers of unpigmented hairs (n=20 hair
follicles for each region from 3 mice, two-tailed unpaired ¢-test). c, Left,
immunofluorescentstaining of sympathetic ganglia for tyrosine hydroxylase
(green)and FOS (red) from mice injected with RTX. Cells were collected at
different time points between 0 and 24 h. Right, quantification of FOS* cells
(n=6 sympathetic gangliafrom 3 mice for each time point).d, Quantification of
the efficiency of chemical sympathectomy (n=6 mice for each condition, two-
tailed unpaired t-test), and percentage of white hairsin RTX-injected mice

treated with vehicle (ctrl) or 6-OHDA (SN abla) (n= 6 mice for each condition,
two-tailed unpaired t-test). e, Guanethidine (gua) injection blocks the
formation of white hairs thatisinduced by RTX injection (quantification for
percentage of white hairs: n=14 mice for each condition, two-tailed unpaired
t-test; quantification for numbers of MeSCs: n=30 hair follicles from 6 mice for
each condition, two-tailed unpaired t-test). f, Left,immunofluorescent staining
of sympathetic gangliafor tyrosine hydroxylase (green) and FOS (red) from
TH**™*1%,CAG-LSL-G,-DREADD mice that were injected with CNO; cells were
collected 6 hlater. Right, quantification of FOS* cells (n = 6 sympathetic ganglia
from 2 mice for each condition, two-tailed unpaired t-test). g, Formation of
white hairs after intradermal injection of CNO into TH"***"%;CAG-LSL-G,-
DREADD mice (n=6injectionsites from 5 mice for each condition, two-tailed
unpaired t-test). Yellow dashed circles denote intradermal CNO injection sites.
h, Quantification of the percentage of white hairsat CNO injection sitesin
mosaically induced TH"***%;,CAG-LSL-G -DREADD;Rosa™"° mice (n=5injection
sites from 4 mice for each condition, two-tailed unpaired t-test). Scale bars,

50 pm. Alldataare mean +s.d.
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Extended DataFig. 6 | Analysis of apoptosis and proliferation of MeSCs and
the effect of RTX or noradrenaline on mature melanocytes. a, Left,
immunofluorescentstaining of active caspase-3 (aCAS3; green) and TRP2 (red)
from mice one day after injection with RTX or noradrenaline. Right,
quantification of aCAS3"MeSCs (n =30 hair follicles from 6 mice for each
condition, one-way ANOVA with Tukey’s multiple comparisons test).b, TUNEL
assay of hair follicles from mice one day after treatment with RTX or
noradrenaline. Catagen hair follicles were used as positive controls for TUNEL.
White arrowhead points to apoptotic hair follicle cells (n =30 hair follicles from
6 mice for each condition, one-way ANOVA with Tukey’s multiple comparisons
test). ¢, Formation of white hairs in Ripk3 mutant mice (RIPK3 KO) injected with
RTX (n=5micefor each condition, two-tailed unpaired t-test).d, Left,
immunofluorescent staining of hair follicles for the DNA damage marker
y-H2AX (green) and TRP2 (red) from mice one day after treatment with RTX or
noradrenaline. Hair follicles fromirradiated mice were used as positive
controls. White arrowhead indicates the MeSCs with DNA damage. Right,
quantification of y-H2AX"MeSCs (n =30 hair follicles from 6 mice for each
condition, one-way ANOVA with Tukey’s multiple comparisonstest). e, Left,

immunofluorescentstaining for phosphorylated histone H3 (pHH3; green) and
TRP2 (red) of control hair follicles at different stages of the hair cycle. Right,
quantification of pHH3"MeSCs (n=25 hair follicles from 3 mice for each
condition, one-way ANOVA with Tukey’s multiple comparisonstest).f, Left,
immunofluorescentstaining of hair bulbs foraCAS3 (green) and TRP2 (red)
from mice one day afterinjection with RTX or noradrenaline. Right,
quantification of aCAS3" mature melanocytes (MCs) (n =30 hair follicles from 3
mice for each condition, one-way ANOVA with Tukey’s multiple comparisons
test). g, Left,immunofluorescent staining of hair bulbs for pHH3 (green) and
TRP2 (red) from mice one day after injection with RTX or noradrenaline. Right,
quantification of pHH3" mature melanocytes (n =30 hair follicles from 3 mice
foreach condition, one-way ANOVA with Tukey’s multiple comparisons test).
h, Left, schematic of the strategy for isolation of MeSCs. Right, FACS analysis of
the numbers of MeSCs one day after RTX injection (n=5mice for each
condition, two-tailed unpaired t-test). i, Fontana-Masson melanin staining of
anagenor telogen samples five days after injection of saline or RTX (n =6 mice
for each condition, two-tailed unpaired t-test). Blue arrowheads indicate
ectopic pigments. Scalebars, 50 um. Alldataaremean +s.d.
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Extended DataFig.7 | Differential gene expressioninnormal and stressed
MeSCs. a, FACS strategy for the purification of MeSCs. MeSCs were selected on
the basis of their expression of CD117, from a population that is negative for
CD140A, CD45,SCAland CD34 and that shows modest expression for integrin
a6.b,Sample clustering based on Pearson's correlation of transcriptomes
between controland stressed MeSCs (n=2biologically independent samples
foreach condition). c, Heat map of all differentially expressed genes (n=2
biologicallyindependent samples for each condition; Pvalues were calculated
using the Wald testimplemented in DESeq2, and adjusted using the Benjamini-
Hochberg method. Differentially expressed genes were those that had the

G2e3

absolute value of log,(gene expressionin stressed versus control MeSCs)
>0.58and adjusted Pvalue<0.05.d, Expression levels of marker genes for
different cell typesinthe skin, confirming the purity of MeSCs that were used
for RNA-seq (n=4biologicallyindependent samples). TPM, transcripts per
million. e, Heat maps showing expression of signature genes that arerelated to
thedifferentiation of MeSCs. f, Heat maps showing expression of cell-cycle
signature genes. Hnlisalsoknownas/ptl.g, qRT-PCRvalidation of selected
differentially expressed genes in FACS-purified mouse MeSCs from skins of
controland RTX-injected mice (n =4 biological replicates for each condition,
two-way ANOVA with Benjamini-Hochberg correction). All dataare mean ts.d.
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Extended DataFig. 8 | Proliferation analysis of RTX-injected mice that were RTXinjection with MeSC-specific overexpression of P27 (MeSC-P27 OE). Right,

treated with CDK inhibitors chemically or genetically.a, b, Left, quantification of pHH3" cells (n =30 hair follicles from 3 mice for each
immunofluorescentstaining of upper hair follicles (a) and hair bulbs (b) for condition, one-way ANOVA with Tukey’s multiple comparisons test). Scale bars,
pHH3 (green) and TRP2 (red) from mice one day after RTX injection, RTX 50 pm. Alldataare mean +s.d.

injection with topical application of CDK inhibitors (AT7519 or flavopiridol) or
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on prior studies and literatures of the field using similar experimental paradigms.
Data exclusions  No data were excluded from analysis

Replication For in vivo experiments using rodent, biological replicates and independent cohorts of mice were used; for in vitro experiments, biological
replicates as well as technical triplicates were used to ensure reproducibility. All attempts at replication were successful.

Randomization  The mice were randomly assigned into different experimental groups whenever possible, except in experiments required specific genotypes.

Blinding For LC-MS-MS analysis, RNA-seq library preparation, and sequencing, experimenters were blinded to experimental conditions. Blinding was
not possible in mouse studies due to the need to identify specific genotypes or treat mice with different chemicals according to experimental
designs.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study

|:| |Z| Antibodies |Z| |:| ChlIP-seq

IXI|[ ] Eukaryotic cell lines [ 1IIX Flow cytometry

XI|[ ] Palaeontology X[ ] MRI-based neuroimaging

|:| |Z| Animals and other organisms

|Z| |:| Human research participants

X|[] clinical data

Antibodies

Antibodies used TRP2 (Santa Cruz, CAT 10451, Clone D18, Lot k2114, Dilution 1:400)
Tyrosine hydroxylase (Millipore, CAT AB152, Clone N/A, Lot 3072361, Dilution 1:1000)
Tyrosine hydroxylase (Millipore, CAT AB1542, Clone N/A, Lot 3168710, Dilution 1:150-1:300)
c-Fos (Abcam, CAT 190289, Clone N/A, Lot GR3253255-1, Dilution 1:400)
y-H2AX (Cell Signaling Technology, CAT 9718, Clone 20E3, Lot 17, Dilution 1:400)
Phospho-Histone H3 (Cell Signaling Technology, CAT 3377S, Clone D2C8, Lot 7, Dilution 1:250)
Cleaved Caspase-3 (Cell Signaling Technology, CAT 9664S, Clone 5A1E, Lot 45, Dilution 1:300)
GFP (Abcam, CAT ab290, Clone N/A, Lot N/A, Dilution 1:800)
CD3 (eBioscience, CAT 14-0032-81, Clone 17A2, Lot 4342633, Dilution 1:800)
CD11b (eBioscience, CAT 14-0112-81, Clone M1/70, Lot E03529-1632, Dilution 1:400)
Phospho-CREB (Cell Signaling Technology, CAT 9198, Clone 87G3, Lot 14, Dilution 1:800)
MITF (Abcam, CAT ab12039, Clone C5, Lot GR3206967-1, Dilution 1:400)
CD140a (Invitrogen, CAT 13-1401-82, Clone APA5, Lot 1993111, Dilution 1:200)
CD45 (Invitrogen, CAT 13-0451-82, Clone 30-F11, Lot 1989134, Dilution 1:400)
Scal (Invitrogen, CAT 13-5981-82, Clone D7, Lot 4346548, Dilution 1:1000)
CD34 (Invitrogen, CAT 13-0341-82, Clone RAM34, Lot 1993111, Dilution 1:100)
CD117 (Biolegend, CAT 135136, Clone ACK2, Lot B251908, Dilution 1:400)

Validation TRP2 (Santa Cruz, CAT 10451): Mouse, Immunohistochemistry, validated on manufactures's website: http://

www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody, MM_NF-AB152#overview

Tyrosine hydroxylase (Millipore, CAT AB152): Mouse, Immunohistochemistry, validated on manufactures's website: http://
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www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody, MM_NF-AB152#overview

Tyrosine hydroxylase (Millipore, CAT AB1542): Mouse, Immunohistochemistry, validated on manufactures's website:http://
www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody, MM_NF-AB1542#overview

c-Fos (Abcam, CAT 190289, Clone N/A): Mouse, Immunohistochemistry, validated on manufactures's website: https://
www.abcam.com/c-fos-antibody-ab190289.html#top-500

y-H2AX (Cell Signaling Technology, CAT 9718): Mouse, Immunohistochemistry, validated on manufactures's website: https://
www.cellsignal.com/products/primary-antibodies/phospho-histone-h2a-x-ser139-20e3-rabbit-mab/9718

Phospho-Histone H3 (Cell Signaling Technology, CAT 3377S): Mouse, Immunohistochemistry, validated on manufactures's
website: https://www.cellsignal.com/products/primary-antibodies/phospho-histone-h3-ser10-d2c8-xp-rabbit-mab/3377

Cleaved Caspase-3 (Cell Signaling Technology, CAT 9664S): Mouse, Immunohistochemistry, validated on manufactures's website:
https://www.cellsignal.com/products/primary-antibodies/cleaved-caspase-3-asp175-5ale-rabbit-mab/9664

GFP (Abcam, CAT ab290, Clone N/A): Mouse, Immunohistochemistry, validated on manufactures's website: https://
www.abcam.com/gfp-antibody-chip-grade-ab290.html?productWallTab=ShowAll
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CD3 (eBioscience, CAT 14-0032-81, Clone 17A2): Mouse, Immunohistochemistry, validated on manufactures's website: https://
www.thermofisher.com/antibody/product/CD3-Antibody-clone-17A2-Monoclonal/14-0032-82

CD11b (eBioscience, CAT 14-0112-81, Clone M1/70): Mouse, Immunohistochemistry, validated on manufactures's website:
https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-Monoclonal/14-0112-82

Phospho-CREB (Cell Signaling Technology, CAT 9198): Mouse, Immunohistochemistry, validated on manufactures's website:
https://www.cellsignal.com/products/primary-antibodies/phospho-creb-ser133-87g3-rabbit-mab/9198

MITF (Abcam, CAT ab12039, Clone C5): Mouse, Immunohistochemistry, validated on manufactures's website: https://
www.abcam.com/mitf-antibody-c5-chip-grade-ab12039.html

CD140a (Invitrogen, CAT 13-1401-82, Clone APAS): Mouse, FACS, validated on manufactures's website: https://
www.thermofisher.com/antibody/product/CD140a-PDGFRA-Antibody-clone-APA5-Monoclonal/13-1401-82

CD4S5 (Invitrogen, CAT 13-0451-82, Clone 30-F11): Mouse, FACS, validated on manufactures's website: https://
www.thermofisher.com/antibody/product/CD45-Antibody-clone-30-F11-Monoclonal/13-0451-82

Scal (Invitrogen, CAT 13-5981-82, Clone D7): Mouse, FACS, validated on manufactures's website: https://
www.thermofisher.com/antibody/product/Ly-6A-E-Sca-1-Antibody-clone-D7-Monoclonal/13-5981-82

CD34 (Invitrogen, CAT 13-0341-82, Clone RAM34): Mouse, FACS, validated on manufactures's website: https://
www.thermofisher.com/antibody/product/CD34-Antibody-clone-RAM34-Monoclonal/13-0341-82

CD117 (Biolegend, CAT 135136, Clone ACK2): Mouse, FACS, validated on manufactures's website: https://www.biolegend.com/
en-us/products/apccyanine7-anti-mouse-cd117-c-kit-antibody-13795

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J, Tyr-CreER, K15-CrePGR, Ragl KO, CD11b-DTR, GR flox, Dreadd flox, Rosa-H2BGFP/mCherry, Rosa26-rtTA, Rosa-mTmG,
RIPK3 knockout, Adrb2 flox, TH-CreER, pTRE-P27. All experiments used balanced groups of male and female mice. All
experiments are conducted and compared using mice of the same hair cycle stage in comparable age range (P20-P25 for 1st
telogen, P31-P36 for full anagen, and P50-P60 for 2nd telogen, or long-term monitoring as specified).

Wild animals This study did not involve wild animals.
Field-collected samples This study did not involve field-collected samples.
Ethics oversight All animals were maintained in an Association for Assessment and Accreditation of Laboratory Animal Care-approved animal

facility at Harvard University, Harvard Medical School, and Ribeirao Preto Medical School. Procedures were approved by the
Institutional Animal Care and Use Committee of all institutions and were in compliance with all relevant ethical regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Mouse dorsal skin was collected, and the fat layer was removed by gentle scrapping from the dermal side. The skin was
incubated in 0.25% collagenase in HBSS at 37 °C for 35-45 minutes on an orbital shaker. Single cell suspension was collected by
gentle scraping of the dermal side and filtering through 70 um and 40 um filters. The epidermal layer was incubated in trypsin-
EDTA at 37 °C for 35-45 minutes on an orbital shaker. Single cell suspension was collected by gentle scraping of the epidermal
side and filtering through 70 um and 40 um filters. The single cell suspension was centrifuged for 5 minutes at 4°C, resuspended
in 0.25% FBS in PBS, and stained with fluorescent dye-conjugated antibodies for 30 minutes. For late anagen skin samples, the
bottom parts of the hair follicles containing mature melanocytes were removed by gentle scrapping under dissection
microscope. The MeSCs located close to the bulge remained and were verified by immunostaining.

FACS: BD FACSAria Ill

BD FACSDiva (8.0.2), FlowJo (v10.0.7)

For sorting for RNA-seq, at least 10,000 MeSCs were collected. The purity was verified by expression of GFP driven by lineage
specific CreER.

Positive and negative gates were set using fluorescence minus one (FMO) background intensity controls. Fluorophores were
chosen to minimize spectral overlap.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

=
Q
—
C
=
(@)
=
(D
W
()
Q
=
(@)
o
=
1)
o
[}
=
2
Q
(2]
c
3
3
Q
=
S

810 12990120




	Hyperactivation of sympathetic nerves drives depletion of melanocyte stem cells

	Diverse stressors induce hair greying

	Stress leads to loss of MeSCs

	Noradrenaline drives loss of MeSCs

	Finding the source of noradrenaline

	Stress drives hyperproliferation of MeSCs

	Transcriptome analyses of MeSCs

	Blocking proliferation preserves MeSCs

	Discussion

	Online content

	Fig. 1 Stress depletes MeSCs.
	﻿Fig. 2 Noradrenaline drives hair greying.
	﻿Fig. 3 Hyperactivation of the sympathetic nervous system depletes MeSCs.
	﻿Fig. 4 Noradrenaline drives MeSCs out of quiescence.
	﻿Fig. 5 Inhibition of aberrant MeSC proliferation prevents stress-induced hair greying.
	﻿Extended Data Fig. 1 Effects of stress on the hair pigmentation.
	Extended Data Fig. 2 Loss of MeSCs in three different models of stress.
	Extended Data Fig. 3 Stress-induced hair greying is not mediated by corticosterone or immune attack.
	﻿Extended Data Fig. 4 Perturbations of the noradrenaline–ADRB2 pathway.
	﻿Extended Data Fig. 5 Activation of the sympathetic nervous system by nociception-induced stress or sympathetic-nerve-specific inducible Gq-DREADD.
	﻿Extended Data Fig. 6 Analysis of apoptosis and proliferation of MeSCs and the effect of RTX or noradrenaline on mature melanocytes.
	Extended Data Fig. 7 Differential gene expression in normal and stressed MeSCs.
	Extended Data Fig. 8 Proliferation analysis of RTX-injected mice that were treated with CDK inhibitors chemically or genetically.




