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Glial cell line-derived neurotrophic factor (GDNF),
neurturin (NTN), and their receptors, GDNF family
receptor a-1 (GFRa-1) and GDNF family receptor a-2
(GFRa-2), are critically important for kidney and ner-
vous system development. However, their role in skin
biology, specifically in hair growth control, is as yet
unknown. We have studied expression and function
of GDNF, neurturin, GFRa-1, and GFRa-2 in murine
skin during the cyclic transformation of the hair fol-
licle (HF) from its resting state (telogen) to active
growth (anagen) and then through regression (cata-
gen) back to telogen. GDNF protein and GFRa-1 mes-
senger RNA are prominently expressed in telogen
skin, which lacks NTN and GFRa-2 transcripts. Early
anagen development is accompanied by a significant
decline in the skin content of GDNF protein and
GFRa-1 transcripts. During the anagen-catagen tran-
sition, GDNF, GFRa-1, NTN, and GFRa-2 transcripts
reach maximal levels. Compared with wild-type con-
trols, GFRa-1 (+/-) and GFRa-2 (—/—) knockout
mice show a significantly accelerated catagen devel-
opment. Furthermore, GDNF or NTN administration
significantly retards HF regression in organ-cultured
mouse skin. This suggests important, previously un-
recognized roles for GDNF/GFRa-1 and NTN/GFRa-2
signaling in skin biology, specifically in the control of
apoptosis-driven HF involution, and raises the possi-
bility that GFRa-1/GFRa-2 agonists/antagonists might
become exploitable for the treatment of hair growth
disorders that are related to abnormalities in catagen
development. (Am J Pathol 2000, 156:1041-1053)

The hair follicle (HF) represents an ectodermal-mesen-
chymal interaction unit that displays unique, life-long,
cyclic transformations between stages of rapid growth
and production of a pigmented hair shaft (anagen), ap-
optosis-driven regression (catagen), and relative resting
(telogen). Every phase in the hair cycle is characterized
by defined, tightly choreographed programs of tissue
proliferation, differentiation, and apoptosis, that are con-
trolled by the local balance of numerous growth-stimula-
tory and -inhibitory signals.’® Among these growth-mod-
ulatory factors, several members of the transforming
growth factorp/bone morphogenetic protein (TGFB/BMP)
superfamily are recognized to play an important role,
notably during HF morphogenesis and regression.®—'2
Therefore, it is interesting to explore which role other,
more recently discovered members of this superfamily
may play in the biology of hair growth.

Glial cell line-derived neurotrophic factor (GDNF),
neurturin (NTN), artemin, and persephin, which share
about 40% of amino acid sequence homology, are re-
cently identified, distant members of the TGFB superfam-
ily, which are grouped together in the GDNF family of
growth factors.’®'® The biological activity of GDNF and
NTN is mediated by their correspondingly high affinity
receptors, GDNF family receptor a-1 (GFRa-1) and
GDNF family receptor a-2 (GFRa-2), respectively, both
sharing an intracellular-signaling component, the protein
tyrosine kinase c-ret.'” -2 GDNF also shows lower-affinity
interactions with GFRa-2, and NTN is able to bind with
low affinity to GFRa-1.20723

Analyses of the distribution of GDNF, NTN, GFRa-1,
and GFRa-2 messenger RNAs (mRNAs) during embryo-
genesis have identified wide expression patterns of these
molecules outside of the nervous system, most notably
under conditions of prominent epithelial-mesenchymal
interactions, such as during kidney, gut, lung, and tooth
development.?*~33 Indeed, the suggested role of GDNF
in kidney organogenesis was confirmed by mice with null
mutations of GDNF, GFRa-1, or c-ret genes, all of which
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are characterized by severe defects in kidney morpho-
genesis and in the developing of the enteric nervous
system.®*=2° During kidney development, GDNF is se-
creted by the metanephric mesenchyme and increases
cell proliferation, motility, and migration into the adjacent
renal epithelium, thus playing a critical role in the out-
growth and branching of epithelial structures.***’

It was recently shown by gene targeting that NTN and
GFRa-2 are essential for the development of postgangli-
onic parasympathetic neurons, innervating lacrimal and
salivary glands, and small intestine.**3 Although NTN-
or GFRa-2-deficient mice are viable and fertile, there are
no systematic studies available on the development in
these mice of those organs that require epithelial-mesen-
chymal interactions during the development of tooth,
lung, or kidney. This encourages exploration of the role of
GDNF/GFRa-1- and NTN/GFRa-2-mediated signaling in
the epithelial-mesenchymal interactions that underlie HF
development and cycling.®>""

The GDNF gene is transcribed in embryonic skin,
where GDNF mRNA was detected in both epithelial and
mesenchymal components of vibrissae HF.2%27 In addi-
tion, expression of NTN, GFRa-1, and GFRa-2 mRNA was
found in the developing vibrissa follicles.?9:%%:33 Whereas
the involvement of other members of the TGFB superfam-
ily, like TGFB-1 through 3, BMP-2, and BMP-4, in the
control of HF development and cycling is now well ap-
preciated,® 124445 the roles of GDNF and NTN in these
processes remain to be defined.

Because the telogen-anagen transformation of each
hair cycle recapitulates several aspects of HF morpho-
genesis,® and because the control of HF cycling, espe-
cially of the anagen-catagen transition, is of paramount
clinical importance for the pathogenesis and manage-
ment of hair growth disorders,?*® we have focused on
exploring the role of GDNF, NTN, GFRa-1, and GFRa-2 in
HF cycling. GDNF, NTN, GFRa-1, GFRa-2, and c-ret
expression were characterized during all stages of HF
cycling in normal adolescent C57BL/6 mice, using en-
zyme-linked immunosorbent assay (ELISA), semiquanti-
tative reverse transcription—polymerase chain reaction
(RT-PCR), in situ hybridization (ISH), and immunohisto-
chemistry. In addition, HF cycling was compared by
quantitative histomorphometry among heterozygous
GFRa-1 knockout (+/—), homozygous GFRa-2 knockout
(—=/-), and the corresponding age-matched wild-type
mice.®**3 Finally, the functional effects of GDNF and NTN
on HF cycling in vitro were assessed, using established
skin organ culture techniques. Taken together, these
studies provide evidence that GDNF and NTN modulate
both anagen and catagen development, and that GFRa-
1/GFRa-2 signaling serves as an important mechanism
for driving HF cycling in adolescent skin.

24,25

Materials and Methods

Animal Models and Tissue Collection

C57BL/6 mice were purchased from Charles River
Breeding Laboratories (Sulzfeld, Germany) and housed

in community cages at the animal facilities of the Charité
(Virchow Campus, Berlin, Germany). GFRa-1 knockout
(+/—) and GFRa-2 knockout (—/—) mice were housed at
the animal facilities of the Washington University School
of Medicine (St. Louis, MO) and University of Helsinki
(Helsinki, Finland). All mice were fed water and mouse
chow ad libitum and were kept under 12-hour light/dark
cycles.

GFRa-1 and GFRa-2 knockout mice were generated
using conventional gene-targeting techniques as de-
scribed previously, and genotyping of mutant animals
was performed using PCR protocols for the mutated al-
leles.®**® Homozygous GFRa-1 knockout (—/—) mice die
shortly after birth due to the absence of the kidney,
whereas heterozygous GFRa-1 knockout (+/—) and ho-
mozygous GFRa-2 knockout (—/—) mice are viable, fer-
tile, and display no obvious, macroscopically visible hair
growth abnormalities.3943

Active hair growth (anagen) was induced by depilation
of the back skin of 6- to 9-week-old C57BL/6 female mice
in the telogen phase of the hair cycle as described pre-
viously.*” In C57BL/6 mice, all key hair cycle stages*®
were studied, using at least five mice per time point:
telogen (untreated skin), anagen II-VI (3-12 days after
anagen induction by depilation [p.d.]), and catagen
(17-19 days p.d.).>4”

For the analysis of spontaneous HF cycling in infantile
GFRa-1 knockout (+/—), GFRa-2 knockout (—/—), and
the corresponding wild-type mice, skin was harvested 17
days after birth (P17), and four to five mice of every strain
were studied (note that around P17 murine back skin HF
enter synchronously into HF cycling by induction of their
first catagen phase).>4°°° |n all experiments, the neck
region of the back skin was harvested parallel to the
vertebral line and was embedded, using a special tech-
nique for obtaining longitudinal cryosections through the
HF from a defined site.®’

Determination of Skin GDNF Protein Content by
ELISA

For protein extraction, full-thickness samples of C57BL/6
mouse back skin, dissected at the level of the subcuitis,
including the panniculus carnosus muscle at distinct
stages of the induced hair cycle,*” were pulverized in
liquid nitrogen.™®2 Per 100 mg of skin, 0.5 ml of lysis
buffer (50 mmol/L Tris/HCI, pH: 8.0, 150 mmol/L NaCl, 1
mmol/L ethylenediaminetetraacetic acid, 1 mmol/L phe-
nylmethylsulfonyl fluoride, 5 mmol/L iodacetamid, 10
mg/ml aprotinin, 0.2% sodium dodecyl sulfate, 1% non-
idet, 1% Triton X-100) was added, and then samples
were lysed in an ultrasonic bath for 10 minutes. After 1
hour of shaking at 4°C, the mixture was sonicated again
in the ultrasonic bath for 10 minutes. The solution was
centrifuged for 30 minutes at 14,000 X g and 4°C, and
the supernatants were frozen and stored at —80°C.
Quantification of the GDNF protein was performed in
three independent experiments using a commercially
available ELISA-kit by the manufacturer’s instructions
(Promega, Madison, WI). Then data were pooled, means



and standard errors of the mean (SEM) were calculated,
and Student’s t- and analysis-of-variance (ANOVA) tests
were used for statistical analyses.

RT-PCR

Semiquantitative RT-PCR analysis of GFRa-1, GFR«-2,
and constitutively expressed B-actin was performed as
previously described.'®%2 Total RNA was isolated from
full-thickness back skin samples (homogenized in liquid
nitrogen), using a single-step guanidine thiocyanate-phe-
nol-chloroform method with RNAzol B (Biotech Laborato-
ries Inc., Houston, TX). Skin samples, including the sub-
cutaneous skeletal (panniculus carnosus) muscle layer
complementary DNA, were synthesized by reverse tran-
scription of 3 ug total RNA, using a complementary DNA
synthesis kit (Invitrogen, San Diego, CA). The following
sets of oligonucleotide primers were used: p-actin, 5'-
TGG AAT CCT GTG GCA TCC ATG AAA C and 5'-TAA
AAC GCA GCT CAG TAACAG TCC G-3’; GFRea-1,5’-GC
GGG CAA GGA AAC CAA CT and 5'-CAT AGG AGC
ACA CAG GGA CG;*® GFRa-2, 5'-TAT TGG AGC ATC
CAT CTG GG—3" and 5'-AGC AGT TGG GCT TCT CCT
TTG—3".*® Amplification was performed using taq poly-
merase (GIBCO, Grand Island, NY) over 34 cycles, using
an automated thermal cycler (Perkin EImer Cetus). Each
cycle consisted of the following steps: denaturation at
94°C (1 minute), annealing at 60°C (45 seconds), and
extension at 72°C (45 seconds). PCR products were
analyzed in three independent experiments by agarose
gel electrophoresis and enzymatic digestion, using stan-
dard methods as described. ' Staining was densitometri-
cally assessed with a video scanner using Scan Pack 2.0
(Biometra, Gottingen, Germany). Then data were pooled,
means and SEM calculated, and Student’s t- and ANOVA
tests were used for statistical analyses.

ISH

ISH was carried out on mouse skin as described.®*%°
Eight-um cryostat sections of paraformaldehyde-fixed
skin were placed on RNase-free gelatin-coated slides
and hybridized with a digoxigenin (Dig)-labeled synthetic
riboprobe (labeled at the 3’-end with Dig-dUTP) that is
complementary to bases 52-668 of the GDNF gene, to
bases 349-936 of the NTN gene, to bases 294-1039 of
the GFRa-1 gene, or to bases 37-400 of the GFRa-2
gene.'® 142756 |SH was performed at 60°C for 17 hours
with 160 ul of hybridization buffer, containing 50% form-
amide, 4X standard saline citrate, and 150 ng/ml of
riboprobe. After hybridization, the slides were first
washed in 2X standard saline citrate at 69°C for 1 hour,
then in 0.1X standard saline citrate at 69°C for 1 hour.
After washing, the slides were incubated with alkaline
phosphatase-conjugated anti-digoxigenin antibody (3
hours, room temperature), and processed for reaction
product development as described.®* Incubation of sec-
tions with ribonuclease or corresponding sense probes
was used as a negative control; cryosections of embry-
onic brain and kidney were used as positive controls.
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These controls confirmed the specificity and sensitivity of
the ISH methodology.

Immunohistochemistry

Incubation of skin cryostat sections with rabbit antiserum
against c-ret (dilution 1:100, Santa Cruz Biotechnology,
Santa Cruz, CA), followed by tetramethylrhodamine B
isothiocyanate-conjugated F(ab), fragments of goat anti-
rabbit immunoglobulin G (IgG; Jackson ImmunoRe-
search, West Grove, PA) was performed as de-
scribed.®” %9 Incubation of skin sections without primary
antiserum and cryostat sections of embryonic kidney
were used as negative and positive controls, respec-
tively. In addition, the preabsorption of primary antiserum
against c-ret with 100 ng/ml of the corresponding anti-
genic peptide (37°C, 60 minutes) was used as a negative
control. All sections were examined under a Zeiss Axio-
scope microscope and photodocumented with the help
of a digital image analysis system (ISIS MetaSystem,
Altlussheim, Germany).

Skin Organ Culture

Four-mm punch biopsies were prepared under sterile
conditions from adolescent C57BL/6 mouse back skin at
the late anagen VI to early catagen stage of the induced
hair cycle (ie, day 17 after depilation®®), following previ-
ously described skin organ culture protocols®'®? with
some modifications.®>%3 Per experimental group, 8—10
randomized skin punches, derived from the back skin of
three different mice, were placed (dermis down) on pre-
hydrated gelatin sponges (Gelfoam, Upjohn Co.,
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Figure 1. GDNF protein content (by ELISA analysis) during the induced
murine hair cycle. At distinct hair cycle stages (unmanipulated skin and day
25 p.d.: telogen, days 1-12 p.d.; anagen, days 17-19 p.d.; catagen), protein
from full-thickness back skin (including the panniculus carnosus muscle) of
C57BL/6 mice was extracted, and the content of GDNF antigen was assayed
by ELISA in three independent experiments (means * SEM of n = 5), *P <
0.05, Student’s # and ANOVA tests. The x axis lists the days after anagen
induction by depilation.
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Figure 2. Hair follicle-associated GDNF and NTN mRNA expression shows up-regulation during anagen-catagen transition. Cryostat sections (8 um thickness)
of adolescent C57BL/6 murine back skin in the defined stages of induced hair cycle (telogen, unmanipulated skin, day 0; anagen VI, 8-12 days after anagen
induction by depilation; catagen TI-VII, respectively, 17-19 days after anagen induction,””®°) were processed for GDNF and NTN mRNA detection by in situ
hybridization using corresponding Dig-labeled riboprobes'*?7 as described previously.>*>> A—H: Representative examples of expression patterns. I: A schematic
summary. A and B: Telogen expression patterns. A: GDNF mRNA in the connective tissue sheath around HFs (arrow), single basal KC in epidermis (small
arrowheads), and single HF KC (large arrowhead). Note the prominent expression in single cells in the dermis. B: Absence of the NTN mRNA in the telogen
skin. C and D: Anagen VI. C: Prominent GDNF mRNA expression in the central and proximal ORS (large arrowheads), IRS (small arrowheads), and in the hair matrix
(arrow). D: NTN mRNA in the proximal ORS (large arrowheads), IRS (small arrowheads), and hair matrix (arrows). E and F: Catagen II. E: GDNF mRNA expression
in the central and proximal ORS (large arrowheads), IRS (small arrowhead), and hair matrix (arrow). F: Prominent NTN mRNA expression in the hair matrix
(arrows). G and H: Catagen VI. G: GDNF mRNA in the ORS (arrowhead) and in the secondary hair germ (arrow). H: Weak expression of NTN mRNA in the ORS
(arrowhead) and secondary hair germ (arrow). I: Schematic representation of GDNF and NTN mRNAs during the adolescent murine hair cycle. Those cell populations
with GDNF mRNA expression are depicted as black circles, whereas those with NTN mRNA are shown in gray. The different stages of hair cycle are indicated based
on Chase (1954) with modifications.? The summary scheme was derived from analyzing >50 longitudinally sectioned follicles from the lower back of five harvested
C57BL/6 mice per time point. DP, dermal papilla; EP, epidermis; ES, epithelial strand; IRS, inner root sheath; HF, hair follicle; HM, hair matrix; HS, hair shaft; Mel, melanin;
ORS, outer root sheath; PCM, panniculus carnosus muscle; SC, subcutis; SHG, secondary hair germ. Scale bars: 100 wm.



Kalamazoo, Ml) in 35-mm Petri dishes, containing 5 ml of
Dulbecco’s modified Eagle’s medium, 10% fetal bovine
serum, 50 ug/ml L-glutamine, and antibiotic/antimycotic
mixture (GIBCO, Grand Island, NY). After the addition of
0.5-50 ng/ml human recombinant GDNF (Promega, Mad-
ison, WI) or 0.5-50 ng/ml of NTN, organ-cultured skin was
incubated at the air-liquid interphase for 48 hours at
37°C, in 5% CO, and 100% humidity. At the end of the
incubation, all skin fragments were washed repeatedly in
phosphate-buffered saline buffer at 4°C and were quick-
frozen for further processing of cryosections (see above),
or they were fixed in 4% paraformaldehyde and embedded
in paraffin for routine histology and histomorphometry.

Histomorphometry and Statistical Analysis

In adolescent skin, ISH or immunoreactive (IR) patterns
were analyzed by studying at least 50 different HFs per
mouse, and five mice were assessed per hair cycle
stage. For each stage of HF cycling, the major staining
patterns were recorded in previously prepared, comput-
er-generated schematic representations of murine HF
cycling, which allow a standardized, easily reproducible
and systematic comparison of different follicular expres-
sion patterns.® For the precise identification of the de-
fined stages of HF cycling, histochemical detection of
endogenous alkaline phosphatase activity was used as
described, because this allows visualizing the morphol-
ogy of the dermal papilla (DP) as a useful morphological
marker for staging HF cycling.®*

In the skin organ culture, the percentage of HF in
different stages of catagen was assessed and calculated
in 8—10 biopsies per group at a magnification of X400
under a Zeiss Axioscope following accepted morpholog-
ical criteria for classifying defined stages of catagen
development®3:48:49.60.64 = A tota] of 120-150 HFs in
25-40 microscopic fields, derived from 8-10 biopsies
per group, were analyzed and compared with that of a
corresponding number of HFs from the vehicle control.

Also, the percentage of HFs in defined catagen stages
was assessed in GFRa-1- knockout (+/—), GFRa-2-
knockout (—/—) mice at P17, as well as in their corre-
sponding age-matched wild-type littermates. During
these days of postnatal development, the HF, after com-
pletion of morphogenesis, begins its life-long cycle of
regression, resting and growth by spontaneous entry into
the first catagen stage.?>°° In normally cycling mice, this
occurs around P16-17, and at P20-22 all HFs in the back
skin reach telogen. All evaluations were performed by
accepted morphological criteria of HF classifica-
tion,2348:49.60 1y two independent investigators using
the blinded method. Only every 10th cryosection was
used for analysis to exclude the repetitive evaluation of
the same HF, and two to three cryosections were as-
sessed from each animal. A total of 200-350 follicles in
50-60 microscopic fields, derived from four to five ani-
mals (approximately 50—-60 follicles per animal) was an-
alyzed and compared with that of a corresponding number
of HFs from the appropriate, age-matched wild-type mice.

The distance between the epidermal stratum corneum
and the subcutis/panniculus carnosus-muscle border
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Figure 3. Semiquantitative RT-PCR of GFRa-1 and GFRa-2 mRNAs. Because
it displays the highest degree of hair cycle synchrony, GFRa-1 and GFRa-2
expression was studied in full-thickness back skin from various stages of the
depilation-induced hair cycle in adolescent C57BL/6 mice. At defined time
points, total RNA was extracted from full-thickness back skin, including the
panniculus carnosus muscle, was reverse-transcribed, and semiquantitative
RT-PCR was performed using primers specific for B-actin,'*>>* GFRa-1,>
and GFRa-2.*? A: Representative gels from one of three experiments each are
shown (days 0 and 25, telogen; days 1-12, anagen; days 17-19, catagen).
B-D: Densitometric analysis of RT-PCR signals specific for B-actin (B),
GFRa-1 (C), and GFRaGFRa-22 (D, means * SD of = 3); *P < 0.05, *P <
0.005, Student’s 7- and ANOVA tests. The x axis in B-D lists the days after
anagen induction by depilation (for corresponding hair cycle stages, see A).

was measured for the assessment of skin thickness in
GFRa-1-knockout (+/—), GFRa-22-knockout (—/-), and
the corresponding wild-type animals, as described be-
fore.®® Skin thickness was analyzed in 50-60 micro-
scopic fields, derived from four to five mutant animals,
and was compared with that of a corresponding set of
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data from four to five age-matched wild-type mice. All
data were pooled, and means and SEMs were calcu-
lated. Differences were judged as significant if P < 0.05,
as determined by the independent Student’s t-test for
unpaired samples.

Results

GDNF and NTN Expression in Normal Mouse
Skin Are Hair Cycle-Dependent and Peak during
Telogen and Late Anagen-Catagen

As an important phenomenological indicator for a possi-
ble involvement of GDNF- and NTN-related signaling in
hair growth control, total GDNF protein content in the
full-thickness adolescent mouse skin, as well as GDNF
and NTN mRNA expression, were characterized by
ELISA (Figure 1) and ISH during the induced, highly-
synchronized murine hair cycle. The observed expres-
sion patterns of GDNF and NTN mRNA are documented
by the representative examples and are schematically
summarized in Figure 2.

In unmanipulated, full-thickness adolescent C57BL/6
murine back skin with all HF in telogen, constitutive
steady-state levels of GDNF protein reached 15 pg/mg
(Figure 1). Prominent expression of GDNF mRNA was
found in interfollicular mesenchyme and in the HF con-
nective tissue sheath, whereas a relatively weak expres-
sion was seen in single basal epidermal keratinocytes
(KCs) and in HF cells located above the DP (Figure 2, A
and |). Therefore, the steady-state levels of GDNF protein
assessed by ELISA in full-thickness murine skin repre-
sent the product of intra- and extrafollicular-derived
GDNF. In contrast, no expression of NTN mRNA was
observed in telogen skin (Figure 2, B and I).

Hair cycle induction and early stages of anagen de-
velopment (anagen -1V, day 5 after anagen induction)
were accompanied by a significant decline (P < 0.05) of
steady-state GDNF protein levels, compared with telogen
and anagen |-l (Figure 1). In anagen IlI-IV skin, no ex-
pression of GDNF mRNA was seen in the epidermis,
whereas a decline of GDNF mRNA expression was ap-
parent in dermal cells, and a relatively weak expression
was found in the developing HF matrix (data not shown).
Also, the appearance of NTN mRNA expression was
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found in single cells of the dermis, in the HF outer root
sheath (ORS), and in the HF matrix adjacent to DP (not
shown).

During further anagen development (anagen VI, days
8-12 after depilation), steady-state levels of GDNF pro-
tein significantly increased compared with early anagen
skin (Figure 1). GDNF mRNA expression was seen in the
HF inner root sheath (IRS), ORS, and the hair matrix
(Figure 2, C and I). NTN mRNA was also found in the ORS
and IRS, and a particularly strong NTN mRNA expression
was seen in the hair matrix closely adjacent to the DP
(Figure 2, D and 1).

During the subsequent spontaneous catagen develop-
ment, levels of GDNF protein progressively declined
again, compared with anagen VI levels (P < 0.05; Figure
1). GDNF mRNA was still present in the IRS and ORS,
whereas a marked reduction of GDNF transcripts was
found in the regressing HF matrix (Figure 2, E and I). In
contrast, NTN mRNA was prominently expressed in the
matrix of catagen Il HF (Figure 2, F and I). It is interesting
that catagen VI-VIII skin (day 19 after depilation) was
characterized by relatively low, steady-state levels of
GDNF protein (8-9 pg/mg protein, Figure 1). However,
GDNF mRNA was still prominently expressed in the ORS
and secondary germ (Figure 2, G and 1), whereas only
weak NTN mRNA expression was seen in those compart-
ments of the catagen VI HF (Figure 2, H and I). During
subsequent telogen development (day 25 p.d.), steady-
state levels of GDNF protein were close to that of unma-
nipulated telogen skin (data not shown).

Taken together, these wave-like, hair cycle-associated
patterns of GDNF- and NTN-expression changes in nor-
mal mouse skin suggest a differential involvement of
GDNF/NTN signaling in the control of distinct hair cycle
stages, particularly during the HF anagen-catagen trans-
formation.

GFRa-1, GFRa-2, and c-ret Show Prominent
Expression in the Hair Follicle Epithelium during
Anagen-Catagen Transformation

To correlate the GDNF- and NTN- gene and protein expres-
sion in full-thickness skin with the expression patterns of

Figure 4. HF-associated GFRa-1, GFRa-2 mRNAs and c-ret-immunoreactivity are increased during anagen-catagen transition. Cryostat sections (8 pwm thickness)
of adolescent C57BL/6 murine back skin in the defined stages of induced hair cycle (telogen, unmanipulated skin, day 0; anagen VI, 8-12 days after anagen
induction by depilation; catagen 1I-VII, respectively, 17-19 days after anagen induction”**) were processed for GFRa-1, GFRa-2 mRNA detection by in situ
hybridization and for c-ret-IR by immunohistochemistry. Representative examples of expression patterns are shown in A-L, and a schematic summary is given
in M. A—C: Telogen. A: GFRa-1 mRNA in single cells of epidermis (small arrowheads) and dermis (large arrowhead), as well as in the HF connective tissue
sheath (arrows). B: Absence of the GFRa-2 mRNA in the telogen skin. C: c-ret-IR in the HF ORS (arrowhead). D and F: Anagen VI. D: GFRa-1 mRNA in the proximal
ORS (large arrowheads) and IRS (small arrowheads). E: Prominent expression of GFRa-2 mRNA in the proximal ORS (large arrowheads) and IRS (small
arrowheads), and relatively weak expression in the hair matrix (arrows). F: c-ret-IR in the proximal ORS (large arrowhead), IRS (small arrowhead), hair matrix
(arrows), and in dermal papilla (asterisk). G-I: Catagen II. G: GFRa-1 mRNA in the ORS (large arrowheads) and in the IRS (small arrowheads). H: Expression of
GFRa-2 mRNA in the proximal ORS (arrow) and IRS (arrowhead). I: c-ret-IR in the IRS (small arrowheads) and in the ORS (large arrowheads). J-L: Catagen VI.
J: GFRa-1 mRNA in the ORS (arrow) and in the secondary hair germ (arrowhead). K: expression of GFRa-2 mRNA in the ORS (arrows), secondary hair germ (small
arrowhead), and single cells of epithelial strand (large arrowhead). L: c-ret-IR in ORS (arrow) and in the secondary hair germ (arrowhead). M: Schematic
representation of GFRa-1, GFRa-2 mRNAs, and c-ret-IR during the adolescent murine hair cycle. Those cell populations with GFRa-1 mRNA expression are depicted as
black circles, whereas those with GFRa-2 mRNA are shown in gray, and those with c-ret-IR are indicated as open circles. The different stages of hair cycle are indicated
according to Chase (1954) with modifications.” The summary scheme was derived from analyzing >50 longitudinally sectioned follicles from the lower back of five
harvested C57BL/6 mice per time point. DP, dermal papilla; EP, epidermis; ES, epithelial strand; IRS, inner root sheath; HF, hair follicle; HM, hair matrix; HS, hair shaft;
Mel, melanin; ORS, outer root sheath; PCM, panniculus carnosus muscle; SC, subcutis; SHG, secondary hair germ. Scale bars: 100 wm.
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their corresponding high-affinity receptors, GFRa-1 and
GFRa-2, during different stages of HF cycling, semiquanti-
tative RT-PCR, ISH, and immunohistochemistry for GFRa-1,
GFRa-2, and c-ret were performed in the back skin of
adolescent C57BL/6 mice. The observed expression pat-
terns of GFRa-1/GFRa-2 mRNA and c-ret-immunoreactivity
are documented by the representative examples and are
schematically summarized in Figure 4.

By semiquantitative RT-PCR, we found that unmanipu-
lated murine back skin with all HF in telogen was char-
acterized by a prominent expression of GFRa-1 mRNA
and by the absence of GFRa-2 transcripts (Figure 3).
Both GFRa-1 mRNA and c-ret-immunoreactivity were ob-
served in the basal epidermal layer, GFRa-1 mRNA was
also seen in the HF connective tissue sheath, whereas
c-ret-IR was found in the HF ORS (Figure4, A, C, and M).
By ISH, no expression of GFRa-2 mRNA was found in
telogen skin (Figure 4, B and M).

In early anagen skin (anagen I-ll, days 1-3 p.d.), a
significant decrease of GFRa-1 and absence of GFRa-2
transcripts were found (Figure 3). However, with further
progression of anagen development (anagen VI, days
8-12 p.d.), GFRa-1 and GFRa-2 transcripts were signif-
icantly increased, compared with early anagen levels
(Figure 3). GFRa-1 and GFRa-2 mRNAs were promi-
nently expressed in the proximal and central ORS and
IRS, and, in addition, GFRa-2 mRNA was seen in lower
amounts in the hair matrix (Figure 4, D, E, and M). c-ret-
immunoreactivity was homogeneously expressed in the
proximal ORS, IRS, and hair matrix, as well as in the DP
of anagen VI HF (Figure 4, F and M).

Early steps of HF regression (catagen I-1l, day 17 p.d.)
were characterized by still prominent expression of
GFRa-1 and GFRa-2 transcripts in skin (Figure 3). By
ISH, GFRa-1 and GFRa-2 mRNAs were expressed in the
proximal ORS and IRS, whereas the hair matrix was neg-
ative for both markers (Figure 4, G, H, and M). c-ret
immunoreactivity was also found in the ORS and IRS of
catagen Il HF, whereas its expression in the hair matrix
and in the DP was practically absent (Figure 4, | and M).

During further catagen development (catagen VI, day
19 p.d.), GFRa-1 transcript was significantly decreased,
compared with the anagen and early catagen levels,
whereas the expression of GFRa-2 transcript was still
prominent (Figure 3). By ISH, only a weak GFRa-1 mRNA
expression was seen in the ORS and in the secondary
hair germ of catagen VI HF (Figure 4, J and M). However,
more prominent expression of GFRa-2 mRNA was found
in the ORS, secondary hair germ, and the epithelial strand
during catagen VI (Figure 4, K and M). c-ret immunoreac-
tivity was also seen in the proximal ORS and in secondary
hair germ of the catagen VI HF (Figure 4, L and M).

Taken together, these phenomenological data suggest
that GFRa-1/GFRa-2-mediated signaling plays a role in
the control of apoptosis-driven HF regression. This ap-
peared to be in line with numerous reports that members
of TGFB superfamily are intimately involved, not only in
the control of KC proliferation and differentiation, but also
control KC cell death.®5-6% We, therefore, further ex-

plored the role of GDNF and NTN in HF anagen and
catagen control in functional assays.

Acceleration of HF Regression in Heterozygous
(+/—) GFRa-1- and Homozygous (—/—) GFRa-
2 Knockout Mice

To further define the functional significance of the maxi-
mal levels of GFRa-1 and GFRea-2 transcripts during the
HF transformation from anagen to catagen (Figure 3) and
the prominent follicular expression patterns of GFRa-1/
GFRa-2 mRNAs and c-ret protein during catagen (Figure
4), the dynamics of spontaneous catagen development
were examined in infantile heterozygous GFRa-1 (+/—)
and homozygous GFRa-2 (—/—) knockout mice.394%

Compared with their age-matched wild-type controls,
heterozygous GFRa-1 knockout (+/—) mice displayed a
significant acceleration of their first spontaneous catagen
development (Figure 5). In contrast to wild-type skin, a
significant decline (P < 0.05) in the percentage of cata-
gen Il HF and an increase of catagen V-VI HF were seen
in GFRa-1 knockout (+/—) mice at P17 (Figure 5, A-C),
ie, a time-point when HFs in mouse back skin, after the
completion of morphogenesis, begin their life-long cycle
of regression, resting, and growth by spontaneous entry
into the first catagen stage.>3%°%° In addition, the skin
thickness was substantially lower (P < 0.05; Figure 5,
Band C) in heterozygous GFRa-1 knockout (*) mice
(521.5 = 27.1 um) at P17 compared with wild-type con-
trols (618.8 = 31.3 wm). Given that synchronized HF
cycling in mice is associated with substantial fluctuations
in skin thickness, especially with a significant reduction
during catagen compared with anagen,*”-¢%7° this pro-
vided further strong, indirect evidence that a partial de-
letion of GFRa-1 leads to catagen acceleration.

It is interesting that a more prominent acceleration of
HF regression was seen in the homozygous GFRa-2
knockout mice, compared with the corresponding age-
matched wild-type mice (Figure 5, D-F). At P17, the vast
majority of HFs in GFRa-2-null skin were already in late
catagen, whereas most of the HFs in wild-type skin were still
at the beginning of catagen (P < 0.05). Also, skin thickness
in GFRa-2 mutants (349.6 + 54.5) was dramatically re-
duced, compared with the wild-type controls (641.1 £ 72.9;
P < 0.01), indicating a significantly advanced catagen pro-
gression under constitutive GFRa-2 deletion.

GDNF and NTN Induce a Retardation of
Catagen Development in Organ Culture

Considering that the observed acceleration of catagen in
GFRa-1 (+/-) and GFRa-2 (—/—) knockout mice might
also be explained by the alterations of skin innervation in
these mice,”""> GDNF and NTN proteins were added to
the organ-cultured murine skin (ie, in the absence of
functional skin nerves) with most HFs in the process of
initiating the anagen VlI-catagen transformation. For this
purpose, biopsies were taken from normally cycling
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Figure 5. Acceleration of catagen development in heterozygous (+/—) GFRa-1 and homozygous (—/—) GFRa-2 knockout mice. GFRa-1 and GFRa-2 knockout
mice were generated using conventional gene-targeting techniques as described previously, and genotyping of mutant animals was performed using PCR
protocols for the mutated alleles.***> At P17, ie, a time-point when HFs in mouse back skin, after the completion of morphogenesis, begin their life-long cycle
of regression, resting, and growth by spontaneous entry into the first catagen stage,>*>>° skin was harvested as described previously®! and 4 to 5 mice of every
strain were studied. For hair cycle staging, skin cryostat sections of mutant and corresponding age-matched wild-type mice were processed for detection of
endogenous alkaline phosphatase activity,°* and the percentage of HF in defined catagen stages was evaluated by well-defined morphological criteria. > A—C:
GFRa-1 knockout (+/—) mice. A: In the skin of GFRa-1 knockout mice, HFs in early catagen (catagen 1) were significantly reduced, and the percentage of
follicles in later stages of catagen development (catagen V-VI) was significantly increased, compared with wild-type mice (asterisks indicate significant
differences between identical stages of catagen development in wild-type versus GFRa-1 knockout mice, 2 < 0.05). B and C: At P17, wild-type mice show
predominantly catagen II (B, arrows) and catagen III HF (B, arrowheads), characterized by the presence of elongated dermal papilla, yet surrounded by hair
matrix KC.*%%7* GFRa-1 knockout mice display, together with catagen I (C, arrows), the appearance of catagen V HF, characterized by disappearance of the
hair matrix and marked dermal papilla condensation (C, large arrowhead). In addition, the subcutis of GFRa-1 knockout mice was considerably thinner than
that of wild-type skin (cf. B and C), which is highly suggestive of advanced catagen development.®>’® D—F: GFRa-2 knockout (—/—) mice. D: In the skin of
GFRa-2 knockout mice, HFs in early catagen (catagen II) were significantly reduced at P17, and the percentage of follicles in later stages of catagen development
(catagen VI-VIID) was significantly increased, compared with wild-type mice (asterisks indicate significant differences between identical stages of catagen
development in wild-type versus GFRa-2 knockout mice, P < 0.05). E and F: Predominance of late catagen HFs and dramatic reduction of skin thickness in GFRa-2
mutants (F, arrows), compared to wild-type mice, where the vast majority of HFs are still in the beginning of catagen (E, arrows). DER, dermis; EP, epidermis;
PCM, panniculus carnosus muscle; SC, subcutis. Scale bars, 100 wm.

C57BL/6 mouse skin 17 days after anagen induction by velopment in situ. There was a significant increase in the
depilation,*” and were cultured for 48 hours in the pres- percentage of HF in catagen I-Il and a decrease of HF in
ence or absence of 5 ng/ml GDNF or NTN. catagen IlI-1V in those skin biopsies that had been cul-

Quantitative histomorphometry revealed that 5 ng/ml of tured in the presence of 5 ng/ml GDNF or NTN (com-

GDNF or NTN indeed significantly retarded catagen de- pared with vehicle controls, in which catagen llI-IV HFs
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Figure 6. GDNF and neurturin retard catagen development in murine skin organ culture. Punch biopsies, taken from C57BL/6 mouse back skin at day 17 of the
depilation-induced hair cycle (ie, with all HFs about to enter into the anagen VI-catagen transformation), were incubated during 48 hours in the presence of 5 ng/ml of
GDNF or NTN, and percentage of HFs at the distinct catagen stages was evaluated. A: Compared with vehicle controls, a significant increase in the percentage of the
catagen I-Il and decline of catagen III-IV HF were seen in skin fragments incubated with 5 ng/ml of GDNF or NTN (mean * SEM, 1 = 810 biopsies per group, Student’s
test; asterisks, significant differences to the control, *P < 0.05, **P < 0.01, **P < 0.001). B-D: Representative examples of skin biopsies treated either with vehicle
control (B), GDNF (C), or NTN (D). Note the presence of catagen I HFs, characterized by the enlarged volume of proximal hair bulbs and dermal papilla (C, D, arrows)
in skin biopsies after GDNF or NTN treatment. In contrast, control biopsy shows a predominance of catagen III HFs with shrunken hair bulbs and a reduced volume of
the dermal papilla (B, arrows). Abbreviations: DER, dermis; EP, epidermis; PCM, panniculus carnosus muscle; SC, subcutis. Scale bars, 100 wm.

dominated, P < 0.05 - P < 0.001; Figure 6, A-C). Similar Discussion

changes were observed for 50 ng/ml of GDNF or NTN

(data not shown). Therefore, GDNF and NTN can indeed This study provides the first evidence that GDNF, NTN,
retard catagen development. and their corresponding high-affinity receptors GFRa-1/



GFRa-2 are expressed in adolescent mouse skin, that
their expression changes significantly in a hair cycle-
dependent manner, and that GDNF and NTN are func-
tionally important for the HF anagen-catagen transition.

Our data show that GDNF, NTN, and GFRa-1/GFRa-2
receptors are differentially expressed in the unmanipu-
lated telogen mouse skin. Substantial quantities of GDNF
protein (15 pg/mg protein, measured by ELISA; Figure 1)
are found in telogen skin, which is comparable to the skin
content of TGFB-1 protein.’® GDNF mRNA is broadly
distributed in adolescent mouse skin, and is expressed in
both epithelial (basal KC of epidermis, single KC of the
HF ORS, and hair germ) and mesenchymal cells (con-
nective tissue sheath of the HF, cells in dermis; Figure 2),
whereas the expression of GFRa-1 receptor appears to
be restricted to the epithelial skin compartment (Figure
4). However, no expressions of either NTN or GFRa-2
transcripts are seen in telogen skin by RT-PCR or by ISH
(Figures 3 and 4).

The steady-state levels of GDNF protein and GFRa-1/
GFRa-2 gene transcription in full-thickness skin show
synchronous hair cycle-dependent fluctuations, with min-
imal expression seen in early anagen and late catagen
and maximal expression in telogen and late anagen-early
catagen stages of the hair cycle (Figures 1 and 3). Study-
ing the roles for GDNF and NTN in the HF anagen-
catagen transition, we show that, in striking contrast to
TGFB-1, which stimulates catagen development in hu-
man HF in vitro”® and has transcript and protein levels
that are maximally up-regulated during murine catagen
development,'© both GDNF and NTN inhibit spontaneous
HF regression. We demonstrate that GDNF and NTN
transcripts are expressed in the regressing follicular
compartments (hair matrix, ORS, IRS) during early cata-
gen (Figure 2), whereas GFRa-1, GFRa-2, and c-ret are
prominently expressed in the ORS, IRS, and in the sec-
ondary hair germ throughout the entire catagen (Figure
4). It is most important that, during late anagen and
catagen, GFRa-1 and GFRa-2 mRNAs are colocolized in
the same follicular compartments (ORS, IRS, secondary
hair germ) with their signal-transducing component c-ret
(Figure 4), which suggests that these receptors are likely
to be functional.

The spatiotemporal expression patterns of these re-
ceptors and their signal-transducing component indicate
that GFRa-1 and GFRa-2 are predominantly expressed in
those HF compartments, which show only a very low
degree of apoptosis during catagen. Together with our
observations that constitutive complete or partial deletion
of these receptors leads to an acceleration of catagen
(Figure 5), this suggests that neither of these receptors is
involved in mediating apoptotic cell death during cata-
gen. Rather, GFRa-1/GFRa-2 may promote cell survival
or may mediate the release of anti-apoptotic signals dur-
ing HF regression and serve as negative control mecha-
nisms to prevent the appearance of massive, uncoordi-
nated cell death.

Given that both GDNF and NTN retard catagen devel-
opment in skin organ culture (Figure 6), our data suggest
that acceleration of catagen observed in GFRa-1/GFRa-
2-deficient mice (Figure 3) is largely nerve-independent.
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Also, the prominent acceleration of catagen in neonatal
GFRa-2-knockout mice associated with over 50% reduc-
tion of skin thickness cannot be explained only by mal-
nutrition problems in these mice*® because the gross
weight of the mutants at P17 = 1 (7.1 = 0.7 g, n = 6) was
only 5% less than that of their wild-type littermates (8.1 =
0.7 g, n = 5).

Because catagen is an apoptosis-driven event of rapid
organ involution,>”*7> GDNF and NTN, therefore, may
also be capable of down-modulating apoptosis in se-
lected KC populations. Although the exact mechanisms
of the catagen-inhibitory action of GDNF and NTN remain
to be dissected, GDNF may counterbalance KC apopto-
sis specifically in the regressing IRS and in the secondary
hair germ, because both express GFRa-1, GFRa-2, and
c-ret in catagen (Figure 4). That GDNF has, in fact anti-
apoptotic properties was recently demonstrated for do-
paminergic neurons of the substantia nigra in vitro.”®

Alternatively, GDNF and NTN may also stimulate the
terminal differentiation of GFRa-1"/GFRa-2"/c-ret* sec-
ondary germ KC in the direct vicinity of the developing
club hair (Figure 3, N and O; Figure 4) because this cell
population is involved in the formation of trichilemmal
keratinization connecting club hair and ORS.”"-"®

Taken together, our data demonstrate a previously
unrecognized capacity of GDNF and NTN to operate as
hair cycle modulators in adolescent mouse skin, namely
to inhibit catagen development. This invites one to dis-
sect the role of GFRa-1/GFRa-2/c-ret signal transduction
pathways in the control of KC proliferation, differentiation,
and/or apoptosis. Furthermore, pharmacological manip-
ulation of these signaling pathways may become clini-
cally exploitable for the treatment of hair growth disor-
ders, the majority of which reflects problems of catagen
control.24€
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