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offers a novel approach for treating scalp alopecias
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ABSTRACT Balding causes widespread psychological
distress but is poorly controlled. The commonest treat-
ment, minoxidil, was originally an antihypertensive
drug that promoted unwanted hair. We hypothesized
that another serendipitous discovery, increased eyelash
growth side-effects of prostamide F, -related eyedrops
for glaucoma, may be relevant for scalp alopecias.
Eyelash hairs and follicles are highly specialized and
remain unaffected by androgens that inhibit scalp
follicles and stimulate many others. Therefore, we
investigated whether non-eyelash follicles could re-
spond to bimatoprost, a prostamide F,  analog recently
licensed for eyelash hypotrichosis. Bimatoprost, at
pharmacologically selective concentrations, increased
hair synthesis in scalp follicle organ culture and ad-
vanced mouse pelage hair regrowth in vivo compared to
vehicle alone. A prostamide receptor antagonist blocked
isolated follicle growth, confirming a direct, receptor-
mediated mechanism within follicles; RT-PCR analysis
identified 3 relevant receptor genes in scalp follicles in
vivo. Receptors were located in the key follicle regula-
tor, the dermal papilla, by analyzing individual follicu-
lar structures and immunohistochemistry. Thus, bi-
matoprost stimulates human scalp follicles in culture
and rodent pelage follicles in vivo, mirroring eyelash
behavior, and scalp follicles contain bimatoprost-sensi-
tive prostamide receptors in vivo. This highlights a new
follicular signaling system and confirms that bimato-
prost offers a novel, low-risk therapeutic approach for
scalp alopecias.—Khidhir, K. G., Woodward, D. F.,
Farjo, N. P., Farjo, B. K., Tang, E. S., Wang, J. W,,
Picksley, S. M., and Randall, V. A. The prostamide-
related glaucoma therapy, bimatoprost, offers a novel
approach for treating scalp alopecias. FASEB J. 27,
557-567 (2013). www.fasebj.org
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HAIR LOSS DISORDERS, SUCH AS androgen-dependent
male pattern baldness (androgenetic alopecia; ref. 1)
or alopecia areata, a putative autoimmune disease of
both sexes (2), cause significant psychological distress
(3, 4). Negative effects on the quality of life are
reported even in men who have never sought treatment
(3) and are particularly pronounced in women and
adolescents (5). This is not surprising, given hair’s
importance in human social and sexual communica-
tion in all cultures (6, 7). Androgen-stimulated in-
creases in hair size on the axilla and pubis signal
adulthood in both sexes, while those on the face
produce the beard, advertising the sexually mature
man (6, 8, 9). This can occur because of the unique
regenerative power of hair follicles. Each follicle is an
individual miniature organ that goes through regular
cycles of growth, regression, rest, and shedding (10, 11)
where the existing hair is replaced with a new one. The
new hair may be similar to its predecessor or differ in
size and color. In androgenetic alopecia, androgens
cause the gradual replacement of long terminal scalp
hairs with shorter, finer ones until they become the
virtually invisible, vellus hairs of bald skin (1, 7).
Unfortunately, hair loss disorders are currently
poorly controlled; available therapies either have lim-
ited effectiveness or unwanted side effects (12, 13).
Interestingly, the main therapies for androgenetic alo-
pecia were developed for other conditions. Minoxidil
(Rogaine), which opens ATP-sensitive potassium chan-
nels (14), is an example of a serendipitous drug;
originally an oral antihypertensive, this application was
discontinued because it stimulated unacceptable hair
growth in many areas (15). Finasteride (Propecia),
which reduces androgen effects by blocking testosterone
metabolism to the more active ba-dihydrotestosterone,
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was initially designed for prostate disorders (16, 17). More
recently, increased eyelash growth has been reported as
an unexpected side effect of certain eye drops used to
reduce intraocular pressure in glaucoma (18). The
drugs involved are some prostaglandin F,, (PGF,,)-
related analogs, such as latanoprost, and the prosta-
mide Fy-related analog, bimatoprost. The prostamides
are a recently discovered group of biological lipids,
which are related to prostaglandins, but which contain
a terminal ethanolamide group and which target dif-
ferent receptors (refs. 19, 20; see Fig. 1). Whether they
form a signaling system in the hair follicle is not known.
Interestingly, not all prostaglandin F, related glau-
coma drugs which successfully reduce intraocular pres-
sure stimulate eyelash growth; some have mixed effects,
even including some inhibition e.g., unoprostane iso-
propyl (Rescula; ref. 21), and others have no apparent
effects e.g.,, PGF,, tromethanine salt (22). This variable
response resembles the situation with antihypertensive
potassium channel-opening drugs when taken orally;
effects range from the major stimulation caused by
minoxidil, through little effect in adults with diazoxide
but increased growth in children, to no noticeable
effect (reviewed in ref. 14). Bimatoprost (Latisse) was
licensed for the treatment of hypotrichosis of the
eyelashes by the FDA in December 2008 (NDA 022369).
The ideal treatment for scalp alopecia is an externally
applied (topical) substance, which would act locally
to stimulate hair growth only in specific target areas
with no side effects. If bimatoprost also stimulates
scalp hair follicles, it could have great promise for
use in scalp alopecias, as it causes marked stimulation
of eyelash growth after local application; minoxidil’s
effect is much less topically than via the original oral
ingestion (15).

Eyelashes are highly specialized, short hairs that have
evolved to protect the eyes from foreign objects. They
have marked differences to scalp hairs, and their folli-
cles lack the normal arrector pili muscle (23). Never-
theless, eyelashes are produced by hair follicles and are
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Figure 1. Comparison of PGF,, and prostamide F,, their
analogs, and receptors. The prostamides are electrochemi-
cally neutral biological lipids related to prostaglandins, but
with a terminal ethanolamide group. PGF,related analogs,
e.g., latanoprost, and the prostamide Fy,-related analog, bi-
matoprost, are used for glaucoma. Alternative splicing vari-
ants of FP appear to heterodimerize with FP to create a
bimatoprost-sensitive prostamide receptor (30).
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replaced regularly via the hair follicle cycle (23) like all
other hairs (10, 11). Human hair follicles also exhibit
markedly different behaviors depending on their body
site. For example, hair graying with age occurs first
above the ears before gradually spreading over the
scalp (24). There are also extreme differences in their
hormonal response. Androgens stimulate hair growth
in many areas, like the face or axilla, while inhibiting
some scalp follicles, causing balding; they have no
effect on eyelashes (7, 25). Therefore, it is not possible
to extrapolate the effect of substances on eyelashes to
scalp or other follicles. It is important to determine
whether bimatoprost can stimulate the growth of other
types of hair follicles.

Why eyelash stimulation occurs with this glaucoma
therapy is unknown; possibilities include stimulating
blood flow to the eyelashes, increasing the production
of follicle stimulatory factors by other dermal compo-
nents (26), or direct effects on the eyelash follicles
themselves. Working on the hypothesis that bimato-
prost will act directly on follicles, we initially investi-
gated whether bimatoprost could stimulate growth in
isolated scalp hair follicles in organ culture. Human
scalp anagen hair follicles have an exciting and fasci-
nating ability to grow in organ culture for several days,
maintaining the epithelial-mesenchymal interactions
(27, 28) and cell division necessary for the ordered
synthesis of new pigmented hair seen in vivo (ref. 14;
see Fig. 2); any growth stimulation under these condi-
tions cannot be due to effects on the vasculature or
other dermal components (26, 29). To determine
whether non-eyelash follicles could also respond in
vivo, bimatoprost effects were assessed in black mice.
This approach takes advantage of the ability to see new
black hair growth easily in the pink unpigmented skin,
once the fully formed resting (telogen) hair is removed
externally with clippers (26). Bimatoprost was applied
topically, i.e., via external application to the skin, as this
is the preferred approach for alopecia treatment. To
clarify whether the bimatoprost effects were through
specific prostamide receptors within the scalp follicles,
the ability of the prostamide antagonist, AGN 211336
(19, 20) to block growth in isolated organ culture was
also investigated.

To relate these organ culture and living animal
observations to human scalp in vivo, the expression of
appropriate prostanoid receptor genes was examined
in scalp hair follicles. These included the gene for the
native PGF,,, receptor, FP, and five alternative splicing
variants of FP. One of these, FP splice variant 4 (al-
tFP4), appears to heterodimerize with FP to create a
bimatoprost-sensitive prostamide receptor (30). The
glaucoma drugs darken eyelashes, as well as increase
their length (18). This could be via separate actions on
the keratinocytes, which make the hair, and the mela-
nocytes that produce the color pigments; alternatively,
it could occur via a single regulatory component that
interprets the signals to other follicular cell types. The
mesenchyme-derived dermal papilla, situated in the
center of the hair bulb at the follicle base, regulates
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Figure 2. Sequential photomicrographs of human scalp hair follicles growing in organ culture. A) Isolation of hair follicles from
scalp skin. Left panel: scalp skin, showing hair follicles and skin layers. Right panel: isolated hair follicle, demonstrating the hair
fiber, hair matrix (pigmented in the upper hair bulb and unpigmented below), dermal papilla, and CTS. B, C) Sequential
photomicrographs taken every 24 h for 9 d of individual scalp follicles in organ culture under various conditions showing growth
of hair fiber, but not the CTS. B) Some follicles showed catagen-like changes in hair bulb morphology. By d 5, pigmentation
had ceased, and the base of the hair fiber was retracting upward, leaving behind a ball of dermal papilla cells. C) Most
follicles maintained bulb anagen morphology and increased in length over 9 d. Follicles were cultured in control medium
(left), 100 nM bimatoprost (center), or 100 nM bimatoprost and AGN 211336 (AGN; 1 wM; right). Scale bars = 200 wm

(A, B); 500 pm (C).

many aspects of follicular activity by producing para-
crine signals to control other follicle cells (31, 32).
Therefore, it may be the site of any coordinated re-
sponse to a drug. To determine which mechanism is
involved, the location of prostamide receptors in scalp
hair follicles ¢n vivo was investigated by immunohisto-
chemistry on frozen skin sections and by reverse tran-
scription—polymerase chain reaction (RT-PCR) using
separately microdissected dermal papillae, hair bulb
matrix (containing keratinocytes and melanocytes), the
connective tissue sheath (CTS) surrounding the bulb,
and other follicular components.

MATERIALS AND METHODS

Skin samples

Human scalp skin from nonbalding areas (occipital and
parietal) was obtained from healthy individuals undergoing
elective cosmetic surgery with written consent and approval
by the University of Bradford Ethics Committee. For organ
culture investigations, 1 woman and 14 men, aged 22 to 48,
donated skin; samples were collected into sterile universal
tubes (25 or 50 ml) containing basic culture medium: Wil-
liam’s E medium supplemented with 10 pg/ml insulin, 10
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ng/ml hydrocortisone, 2 mM 1r-glutamine (Life Technolo-
gies, Paisley, UK), and 10 U/ml penicillin. Unless specified,
Sigma-Aldrich (Dorset, UK) supplied all materials. Supplies
were transported on ice and stored at 4°C until hair follicles
were isolated within 24 h of removal. For molecular biological
investigations, small skin samples (~1 cm®) from 7 men (aged
32-45) and a woman (aged 46) were placed into sterile
universal tubes (10 ml) containing RNA stabilization solution,
RNAlater, to inhibit RNases. They were transported on ice
and kept at 4°C overnight to allow tissue penetration by
RNAlater before storage at —20°C until analyzed. For immu-
nohistochemical investigations, skin samples from 3 men
(aged 36—42) and 2 women (aged 43 and 48) were collected
as for organ culture, cut into small pieces, embedded in
optimal cutting temperature (OCT) compound, and stored
at —80°C.

Isolation of scalp hair follicles and individual follicular
components

Anagen scalp hair follicles were microdissected individually
from each sample under a Leica MZ8 dissecting microscope
with fiberoptic cool illumination (Leica Microsystems, Wet-
zlar, Germany)using sterile equipment and plastic ware. Each
sample was transferred to a petri dish containing sterile
phosphate buffered saline (PBS; Oxoid, Basingstoke, UK) for
organ culture or RNAlater at 4°C for molecular biological
studies. Samples were cut at the level of the dermal-subcuta-
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neous fat interface (see Fig. 2) using a scalpel blade, and
intact lower follicles were then gently pulled from the subcu-
taneous fat using fine forceps. Isolated follicles were pooled
into a fresh dish of cold PBS or RNAlater, and each follicle
was gently cleaned of any attached dermis or subcutaneous fat
using 27.5-gauge sterile syringe needles. Special care was
taken to ensure that follicles were not damaged during
isolation, as undamaged follicles are essential for successful
culture (ref. 14; see Fig. 2). To investigate hair follicle gene
expression, the lower follicles were microdissected from 60
follicles from each of 5 individual’s samples; these were
processed separately. To localize gene expression in specific
follicle tissues, 125 follicles from each individual were further
microdissected to obtain: the dermal papillae, the hair ma-
trix, the CTS surrounding the hair bulb, and the follicle
between the top of the bulb and the sebaceous gland attach-
ment. This last part was then divided into the lower follicle
above the bulb and the area containing the bulge, i.e., the
epithelial and melanocyte stem cells (refs. 33, 34; see Fig. 6).
Each component from each of 3 men was analyzed separately.

Hair follicle organ culture

Isolated follicles were carefully transferred to an individual
well of a 24-well plate (Corning Glassworks, Corning, NY,
USA) containing 1 ml of appropriate medium. Basic culture
medium (see Skin Samples, above) was supplemented with
either bimatoprost (10, 100 and 1000 nM) or prostamide
antagonist AGN 211336 (1uM); both were dissolved in a stock
solution of 0.001% dimethyl sulfoxide (DMSO) prepared
using a sonicating water bath (Dawe Instruments, Middlesex,
UK). Control medium was only supplemented with 0.001%
DMSO. All media were sterile-filtered (0.2 pm; Sarstedt,
Niimbrecht, Germany) before use. At least 6 hair follicles
from each individual were cultured in each condition, main-
tained free-floating at 37°C in an atmosphere of 5% CO, and
95% air in a humidified incubator. Medium was changed
every 3 d, taking care not to damage the follicles.

Statistical assessment of hair follicle growth in culture

Hair follicles were assessed for follicle bulb morphology,
photographed using a Nikon Coolpix 4500 digital camera
(Nikon, Tokyo, Japan) and measured every 24 h for 9 d, using
an inverted microscope (Leitz Labovert FS; Leica Microsys-
tems). Follicles showing no growth after 3 d were classed
“nonviable” and excluded. The mean value per person for
each hair growth parameter under each treatment was deter-
mined before calculation of each sample mean. Data from
each experimental group were analyzed for normal distribu-
tion using the Kolmogorov-Smirnof test. The effect of the
different treatments with time on the daily rate of growth,
percentage of follicles remaining in anagen, and total
amount of hair follicle produced in culture was analyzed by
2-factor, within-subjects analysis of variance using the SPSS
statistical analysis program (SPSS, Chicago, IL, USA). If the
sample means of the different experimental groups differed
significantly (P<0.05), they were compared using Student’s
paired ¢ test with Sidak’s correction for multiple comparisons.

Assessment of the effects of topical bimatoprost on mouse
hair growth

Female C57BL/6] mice (cat. no. 000664; Jackson Laboratory,
Bar Harbor, ME, USA), aged 7 wk, were randomly distributed
into 4 groups to avoid any sibling bias and housed in groups
of 5 with standard diet food pellets and water available ad
libitum. Initially, dorsal hairs were removed externally by
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shaving (~2X6 cm) using an electric trimmer (Wahl Stylique
Designer/Liner pet trimmer; 919179; Petco, San Diego, CA,
USA) revealing pink skin. From the next day, termed d 0,
each mouse was treated topically with either the vehicle alone
(ethanol:propylene glycol:water 3:5:2) or 0.03, 0.10, or 0.30%
bimatoprost in the vehicle for 14 d; 10 mice were used for
each condition. The appropriate solution (70 ul) was rubbed
gently into the dorsal skin of each mouse daily; new gloves
were worn for each treatment type. Hair growth was recorded
daily for each animal for 42 d, and dorsal photographs were
taken atd 0, 7, 14, 17, 21, 24, 28, 31, 35, and 42. The first day
of anagen, defined as the first day when visible darkness could
be seen that subsequently increased and progressed to visible
black hair, was recorded for each animal. To calculate mean
values, the first day of growth was designated as d 43 for any
mouse showing no hair growth signs by the last day. The day
when the shaved dorsal area was fully covered with new black
hairs, i.e., there was no pink skin remaining and no visible
difference in hair length to the adjacent unshaved areas, was
also recorded.

Molecular biological investigations

Total RNA was isolated from scalp anagen follicles or isolated
follicular components immediately after microdissection, as
described previously (14) using a GenElute Mammalian Total
RNA kit or RNeasy Mini Kit (Qiagen, Hilden, Germany), and
quality was checked by agarose gel electrophoresis (1.5%)
before further purification to isolate poly(A")RNA using a
GenElute mRNA Miniprep kit. Because of the limited amount
of tissue components, component poly(A")RNA was ampli-
fied before cDNA synthesis using the Smart mRNA amplifi-
cation kit (Clontech Laboratories, Mountain View, CA, USA)
following the manufacturer’s instructions. Briefly, a modified
oligo(dT) primer containing several additional nucleotides
was used to initiate first-strand cDNA synthesis by Moloney
murine leukemia virus (MMLV) reverse transcriptase; this
sequence with additional sequences, primarily deoxycytidine,
at its 5’ end, was used to generate double-stranded cDNA
incorporating the additional sequence, containing a T7 RNA
polymerase promoter. Finally, sense RNA was transcribed in
vitro using T7 RNA polymerase; reinitiation and elongation
continued in the presence of limiting amounts of ribonucle-
otides to produce linear amplification of mRNA.

RT-PCR was used to investigate the expression of mRNA
for FP and splice variants of FP. To remove any contaminating
genomic DNA, mRNA samples were treated with DNase I
(Invitrogen, Paisley, UK), and cDNAs were synthesized imme-
diately using the avian myeloblastosis virus (AMV) reverse-
transcription system (Promega, Southampton, UK), as de-
scribed previously (14); cDNA was portioned into 10 pl cDNA
aliquots for storage at —20°C. PCR amplification was per-
formed using 10 pl of ¢cDNA in a 50 pl reaction volume
containing 0.3 puM concentrations of forward and reverse
primers (Sigma-Genosys Ltd., Pamisford, UK), 200 uM con-
centrations of each dNTP (Promega), 5 pl of 10X reaction
buffer (200 mM Tris-HCI, pH 8.4, and 500 mM KCI; Invitro-
gen), 1.8 uM (FPs) or 2.5 mM (B-actin) MgCl, (Invitrogen),
and 2.5 U of recombinant TagDNA polymerase (Invitrogen).
Negative controls in which nuclease-free water replaced cDNA
were run with each PCR reaction. Primers for $-actin were from
Shorter et al. (14); those for all splice variants of FP and native FP
(altFPs) were from Liang et al. (30); those for altFP2-5 were
from U.S. patent 7320871 (SEQ ID no. 37 and 38); and those for
FP and altFP1 were designed from the human FP gene (Gen-
Bank accession no. NC_000001.10) using the Ensembl Genome
Browser (http://www.ensembl.org).

The primers were as follows: B-actin (GenBank NM_001101),
forward 5-ATCTGGCACCACACCTTCTACAATGAGCTGCG-3'
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and reverse 5-CTCATACTCCTGCTTGCTGATCCACATCTGC-
3’; altFPs, forward 5-TGCAATGCAATCACAGGAAT-3" and re-
verse 5'-CACTCCACAGCATTGACTGG-3'; altFP5, forward
5'-AGCTCCTGGCGATAATGTGT-3" and reverse 5'-
CCYYCHCAAYAHYCCYCCAA-3'; altFP4, forward 5'-AGC
CCATTTCTGCGATAAGA-3" and reverse 5'-GTTCTGG
AGCCTCAGGTGTC-3'; altFP3 and altFP2, forward 5'-
GAGCCCATTTCTGGGATACA-3" and reverse 5'-AGTGCC
TCTCTTCACCCTCA-3'; altFP1, forward 5'-GTGGTGT
GTGCTTGTTTGCTG-3" and reverse 5'-GCTAGGTGCTT-
GCTGATTTCTCTGC-3"; FP, forward 5'-CGATGCCAT-
CATCACAGAAG-3" and reverse 5'-CTGAGCAGCTTCTCT
GGCTT-3'.

Initial denaturation of c¢cDNA at 95°C for 5 min was
followed by 35 cycles of PCR amplification. Cycling conditions
for B-actin were 35 cycles of 95°C for 1 min, annealing at 55°C
for 1 min, and 72°C for 1 min (14); cycling conditons for FP,
altFPs, altFP4, and altFP1 were 95°C for 30 s, 53°C for 30 s,
and 72°C for 30 s. A final extension period of 10 min at 72°C
completed the thermocycling before cooling at 4°C (30).
PCR products were analyzed by gel electrophoresis on a 1.5%
Tris acetate-EDTA (TAE) agarose gel (Invitrogen), as de-
scribed previously (14).

To confirm product identity, the PCR process was repeated
with thin-walled PCR tubes (VWR International, Poole, UK)
using the thermocycler with the hot lid. Products were
separated on a low-melting-point 1.5% agarose gel, excised,
and purified using the MinElute Gel Extraction kit (Qiagen,
Crawley, UK), following the manufacturer’s instructions, be-
fore sequencing by Geneblitz (Sunderland, UK). Results were
compared with the known published sequences using the
U.S. National Center for Biotechnology Information (NCBI)
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Basic Local Alignment Search Tool (BLAST) program
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi).

Immunohistochemistry

Immunohistochemistry was performed to confirm protein
expression and localize FP in the hair follicle. Vertical frozen
sections of human occipital scalp (5-7 wm thick) were cut
using a Leica cryostat (CM 1800) and collected on poly-L-
lysine-coated slides to increase adherence (14). Special care
was needed during sectioning to orient the specimen to
obtain longitudinal sections of follicles. Immunohistochemis-
try was performed as described previously (14), using 2
different polyclonal goat antibodies to FP, sc-5789 and sc-
32461, and another for the nonrelevant potassium channel
membrane protein, SUR2A (Santa Cruz Biotechnology, Santa
Cruz, CA, USA; ref. 14), at 1:75 dilution at 4°C for 18 h in a
moist chamber to avoid dehydration. Antibodies were diluted
in 1.5% normal mouse serum in PBS. Sections were examined
and photographed using a Nikon Eclipse 80i light microscope
with a Nikon ACT-2U photographic system.

RESULTS

Bimatoprost-stimulated human scalp hair follicle
growth in organ culture

To investigate whether bimatoprost could affect scalp
hair follicle growth in the absence of any blood
supply, isolated hair follicles (Fig. 2) were grown in
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Figure 3. Bimatoprost stimulated scalp hair follicle growth in organ culture, and a prostamide F,, receptor antagonist blocked
this stimulation. Anagen follicles were assessed daily for morphological changes and measured, while cultured with either
vehicle alone (control), or bimatoprost (10, 100, and 1000 nM) with or without a specific antagonist. Values are means = St of
5 individuals for each experiment; =6 follicles/person were examined for each condition. In control medium, hair follicles
increased in length (A, D); the number of follicles remaining in anagen gradually declined (B, E). Bimatoprost increased scalp
follicle growth rate at 10 nM (P<<0.01) and 100 and 1000 nM (P<0.001) (A), number of anagen follicles at 10 nM (P<0.01) and
100 and 1000 nM (P<<0.001) (B), and the total amount of hair produced at 10 nM (P<0.01) and 100 and 1000 nM (P<0.001)
(C). The FP receptor antagonist AGN 211336 at 1 uM abolished the stimulatory effects of 100 nM bimatoprost on all parameters
of scalp follicle growth in organ culture (P<0.01; D-F). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control.
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organ culture for 9 d in serum-free medium with
daily observation of their morphology, measurement,
and photography. The number of follicles remaining
in anagen and the increase in hair follicle length
were recorded each day. The overall amount of hair
actually produced by all the follicles was calculated
using the final increase in length of each follicle on
d 9, or on the last day the follicle maintained normal
anagen morphology (Fig. 2B). Scalp follicles grew
well in control medium, showing synthesis of new
epithelial hair fiber and root sheath, but not the CTS
(Fig. 2C). Most (~70%) increased in length for 9 d
(Figs. 2C and 3A), maintaining their anagen mor-
phology (Figs. 2C and 3B). There was a gradual
increase in the number showing catagen-like changes
in the hair bulb with the hair fiber moving upward,
losing contact with the regulatory mesenchyme-de-
rived dermal papilla, which became rounded into a
ball of cells (Fig. 2B).

All three concentrations of bimatoprost stimulated
human scalp hair follicles to grow faster in organ
culture (Fig. 34); 10 nM promoted growth significantly
by ~15% (P<0.01), while 100 and 1000 nM had a
greater effect of ~25% (P<0.001). They also pro-
longed anagen on d 9 by ~7% with 10 nM bimatoprost
(P<0.01) and ~10% with 100 and 1000 nM (P<0.001)
(Fig. 3B). Bimatoprost also stimulated the overall
amount of hair synthesized in organ culture (Figs. 2C
and 3C); this increased by ~20% from 0.482 * 0.021

mm/follicle (means*sE) in control medium to 0.575 =
0.023 mm/follicle with 10 nM (P<0.01), by ~35% to
0.648 £ 0.024 mm /follicle with 100 nM (P<<0.001) and
by ~33% to 0.639 = 0.024 mm/follicle with 1000 nM
(P<0.001).

Topical bimatoprost promoted new hair follicle
growth in mice in vivo

To establish whether bimatoprost could also stimulate
non-eyelash follicles in vivo, particularly when supplied
through the skin, the effects of topical bimatoprost on
rodent pelage hair growth were assessed. After shaving,
the dorsal skin of all mice remained pink, confirming
that the hair follicles were in telogen (Fig. 4; d 0).
Control animals receiving only the vehicle showed few
skin changes until about d 28; 2 mice never showed any.
In contrast, bimatoprost application for 14 d signifi-
cantly (P<0.001) advanced the next hair cycle at all
concentrations, with new hair growth clearly visible on
d 14 in some mice given both higher amounts. The first
sign of anagen occurred at 38.0 * 4.23 d (mean¥*sk) in
control animals, while 0.03% bimatoprost brought this
forward to 17.0 = 0.85 d, and 0.10 and 0.8% even earlier,
to 12.7 = 1.16 and 12.4 = 0.83 d, respectively (Fig. 4).
This advancement of anagen extended across the dor-
sal area, despite treatment stopping after 14 d. Al-
though no control mice had started anagen in all their
dorsal follicles after 6 wk, 30% of the mice given the
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Figure 4. Topical application of bimatoprost promoted hair growth in mice in vivo. Bimatoprost applied topically to female mice
for 2 wk stimulated resting (telogen) follicles to start to grow i.e., enter the next hair cycle (anagen). Pink skin visible in d 0
photographs confirms telogen status. Growing hairs are initially seen as darkening skin until black hair projects outside the skin
(as seen in sequential photographs of individual animals). Bimatoprost (Bim) at 0.03, 0.10, and 0.30% significantly (P<0.001)
advanced the first day at which anagen was visible, compared to the vehicle alone (top graph) and increased the percentage of
animals in which all follicles on the back had grown at d 42 (bottom graph). n = 10/treatment. ***p < 0.001 vs. control.
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smallest amount of bimatoprost clearly exhibited ana-
gen over the whole area, and this increased to 80 and
90% with the higher quantities. Overall, although the
lowest dose of bimatoprost had a lesser effect, there was
little difference between the two higher amounts.

Prostamide receptor antagonist, AGN 211336,
blocked bimatoprost stimulation of scalp hair follicle
growth

To determine whether the bimatoprost stimulation was
a receptor-mediated response, the effect of the prosta-
mide receptor antagonist, AGN 211336, on bimato-
prost-stimulated hair follicle growth was investigated
using follicles from 5 further people. The antagonist at
1 pM abolished the stimulatory effects of 100 nM
bimatoprost on all parameters of scalp hair follicle
growth in organ culture (P<0.01): the hair growth rate
(Fig. 3D), the percentage of follicles in anagen (Fig.
3E), and the amount of hair synthesized (Figs. 2C and
3F). All remained at control levels.

Scalp hair follicles express the genes for prostanoid
receptors in vivo

To determine whether human scalp hair follicles
actually contain appropriate receptors in vivo to
allow them to respond to bimatoprost, the expression
of prostanoid receptor genes in scalp follicles was
investigated by RT-PCR using skin samples collected

altFPs FP altFP1

1234567812345 67812345678
1000 bp -

500 bp >
300 bp =+

100 bp -+
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and transported in a RNA stabilization reagent. Total
and poly(A+)RNA were successfully extracted from the
lower follicles of individually microdissected anagen
scalp follicles from a further 5 people, and the quality
of each individual’s cDNA was confirmed by PCR using
primers for P-actin, a highly expressed cytoskeletal
protein (data not shown). When the expression of
prostanoid receptor transcripts was examined using a
primer pair which detected the PGFo, receptor, FP, and
all the known prostamide receptor splice variants of FP
(30), 3 bands were seen (Fig. 5). Their sizes suggested
native FP, altFP4, and small amounts of another, possi-
bly altFP1. Further RT-PCR reactions, using 6 sets of
specific primers for FP and 5 splice variants, readily
identified FP, altFP1, and altFP4 genes in scalp hair
follicle ¢cDNA from 5 individuals (Fig. 5); sequence
analysis verified these genes against the relevant human
sequence in GenBank. FP variants altFP2, altFP3, and
altFP5 were not detected (data not shown).

Location of prostanoid receptors in scalp hair
follicles

Immunohistochemistry of frozen scalp skin using two
different antibodies to FP showed strong staining in the
dermal papillae and the CTS surrounding the hair
bulb, but not in the epithelial keratinocytes or the
melanocytes of the hair bulb (Fig. 5). The expression of
relevant prostanoid receptor genes was also examined
by RT-PCR in isolated components of 3 individuals’

altFP4
123 45678

Figure 5. Human scalp anagen hair follicles
expressed the genes and protein for three pro-
stanoid receptors. Top panel: agarose gel elec-
trophoresis of PCR products (30 wl) of hair
follicle cDNAs from isolated scalp hair follicles
from each of 5 individuals showed bands corre-
sponding to 3 prostanoid receptors, with a
primer pair for native FP and all known altFPs.
These 3 bands correspond to the native FP
receptor (~321 bp) and 2 larger altFPs that
include the same parts of the native FP se-
quence plus the relevant intron sequences. Spe-
cific primers for FP (1080 bp), altFP1 (392 bp),
and altFP4 (141 bp) gave appropriately sized
bands. AltFP2, altFP3, and altFP5 were not
detected (data not shown). Lanes 1 and 8, DNA
ladder (100-1500 bp); lanes 2—-6, PCR products
from 5 follicle cDNAs; lane 7, negative control
without cDNA. Bottom panels: immunohisto-
chemical analysis of scalp cryosections localized
FP protein in the hair bulb in the dermal
papilla and CTS with two primary antibodies for
human FP (B, C, I, G). No staining occurred
with omission of the primary antibody (4, E)
nor with the nonrelevant antibody (D, H).
Normal dark pigment (melanin) is visible in
the hair bulb. DP, dermal papilla; CTS, con-
nective tissue sheath; HM, hair matrix. Red,
positive staining; blue, hematoxylin counter-
stain. Scale bars = 150 pm (A-D); 100 pm
(E-H).
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Figure 6. Localization of three prostanoid receptor genes
only in the scalp hair follicle dermal papilla and CTS.
Amplified poly(A")RNA from isolated scalp follicle compo-
nents (A) from 3 individuals showed varying expression of
prostanoid receptors despite equal expression of B-actin (B).
With primers detecting native FP and all altFPs, three bands
were seen only in isolated mesenchyme-derived tissues, the
dermal papilla (DP), and the CTS surrounding the hair bulb
(B). None were visible in the hair bulb matrix (M), the bulge
(B), or the remaining lower follicle (LF). With specific
primers for each gene, native FP, altFP1, and altFP4 were also
only detected in the dermal papilla and CTS (see Table 1).

hair follicles (Fig. 6A4). RT-PCR with (B-actin primers
confirmed that each component cDNA was of appro-
priate quality and quantity (Fig. 65). When the primer
pair for native FP and all splice variants of FP was used,
only the dermal papillae and CTS samples exhibited
any bands; each tissue produced 3 bands (Fig. 6B),
resembling those seen in whole follicles (Fig. 5). Fur-
ther analyses in each component from each individual
using the specific primer sets also detected only FP and
splice variants altFP1 and altFP4 in dermal papilla and
CTS samples (verified by sequence analysis). No altFP2,
altFP3, or altFP5 expression was detected in any sample
(Table 1).
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DISCUSSION

The difference between producing a long or short
human hair is primarily due to alterations in the
length of anagen, the growing part of the hair growth
cycle, rather than the rate of hair growth, which is
relatively constant ¢n vivo. Anagen varies from several
years in large terminal scalp follicles forming long
hairs, to only a few weeks for short finger hairs (35).
During the androgenetic alopecia balding process,
scalp follicle anagen is substantially reduced, and
follicles spend much longer in the resting phase,
telogen (36). Human hair follicle organ culture was
used here to assess whether bimatoprost, a prosta-
mide Fo, analog, which stimulates eyelash growth as
a side effect of glaucoma eyedrop treatment or when
used as a topical treatment for eyelash hypotrichosis,
can also act on scalp hair follicles. The method,
based on Philpott et al. (37), was extended to include
daily observation of follicle morphology and length
measurement, modifications that reveal more detail.
These allow assessment of any effects on anagen
length and provide a more precise rate of growth,
since the final hair length can be related to the
number of days that the follicle was actually growing.
They also enable a more accurate measurement of
these increases, since false “growth” caused by up-
ward movement of hairs when follicles enter the
catagen-like stage is avoided. The overall alteration
in hair length over the experimental period incorpo-
rates both the effects on anagen and growth rate.

Bimatoprost caused individual isolated scalp hair
follicles from 10 different people to stay in anagen
longer in organ culture, and about one-third more
new hair was synthesized over 9 d with 100 and 1000
nM (Fig. 3). The effect was dose responsive, although
raising the concentration to 1000 nM caused no
further increases; this would concur with the satura-
tion of a receptor-mediated effect, as reported in
other tissues (19, 38, 39). Notably, these results
demonstrate that bimatoprost can stimulate growth
in human scalp hair follicles, as well as specialized
eyelash follicles.

Bimatoprost eyedrops also stimulate mouse eyelash
growth in vivo (40). Here, its promotion of early
anagen in mouse dorsal skin follicles after topical

TABLE 1. Expression of native FP and two splice variants was
restricted to two components of scalp hair follicles

Dermal Hair Bulb Lower Bulge
Primers papilla matrix CTS follicle region
All altFPs ([0 XXX (M XXX XXX
AltFP1 (m XXX [ XXX XXX
AltFP2 XXX XXX XXX XXX XXX
AItFP3 XXX XXX XXX XXX XXX
AltFP4 (m XXX [ XXX XXX
AltFP5 XXX XXX XXX XXX XXX
FP ([0 XXX (M XXX XXX

See Fig. 6.
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application (Fig. 4) confirms that the bimatoprost
response is also not restricted to the specialized
eyelash follicles in vivo. This initiation of anagen is a
significant aspect of the action from the clinical
perspective because of the increased time androge-
netic alopecia hair follicles spend in telogen (36) and
the need to prompt early entry into anagen to
reinitiate hair growth in patients after chemotherapy
(41). Minoxidil is also reported to cause this effect
(15). The ability to stimulate pelage hair growth by
topical application in vivo is also an important asset.
Although there are differences between human and
mouse skin that prevent direct comparison, topical appli-
cation is the most appropriate method for alopecia treat-
ments, as the required areas can be targeted, reducing any
potential side effects, such as increasing hair growth in
inappropriate places, as occurred when minoxidil was
initially given orally (15).

Because bimatoprost stimulated isolated scalp fol-
licle growth in organ culture, where there is no
possibility of involving alterations in blood supply,
interactions with other skin tissues, or circulating
cells, direct effects on follicles via specific receptors
in hair follicle cells are the most likely method of
action. The saturation of the effect at receptor-
relevant concentrations (Fig. 3) and the ability of the
potent prostamide antagonist, AGN 211336, with a
pA, of 7.6 against the prostamide receptor (20), to
block the stimulatory effects of bimatoprost on both
hair growth parameters in this dynamic bioassay (Fig.
3) also indicate a receptor-mediated response.

The presence of appropriate prostanoid receptors
in human scalp hair follicles in vivo (Fig. 6 and Table
1), combined with the organ culture observations,
strongly suggest that scalp follicles have the ability to
respond with increased growth in vive. The identifi-
cation of genes for the known bimatoprost receptor,
FP/altFP4 (30) in scalp hair follicles in vivo (Fig. 6
and Table 1), combined with the prostamide recep-
tor antagonist’s prevention of any effect (Fig. 3C),
also indicate that bimatoprost acts directly on hair
follicles wvia receptors within them. Studies in FP-
deficient mice confirm FP gene expression is essen-
tial for bimatoprost effects on intraocular pressure in
the eye (42). The location of FP protein (Fig. 5) and
the gene expression of FP and splice variants altFP4
and altFP1 (Fig. 6 and Table 1) only in the mesen-
chyme-derived dermal papilla and CTS is particularly
interesting. The dermal papilla determines the type
of hair a follicle forms by producing paracrine signals
to control other follicular functions (31, 32); the
lower follicular CTS can replace this function (28).
Reports of prostaglandin-metabolizing enzymes and
FP in human scalp cultured dermal papilla cells (43,
44) support this localization in the dermal papilla.
The absence of any relevant prostanoid receptors in
the bulb keratinocytes, which form the hair or the
melanocytes that produce the pigment and the bulge
region, the site of epithelial (33) and melanocyte
stem cells (34) strongly suggests that the dermal

BIMATOPROST: A NEW APPROACH FOR ALOPECIA

papilla is coordinating follicular responses of in-
creased pigmentation and growth in anagen follicles.
Both PGF,, and prostamide F,, bind to transmem-
brane G,q protein-coupled receptors (Fig. 1), which
trigger intracellular signaling, resulting in increased
intracellular Ca®* levels (30). Presumably, this will
alter the gene expression of paracrine factors pro-
duced by the dermal papilla, which influence the
activity of the bulb keratinocytes and melanocytes
(see Fig. 7). This parallels the mechanism of andro-
gen action in hair follicles (7, 25) and could include
increasing production of stem cell factor (SCF), a
pigmentstimulating factor reduced in androgenetic
alopecia (45) and/or reducing that of TGF-B, an
inhibitory factor associated with balding (46).
Overall, these experiments demonstrate that the
prostaglandin-related glaucoma drug bimatoprost
can stimulate growth in non-eyelash hair follicles in
mice in vivo and human scalp hair follicles in dy-
namic organ culture, i.e., mirroring the stimulation
of eyelashes known to occur in vivo. These strong
similarities in responses by eyelash and scalp follicles
contrast with their differing physiology (23), biolog-
ical responses to androgens (7), and aging pigmen-
tary changes (23). The effects of bimatoprost and its
antagonist in hair follicle organ culture suggest that
the in vivo action is via direct effects on prostanoid
receptors within the follicles themselves, rather than
indirect effects involving the vasculature or other
surrounding tissues. This is strongly supported by the
gene expression of prostanoid receptors, FP, and its
splicing variants, notably the altFP4 variant that

Melanocyte
(indirect target)

o— =)
. Connective
Bimatoprost tissue
sheath
Keratinocytes I Dermal papilla
(indirect target) N cell Hair
Bimatoprost (direct target) t bulb
Dermal papilla

Figure 7. Possible mechanism for the stimulation of hair
growth by bimatoprost. Bimatoprost stimulates eyelash
growth in vivo, human scalp hair growth in organ culture, and
mouse pelage hair growth in vivo. In our hypothesis, these
effects are due to bimatoprost binding to appropriate recep-
tors on the plasma membrane of cells in the regulatory
dermal papilla in the hair bulb (middle panel). This probably
stimulates intracellular signaling pathways, which trigger al-
terations in the gene expression of paracrine signals and their
extracellular release. Some of these factors would leave the
dermal papilla, crossing the basement membrane, isolating it
from the rest of the follicle, to stimulate the coordinated
activity of the keratinocytes and melanocytes to produce
increased hair growth and pigmentation. Red dots indicate
FP and/or prostamide F,, receptors, blue arrows indicate
direction of movement of paracrine factors.
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forms a bimatoprost-sensitive activation site with FP
(FP/altFP4; refs. 20, 30), in scalp hair follicles and
isolated dermal papillae and CTS in wvivo. These
results indicate that prostamide receptors and pros-
tamides may be part of a previously unrecognized
signaling system within the follicle. Certainly, non-
steroidal anti-inflammatory drugs, such as ibuprofen,
naproxen, and indomethacin, have been associated
with hair loss for many years; these drugs inhibit the
enzymes cyclooxygenase-1 and -2, which catalyze
early steps in the synthesis of prostaglandins and
prostamides (47, 48). Interestingly, the current main
treatment for alopecia, minoxidil, increased prosta-
glandin synthesis in cultured dermal papilla cells
(47). Since the development of new treatments for
distressing hair growth disorders, such as alopecia
and hirsutism, is hampered by our lack of under-
standing of hair follicle biology, the specific roles of
prostaglandins and prostamides in hair follicles re-
quire further analysis. The hair follicle’s regenerative
capacity in adults, partially recapitulating embryonic
development, with its unique ability to alter the next
fully formed state in response to external signals (7)
means this system may also have implications for
developmental biology (49). Notably, these results
demonstrate that bimatoprost offers a novel, and
apparently low-risk, approach for treating scalp alo-
pecias, which should reduce the significant problems
associated with these distressing conditions.
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