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Abstract

Hair graying depends on the altered presence and functionality of hair follicle melanocytes.
Melanocyte stem cells (MelSCs) reside in the bulge of hair follicles and give rise to migrating

and differentiating progeny during the anagen phase. Aging, genotoxic stress, redox stress, and
multiple behavior-associated acute stressors have been seen to induce hair graying by depleting
the MelSC pool, a phenomenon which is accompanied by ectopic pigmentation of these cells,
followed by their depletion from the stem cell niche. This aberrant differentiation produces a

state from which a return to stem cell-like quiescence appears to be lost. The cellular features of
stress-induced hair graying have been extensively studied in murine models. Here we describe a
method to assess and quantify human hair follicle MelSC differentiation by measuring ectopically
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pigmented MelSCs in isolated human hair follicles exposed to specific stress signal mediators.
lonizing radiation, hydrogen peroxide and noradrenaline have been shown to cause hair graying
in mice. We demonstrate here that isolated, ex vivo cultured human hair follicles exposed to these
treatments display similar ectopic pigmentation within the bulge area which is accompanied by
induction of differentiated melanocytic markers. This study suggests that as in murine models,
stress signaling induces closely matching phenotypic changes in human hair follicles which can be
monitored and studied as a surrogate model for early steps in human hair graying.
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INTRODUCTION

Hair color is determined by melanin-producing cells called melanocytes. Melanocytes

are derived from a stem-cell population called melanocyte stem cells (MelSCs), which
reside within the bulge region of the hair follicle. The normal hair cycle is divided into
regeneration (anagen), degeneration (catagen) and resting (telogen) phases.! During the
anagen phase, MelSCs from the bulge become activated and differentiate into melanocytes.
These differentiated cells migrate from the bulge region in the outer root sheath downward
into the bulb,2while self-renewal of MelSCs continues to maintain a stem cell pool close to
the bulge.2® The balance between differentiation and self-renewal/maintenance of MelSCs
is critical for the ongoing repigmentation component of subsequent hair follicle cycles.
The follicular melanocytes are progressively lost during hair graying. This loss has been
attributed to numerous impaired processes, including death of bulbar melanocytes, failure
in migration of MelSCs, or depletion of MelSCs.5-12 Here, we focus on the depletion of
MelSCs, which has been identified in the context of hair graying in multiple mouse models
and in human aging.2>13-15

MelSC depletion in mice has been attributed to several factors, including, genotoxic
stressors,11:16 and other acute stressors (psychological or physical nociceptive stressors).1”
The prevalent mechanism of MelSC depletion was seen to involve premature differentiation
of the stem cells within the niche. The stem cell state is by definition associated with
maintenance of an undifferentiated state. Therefore, an aberrant signal capable of inducing
premature differentiation appears to remove the stem-like state in this limited pool of
MelSCs. The premature differentiation of MelSCs is evidenced by increased expression of
the key regulator of melanogenesis, microphthalmia associated transcription factor (MITF),
and multiple of its target genes including tyrosinase related protein-1 (TRP-1) and tyrosinase
related protein-2 (TRP-2) that are involved in melanin synthesis.1416-19 |n addition,
premature differentiation of MelSCs is characterized by production of ectopic pigmentation
within the same cells.1416-18 While most of the experimental results regarding MelSC
maintenance are derived from animal models, only limited data on human hair follicle
MelSC maintenance are available due in part to the absence of convenient experimental
models for assessing the dynamics of the human follicle.
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Ectopically pigmented MelSCs should be detectable using brightfield microscopy of

intact hair follicles. We hypothesized that isolated human hair follicles might be capable

of exhibiting similar ectopic pigmentation if exposed to known mediators of MelSC
pigmentation and attrition, as derived from previous animal models. To test this hypothesis,
we isolated human hair follicles and treated them ex vivo with ionizing radiation (IR),
hydrogen peroxide (H,O5) or noradrenalin (NE), three treatments previously seen to induce
ectopic pigmentation of MelSCs within the outer root sheath (ORS) as well as eventual
hair graying in mice.16-17 Each treatment modality produced an increase in ectopically
pigmented cells within the ORS, accompanied by increased expression of the melanogenic
enzymes, TRP-1 and TRP-2. The results demonstrated similar findings as seen within the
animal models, supporting the hypothesis that premature differentiation of the MelSCs

is similarly a key fate for human MelSCs after genotoxic and acute stress signals, and
providing a tractable preclinical model for testing this pathway using human hair follicles.

MATERIALS AND METHODS

Isolation of human scalp hair follicles

Human scalp specimens were anonymized, discarded tissue samples obtained from elective
face-lift surgeries. The Mass General Brigham Institutional Review Board approved the
anonymized tissue study. Individual hair follicles were isolated as previously described.20
Briefly, the tissues were rinsed with wash solution (0.1 M phosphate buffered saline pH
7.4, 1000 U/mL Penicillin, Img/mL streptomycin, 25 ug/mL Fungizone) until all traces of
blood and debris were removed. The hair follicles were dissected from surrounding dermal,
subcutaneous tissue using a fine tweezers (#5, Roboz Surgical Instrument, Switzerland) and
a scalpel (#15, Covidien, MA, USA) under the dissection microscope. The hair follicles
were individually cultured in a semi-solid agarose medium containing William’s E medium
(Invitrogen) supplemented with 2 mM glutamine, 10 ng/mL hydrocortisone, 10 pg/mL
insulin, and 2% agarose. Only the hairs from the anagen VI phase with matured and
pigmented hair shafts were used for the research. Follicle cycle stages were determined
using professional criteria that include considerations of hair bulb status as well as
pigmentation, melanin distribution and features of the hair matrix.2! Damaged hair follicles
(e.g., unpigmented and artificial colored hairs and hairs in catagen or telogen stages) were
discarded, as described previously.2022-25

The induction of ectopic pigmentation

Ectopic pigmentation was induced by y-ray exposure at doses of 4, 8, or 12 Gy (Cesium
Irradiator). Hair follicles were treated with 1%, 2%, or 3% H,O,, then incubated in a semi-
solid agarose William’s E medium for the indicated periods of time. Ectopic pigmentation of
MelSCs was identified by observing the hair follicles under brightfield microscopy (Nikon,
SMZ1500, Japan). The percentage of hair follicles with ectopic pigmentation was calculated
by dividing the number of hair follicles with ectopic pigmentation by the total number of
follicles analyzed.
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Tissue immunohistochemistry analysis

For whole mount preparation, individual hair follicles were fixed with 4% paraformaldehyde
(PFA) (Thermo Fisher Scientific, 50980487) for 30 minutes at room temperature and
incubated for 1 hour in a blocking buffer containing 10% goat serum (Sigma Aldrich,
G9D23) and 5% BSA (Sigma Aldrich, A3294). The hair follicles were subsequently
incubated with diluted primary antibodies overnight at 4°C. TRP-2 (abcam, ab74073;
1:100), Ki67 (abcam, ab15580; 1:100), TRP-1 (abcam, ab186929; 1:100), and yH2AX
(abcam, ab81299; 1:100) were used as the diluted primary antibodies. The hair follicles
were then incubated with 1:500 diluted secondary antibodies for 1 hour at room temperature.
Alexa Fluor 594 (goat anti-rabbit 1gG; Thermo Fisher Scientific, A-11012) and Alexa

Fluor 488 (goat anti-rabbit 1gG; Thermos Fisher Scientific, A-11008) were used as the
diluted secondary antibodies. Nuclei was labeled with VECTASHIELD Mounting Medium
containing DAPI (Vector Laboratories, H-1200).

In the TUNEL assay, cell death was detected by TUNEL staining (TdT-mediated dUTP-
digoxigenin nick end labeling technique) using the “in situ cell death detection kit”

(Roche Diagnostics, 11684795910). Images were captured using confocal microscopy (Zeiss
Axio Observer Z1 Inverted Phase Contrast Fluorescence microscope). Standard microscopy
techniques were used to adjust brightness, contrast, focus, and image capture.

Immunolabeling for y-H2AX and CD200

Tissue samples were embedded in OCT compound (Thermo Fisher Scientific, 23730625).
10 um-thick tissue sections were cut longitudinally along the hair follicles. Cryosections
were fixed in 4% PFA at room temperature for 10 minutes and incubated in blocking
buffer (5% normal goat serum in PBS containing 0.5% Triton X-100 (Sigma-Aldrich,
T9284) for 1 hour at room temperature. Cryosections were incubated with diluted primary
antibodies overnight at 4°C. Sections were washed in PBS containing 0.01% Tween 20
(Sigma-Aldrich, P7949) and incubated with diluted secondary antibody for 2 hours at
room temperature. Sections were washed in PBS containing 0.01% Tween 20 and mounted
with VECTASHIELD Mounting Medium containing DAPI (Vector Laboratories, H-1200).
Images were captured with rhodamine (CD200; Thermo Fisher Scientific, LS-C149902),
Cy5 (y-H2AX), DAPI and bright field (pigment) using confocal microscopy (Zeiss Axio
Observer Z1 Inverted Phase Contrast Fluorescence microscope). Standard microscopy
techniques were used to adjust brightness, contrast, focus, and image capture.

Detection of cellular reactive oxygen species (ROS)

The redox-sensitive fluorescent dye chloromethyl-2”, 7”-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA,; Life Technologies, C6827) was used to measure intracellular
ROS accumulation. Hair follicles were isolated from the scalp. The follicles were then
subject to hydrogen peroxide treatment (3% H,05) for 2 hours, and CM-H,DCFDA was
added to the samples to assess overall ROS production. After diffusion into the cells,
CM-H,DCFDA was deacetylated and subsequently oxidized by ROS to form CM-DCF,

a highly fluorescent product positively proportional to the degree of ROS, which can be
assessed by confocal microscopy. Both brightfield and fluorescence images were obtained
from the same follicle regions.
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Noradrenaline treatments of hair follicles

Noradrenaline (Sigma-Aldrich, 489350) stock solution was prepared freshly by dissolving
in a sterile agueous solution containing 0.1% ascorbic acid and 0.9% NaCl to a final
concentration of 10 mM. Butoxamine (Sigma-Aldrich, B1385) was dissolved in ultrapure
water to a final concentration of 10 mM as a stock solution. Isolated human hair follicles
were incubated with William’s E medium containing 0.1 mM noradrenaline or 0.1 mM
Butoxamine.

Statistical analysis

GraphPad Prism software (\Version 8.4.3 (471)) was used to perform two-tailed Student’s
Etest, two-way ANOVA test and Fisher’s exact test (as indicated in the figure legends). P <
0.05 is considered statistically significant.

RESULTS

Genotoxic stress induces ectopic pigmentation in isolated human hair follicles

Premature differentiation of MelSCs resulted in the depletion of the MelSC pool followed
by hair graying in mice and included the appearance of ectopic pigmentation.1426 Based
on this mechanism, we developed an assay to evaluate MelSC pigmentation and expression
of differentiation genes within human hair follicles. We reasoned that signals inducing
premature differentiation may be observable by brightfield microscopy as hyperpigmented
cells within the ORS or bulge area due to the increase of melanin production (Figure 1) as
observed /n vivowithin aging or stress-associated hair follicles in mice and in human aging
hair follicles.14.16-17

In order to establish a human ex vivo experimental protocol for monitoring abnormal MelSC
differentiation, isolated human hair follicles were first exposed to ionizing radiation (IR) or
hydrogen peroxide, two treatment modalities previously shown to potently trigger premature
differentiation (Figure 1).18 Upon either treatment, Ki-67- and TUNEL-positive cells
exhibited no significant changes (Figures 2A and 2B). Although increases in proliferation

or apoptosis after the treatments were not seen, IR-induced DNA damage signaling was
increased as evidenced by the increase in yH2AX-positive cells within the bulge area
(CD200-positive area; Figure 2C).

Thirty minutes after IR, pigmented cells were observed by brightfield microscopy in

the ORS region where yH2AX-positive cells (green) were also visible (Figure 3A).
Correspondingly, pigmented cells also appeared around ROS-positive cells in the ORS

after H,0, treatment (Figure 3B). The proportions of follicles with ectopic pigmentation

in the ORS area after ionizing radiation or H,O, treatments were greatly increased, when
compared with control follicles (Figures 3C and 3D). To confirm whether the pigmented
cells expressed differentiation-associated melanocyte factors, we examined the expression of
the melanogenic enzyme, TRP-1, which is expressed in differentiated melanocytes, but not
in melanocyte stem cells.18-19.27 Co-localization of TRP-1-positive cells with the pigmented
cells was seen (Figure 3E). These data suggest that the pigment-containing cells in the ORS
area are indeed ectopically pigmented melanocytes and that genotoxic stress after IR or
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hydrogen peroxide treatments triggered their differentiation in the stress-induced ex vivo
human hair follicle model.

Noradrenalin-induced ectopic pigmentation can be blocked by B-2 antagonist, butoxamine

Recently, we have reported a link between acute stress and hair graying.1” We showed

in mouse models that acute stress triggered the sudden release of the neurotransmitter
noradrenalin (NE) from sympathetic neurons. This caused a shift of MelSCs from quiescent
to proliferative states, which were followed by their rapid differentiation and depletion from
the niche.1” We wished to test whether this adrenergic signal might similarly induce ectopic
pigmentation of MelSCs in the human ex vivo hair follicle assay.

Isolated human HFs were treated with either NE or vehicle for 24 hours. The NE treatment
significantly increased the number of hair follicles with pigmented cells at the ORS (Figures
4A and 4B). We further measured the melanogenic enzyme TRP-2. The TRP-2-positive
cells increased in the ORS of NE-treated HFs (Figure 4B). These results confirmed that the
pigmented cells observed under the microscope were indeed melanocytes and that NE could
trigger the premature differentiation as indicated by the presence of dark pigment.

NE binds to the ADRB2 receptor (p-2 adrenergic receptor) on MelSCs to mediate stress-
induced hair graying.1” We therefore asked whether treatment with a p-2 adrenergic
antagonist could prevent the induction of premature differentiation/pigmentation by NE.
Although the initial treatment with NE increased the number of pigmented cells in the

ORS (Figures 4C and 4D), concurrent treatment with NE and butoxamine, a p-2-selective
antagonist, abolished formation of the NE-induced pigmented cells. These data indicate that
NE, similar to genotoxic stress, induced premature differentiation of MelSCs and/or the
amelanotic melanocytes within the human hair follicle niche; moreover, blocking the p-2
receptor prevents this stress-induced endpoint of the early stage of the hair graying pathway
within human follicles.

DISCUSSION

The studies reported here established an ex vivo hair follicle model for monitoring abnormal
differentiation of the MelSCs in which dissected human follicles were incubated with or
without known hair-graying associated triggers, and ectopic pigmentation/differentiation of
melanocytes was assessed. Hyperpigmentation associated with the premature differentiation
of MelSCs was originally identified as a key event accompanying the progressive

loss of MelSCs in the aging hair follicles of mice and man.1416 This phenotype of
ectopically pigmentated melanocytes at the bulge was observed in genetic mouse models
associated with multiple hair-graying conditions.11:14.16.18.28-30 prior analyses demonstrated
appearance of pigmented cells within the bulge region that accompanied hair graying,
suggesting that the ectopic pigmentation is a potentially useful marker for incomplete
MelSC maintenance.114.16.18,28-30

It should be noted that although human and murine hair follicles share most of the essential
features, structure and signaling pathways, there are several fundamental differences
between the species.®22 For instance, the human scalp hair can remain in anagen for
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several years whereas in mice the dorsal hair is at anagen for only 2-3 weeks. Furthermore,
the reaction to several stimulators of hair growth is sometimes different. One striking
example is the opposite reaction between mouse and human hair follicles to prolactin and
estrogen.3! While pregnant and lactating mice have prolonged telogen phase32 in the scalp,
the proportion of anagen HFs increased.33 Our approach reveals that, similar to the in vivo
context in mice, human hair follicles can respond to genotoxic, reactive oxygen species,

or sympathetic neurotransmitter stress signals with measurable induction of premature
differentiation of MelSCs and/or the amelanotic cells, a mechanism which has been shown
in mice to result in depletion of the MelSC pool. However, other mechanisms could in
principle also contribute to melanocyte depletion, and they have not been specifically
examined in the current study.®:13:34-35 For example, it will be interesting to examine the
question of whether gender may contribute differentially to the behavior of hair follicles
using this assay.

The identification of MelSCs has been mainly based upon their unique geographic
localization in the bulge—sub-bulge area and on the absence of melanin pigments.2 However,
other populations of unpigmented immature melanocytes exist in the mid-lower ORS

and even in the periphery of the bulb (amelanotic melanocytes). These populations also

lack visible melanin pigments, do not express TRP-1, and are considered to be partially
differentiated melanocytes. Therefore, they have been suggested as progenitor melanocytes
derived from MelSCs.19:36-37 However, the role of these populations is incompletely
understood and will be valuable to further elucidate.19-36

Here, we have identified the bulge using CD200;38-40 however, we cannot exclude the ORS
amelanotic cells from among the cells that were analyzed in this model. Nevertheless, the
combination of the increase in pigmentation and expression of TRP-1 and TRP-2, indicate
premature melanocytic differentiation of the cells.

The ex vivo hair follicle assay described here might facilitate future studies involving tests
of various conditions that could affect premature/ectopic melanocytic differentiation. For
example, deficiencies in certain nutrients (e.g., vitamins B-6, B-12, D and E, and biotin)
and the use of certain drugs (e.g., chloroquine) can contribute to premature graying through
unknown mechanisms.#1-42 [t is also important to consider that certain forms of hair graying
do not involve melanocyte stem cell loss!3:3443 (or perhaps involve a replenishment of these
cells) such as hair repigmentation that has been observed after c-Kit-targeted therapy or
various other exposures.#4-45

In conclusion, we present here a preclinical model of ex- vivo cultured human hair follicles
that is amenable to experimental manipulation and appears to recapitulate early steps in

the stress- and aging-associated gray hair pathway in which melanocyte stem cells become
prematurely differentiated. While the role of incomplete MelSC maintenance in hair graying
has been demonstrated in multiple experimental or aging-related contexts, effective and
predictable therapeutic strategies to prevent or reverse hair graying in humans have yet to be
developed. The system described herein may provide a useful tool for such research.
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Figure 1. A schematic for evaluation of melanocyte stem cell and amelanotic melanocyte
differentiation.

Exposure of hair follicles to irradiation (IR), hydrogen peroxide (H,0,) or norepinephrine
(NE) induces differentiation of melanocyte stem cells to pigmented cells within the niche,
which appear as darkly pigmented cells under light microscopy. a. Hair follicle before the
exposure, where the melanocyte stem cells at the bulge and the amelanotic melanocytes at
the ORS are unpigmented. b. Hair follicle after exposure to a stressor, where the melanocyte
stem cells and the amelanotic melanocytes can be observed as pigmented, dark cells. ORS,
outer root sheath; IRS, inner root sheath; HS, hair shaft.
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Figure 2. Effect of genotoxic stress (hydrogen peroxide and ionizing radiation) on viability and
DNA damagein isolated human hair follicles.
Human hair follicles (HFs) were isolated and irradiated (8 Gy) or treated with 3%

hydrogen peroxide. A. Viability was tested at days 0, 2, 5 and 7 post treatment using
immunofluorescent staining for Ki-67 (a proliferation marker; red) and TUNNEL assay
(apoptosis; green) in the ORS (Scale bar; 50um). B. Ki-67-and TUNNEL-positive cells were
quantified and normalized to DAPI-positive ORS cell counts. Data are mean + standard error
of mean (SEM). n = 2 human donors; 48-50 hair follicles from each donor were analyzed;
n.s., not significant; p values were determined by two-way ANOVA. C. Immunofluorescent
staining of hair follicles for the DNA damage marker (-y-H2AX; purple), for hair follicle

at the bulge (CD200; red), and for nuclei (DAPI). Scale bar, 50um. The percentage of
v-H2AX-positive cells were calculated out of the total DAPI-positive cells at the bulge area
(CD200-positive area). Data are mean = SEM. 48-50 hair follicles were analyzed from each
of 2 independent donors. p values were calculated by the two-tailed Student’s #test; p < 0.05
is considered statistically significant.
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Figure 3. Induction of ectopic pigmentation by IR and H>O5 in the niche of human HFs.
A. Human HFs were isolated and irradiated (8 Gy). The pigmented cells are observable

under brightfield microscopy (black spots). Human HFs were immunolabeled with CD200
(bulge; red) and yH2AX (a DNA damage maker; green). Scale bar, 100um. The pigmentated
cells are indicated by white Arrow. B. Isolated human HFs were treated with 3% H,0O, for

2 hours. ROS-positive cells were immunolabeled with CM-H,DCFDA (green) at the bulge
area of the hair follicles. The black-pigmented cells appear around the ROS-positive cells
(white arrow). White line-scale bar, 20um; black line-scale bar, 100um C. Representative
follicle showing ectopic pigmentation after IR and H,O5 treatment. EPM, ectopically
pigmented melanocytes. Black line-scale bar, 20um; white line-scale bar, 100um. D.
Quantification of pigmentation efficiency (percentage of HFs with EPM divided by the total
number of HFs) 3 days post treatment. n = 8 human donors, 29 to 99 hair follicles. p values
were calculated by the Fisher’s exact test; p < 0.05 is considered statistically significant. E.
Immunofluorescent staining of TRP-1 (red) for human HFs after IR (8 Gy). Arrow indicates
ectopic pigmentation co-localized with TRP-1 staining.
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Figure 4. Noradrenaline induces ectopic pigmentation in the ORS, which can be prevented by
blocking the B-2 adrenergic receptor.

A. Human HFs were isolated and treated with 0.1mM noradrenaline, or vehicle (deionized
distilled water) for 24 hours. n = 2 different human donors, 117 to 128 hair follicles. p value
was calculated by the Fisher’s exact test; p < 0.05 is considered statistically significant.

B. Immunofluorescence staining of hair follicles for the melanocytic marker, TRP-2 (Red).
Brightfield images of the isolated hair follicles with ectopic pigmentation observed as black
cells as indicated by red arrows. Scale bar, 20um. C. Isolated human HFs were treated

with vehicle (deionized distilled water), noradrenalin (0.1 mM), or noradrenalin (0.1 mM) +
butoxamine (0.1 mM) for 24 hours. EPM, ectopically pigmented melanocytes. n = 1 human
donor, 19 to 24 hair follicles. p values were calculated by the Fisher’s exact test; p < 0.05 is
considered statistically significant. D. Representative brightfield images of the isolated HFs.
Scale bar, 20pm.
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