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Members of the vertebrate hedgehog family (Sonic,
Indian, and Desert) have been shown to be essential
for the development of various organ systems,
including neural, somite, limb, skeletal, and for male
gonad morphogenesis. Sonic hedgehog and its cog-
nate receptor Patched are expressed in the epithelial
and/or mesenchymal cell components of the hair
follicle. Recent studies have demonstrated an essen-
tial role for this pathway in hair development in the
skin of Sonic hedgehog null embryos. We have
further explored the role of the hedgehog pathway
using anti-hedgehog blocking monoclonal antibodies
to treat pregnant mice at different stages of gestation
and have generated viable offspring that lack body
coat hair. Histologic analysis revealed the presence of
ectodermal placode and primodium of dermal
papilla in these mice, yet the subsequent hair shaft
formation was inhibited. In contrast, the vibrissae

(whisker) development appears to be unaffected
upon anti-hedgehog blocking monoclonal antibody
treatment. Strikingly, inhibition of body coat hair
morphogenesis also was observed in mice treated
postnatally with anti-hedgehog monoclonal antibody
during the growing (anagen) phase of the hair cycle.
The hairless phenotype was reversible upon suspen-
sion of monoclonal antibody treatment. Taken
together, our results underscore a direct role of the
Sonic hedgehog signaling pathway in embryonic hair
follicle development as well as in subsequent hair
cycles in young and adult mice. Our system of gen-
erating an inducible and reversible hairless phenotype
by anti-hedgehog monoclonal antibody treatment
will be valuable for studying the regulation and
mechanism of hair regeneration. Key words: anti-
hedgehog antibody/hair follicle/hair morphogenesis/mater-
nal transfer. J Invest Dermatol 114:901-908, 2000

embers of the hedgehog (hh) gene family encode

secreted signaling proteins that have been im-

plicated in various developmental processes from

fly to vertebrate. Significantly, mutations in the

human hh gene and genes encoding its down-
stream intracellular signaling pathway result in diseases including
holoprosencephaly, tumors, and postaxial polydactyly (Ming et al,
1998). Signaling by the hh was first described and most well studied
in Drosophila (Nusslein-Volhard ef al, 1980; Basler and Struhl, 1994,
Diaz-Benjumea et al, 1994; Zecca et al, 1995; Blair and Ralston,
1997) where various molecules which participate in the signaling
pathway have been identified: these include the cell surface
coreceptors Patched (Ptc), a 12-pass transmembrane protein
(Ingham et al, 1991; Marigo et al, 1996; Stone et al, 1996) and
Smoothened (Smo), a seven-pass transmembrane, receptor-type
protein (Alcedo et al, 1996; van den Heuvel and Ingham, 1996). It
has been suggested that binding of hh to Ptc releases an inhibitory
effect on Smo, which in turn leads to dissociation of a cytosolic
complex composed of Fused (Fu), a serine/threonine kinase,
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Costal2 (Cos2), a kinesin-related protein, and Cubitus interruptus
(Ci), a zinc finger-containing transcription factor. Following
dissociation of the complex, Ci, is activated, moves to the nucleus
and triggers expression of various target genes including Ptc,
Decapentaplegic (Dpp), and Wingless (Wg) (Hammerschmidt ef al,
1997; Ingham, 1998).

Three members of the hh family have been identified in
vertebrates, they are Sonic, Indian, and Desert hh. Each of these
proteins plays a unique part in the development of the central
nervous system (Echelard et al, 1993; Roelink et al, 1994),
chondrogenesis (Vortkamp et al, 1996), and spermatogenesis
(Bitgood et al, 1996), respectively. The vertebrate homologs of
Ptc (Ptc-1 and Ptc-2) (Carpenter et al, 1998; Motoyama et dl,
1998a), Smo (Smo) (Akiyama et al, 1997), and Ci (Gli-1, Gli-2, and
Gli-3) (Hui et al, 1994) also have been identified and were shown
to be involved in the early development of neural tube, lung, gut,
tooth, and skeletogenesis by knock-out and transgenic studies
(Goodrich et al, 1997; Mo et al, 1997; Yang et al, 1997; Ding et al,
1998; Hardcastle ef al, 1998; Litingtung et al, 1998; Motoyama et al,
1998b). Shh is the only hh member that was found to be expressed
in the hair follicles (Iseki ef al, 1996) and recently, two studies have
demonstrated an essential role for Shh in hair follicle development
(St-Jacques ef al, 1998; Chiang et al, 1999). The early death of these
genetically modified mice during embryogenesis or at birth,
however, precludes analysis of the role of the Shh signaling
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pathway in organ development in postnatal and adult mice. We
have taken an independent approach employing maternal transfer
of anti-hh monoclonal antibody (MoAb) to developing embryos
and were able to generate viable offspring which lack body coat
hair, supporting the absolute requirement of the Shh signaling
pathway specifically in vertebrate body coat hair development.
Furthermore, we have conditionally disrupted the hh pathway by
postnatal administration of anti-hh MoAD, thereby establishing the
Shh requirement for hair regeneration during different hair growth
cycles in juvenile and adult animals.

MATERIALS AND METHODS

Antibodies The generation of anti-hh MoAb 5E1 was described
previously (Ericson et al, 1996) and the hybridoma cell line was obtained
from Ontogeny (Cambridge, MA) and Dr. Tom Jessell (Columbia
University, NY). Antibodies AP.G6 and AC.D1 were generated at Biogen
(Cambridge, MA). Briefly, the human N-terminal portion of the Shh (amino
acids 23—197) was fused to the human IgG1 Fc domain and the resulting fusion
protein (Shh-Ig) was stably expressed in Chinese hamster ovary cells. Mice
were immunized three times with the subsequently purified Shh-Ig (50 ug per
i.p. injection) coupled to protein A. Spleen cells were fused to FL653
myeloma cells and selected as previously described (Lerner, 1981).
Monoclonal supernatants were screened for binding to human recombinant
Sonic, Indian, or Desert hh N-terminal protein in enzyme-linked
immunosorbent assay. Briefly, plates were coated overnight with relevant
hh N-terminal protein (1 g perml), after which various anti-hh MoAb
(500 ng perml) were added and incubated for 90 min at room temperature,
following incubation with peroxidase-conjugated goat antimouse antibody,
the plates were developed with tetramethylbenzidine (TMB) (Sigma, St
Louis, MO) and the absorbance were read at 450 nm. Levels of absorbance that
were between 0 and 0.05 were assigned as -, > 0.05-0.1 as “+/-", > 0.1—
0.5as“+7,>0.5-1.0as “++”,and > 1.0-1.5 as “+++" (Table I). The anti-
hh MoAb were assessed for their ability to inhibit the hh-induced
differentiation of C3H10T1/2 cells to bone lineage as described previously
(Kinto et al, 1997; Pepinsky et al, 1998). All three antibodies also cross-react
with mouse hh proteins (data not shown). 1E6, a mouse anti-human LFA-3
IgG1 antibody was used as an isotype matched control in this study (Majeau
et al, 1994).

Mice and injection Time pregnant C57BL/6 or BALB/c mice were
either purchased (Jackson Lab, Bar Harbor, Maine) or matings were set up in
the mouse facility at Biogen Inc. The pregnant mice were injected with
antibodies once every 2d (6 mg per kg) by i.v injection. The subsequently
born offspring continued to receive injection (3 mg per kg) once every 2d
intraperitoneally (i.p.) until the time of killing, or alternatively, the injections
in some littermates were suspended after birth or at later stages as indicated in
Results. The data shown in this study were obtained from BALB/C mice;
however, identical phenotypes were observed in C57BL/6 mice.

For injections of young and adult mice, 3 wk old and 9 wk old mice were
chosen (at the telogen phase of the hair cycle) (see Results). The mice were
anesthetized with Metofane (methoxyflurane, Pitman-Moore, Mundelein,
IL) and their back hair was shaved. These mice received MoAb injections i.p.
(3mg per kg for 3 wk old and 6 mg per kg for 9 wk old) immediately after
shaving and injections were continued every 2d for 21d. In a separate
experiment, 3 wk old (postnatal day 21 or P21) white mice (OF1, IffaCredo,
France) received MoAb injection, depilated at P22 and injected MoAb at P23,
P25, and P27. The mice were killed at P29. The skin samples were collected
and were used for immunohistochemistry and in sifu analysis.

Immunohistochemistry and in situ analysis Dorsal skin samples were
harvested and cryosection (8 m thickness) were prepared. For detection of

Table I. Anti-hedgehog monoclonal antibodies

mADb Binding activity®

Shh Ihh Dhh
5E1 ot ot +
AP.G6 +++ +++ +/-
AC.D1 4t ++ +
1E6 - - -

“See Materials and Methods.
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injected MoAb in the hair follicle, sections were fixed in acetone for
10 min, then 5% H,O, in Tris-buffered saline for 5 min. The sections were
incubated for 30 min with rabbit anti-mouse immunoglobulin (DAKO,
Carpinteria, CA), washed with Tris-buffered saline, and incubated for
30 min with mouse monoclonal PAP antibody (DAKO); the sections were
then washed, developed with diaminobenzidine, and counterstained with
hematoxylin. For staining of trichohyalin, samples were incubated with
anti-trichohyalin antibody, AE15 (O’Guin et al, 1992), for 1h at room
temperature, washed in phosphate-buftered saline, then was incubated for
30min at room temperature with fluorescein isothiocyanate conjugated
rabbit anti-mouse IgG antibody (DAKO) and viewed under microscope
equipped with epifluorescence (Zeiss Axioskop, Alto Instrument, MD).
The in situ analysis were performed as described (Le Novere et al, 1996),
frozen sections were hybridized with 33P-labeled oligonucleotides of genes
of interests:
MHKA1a:5-AAGTCGTCTGCAGCCAGCTTGGACTTATCTATC-
TGCACCACCA-AC-3’
MHKA1b:5-TTTTTGTGGAACCAGAAGCAGGTCAGCCATCTG-
GAGTGCTAAG-CC-3’
Hacl-1:5-GCAAGCTCCCTCTTTCAGAGACACAAAAAGCAGAG-
GCCAGGCAAT-3’
Hairless:5’-CGTGCACCAGGATACTGATTAGGTCAGACACCTCC-
ACGCATAGAT-3
Whn:5"-CCTCTGAGTGTAAGGCACATGATGAGCAGGTGTGTA-
GAGCTTGAG-3’
Lef-1:5-TCGCTTCGGTTTTCCTTCTGGAGGAGCATTTAATCT-
GCTGGAGGG-3’

Histology Mice were killed, the skin removed and fixed in formalin.
Paraffin-embedded sections of 5um thickness were prepared and
hematoxylin and eosin staining was performed.

RESULTS

Disruption of hedgehog signaling pathway affect hair
morphogenesis Maternal antibody treatment during
embryogenesis has been employed to study the role of cell
surface and secreted molecules during ontogeny (Rennert et dl,
1996; Zoller et al, 1997). We took advantage of this approach to
investigate the role of Shh proteins in hair follicle initiation and
subsequent hair formation. Body coat hair development in mice has
been shown to initiate at embryonic day 13.5 (E13.5) (Hardy,
1968; Godwin and Capecchi, 1998), hence, E12.5 pregnant mice
were injected with anti-hh and control MoAb. Both the 5E1 and
AP.G6 MoAb bind specifically to hh family members (Table I) and
block their activity in vitro (Fig 1) (Ericson et al, 1996; Pepinsky et al,
1998). An irrelevant isotype-matched MoAb 1E6 and the MoAb
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Figure 1. Anti-hh MoAb block Shh-induced differentiation of
C3H10T1/2 cells. Serial 2-fold dilutions of the anti-hh MoAb 5E1 (n),
AP.G6 (&lozf;), AC.D1 (X), and control MoAb 1E6 (j) were incubated
with the C3H10T1/2 cells and the Shh proteins (2 g perml) for 5d and
the resulting levels of alkaline phosphatase activity measured at 405 nm
using the AP chromogenic substrate p-nitrophenyl phosphate. Mean
absorbance of adding Shh protein alone (upper dotted line) or without any
added proteins (lower dotted line) in the cells was also indicated.
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Figure2. Lack of body coat hair formation in anti-hh MoAb-
treated mice. (A) Representative offspring from pregnant mice (n =3 for
each MoAD) injected starting E12.5 of gestation with control MoAb, 1E6
(two mice on the left), nonblocking anti-hh MoAb, AC.D1 (two mice on
the right) or blocking anti-hh MoAb AP.G6 (two mice at the center). Each
pregnant mice gave rise to five to eight offspring with identical phenotype
within the same MoAb injection. Mice are shown here at P12. Whiskers
are present in these mice but do not show clearly in this figure. (B)
Maintenance of the hairless body coat phenotype in mice which received
continuous injection of AP.G6 (two mice on the left) at 5wk old. Mice
continuously treated with control MoAb 1E6 are shown on the right. Note
the presence of whiskers in AP.G6-treated mice (see Discussion).

AC.D1, which binds hh proteins but does not block the activity of
hh in vitro were used as controls (Table I). The concentration of the
injected MoAb was measured in the serum of the newborn mice
and was in the range of 30 ug perml for 5E1 and APG-6 and at
80 1g perml for 1E6 treated offspring.

In contrast to the Shh knockout mice, which die just before or at
birth (Chiang et al, 1996), offspring of the 5E1 and AP.G6 MoAb-
treated mice were viable at least until the first week after birth. 5E1
MoAb-treated neonates died within the first week after birth with
continued 5E1 treatment. On the contrary, the AP.G6 MoAb-
treated mice were born normal in size during the first to third
weeks but gradually became runted upon continued hh blocking
antibody treatment (Fig2A). The reason for the longer lifespan of
the AP.G6 MoAb-treated mice is unclear; this and the cause of the
lethality and runting in these mice are being investigated.
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Anti-hh mAb

Control

Figure 3. Inhibition of hair follicle morphogenesis but not initiation
in blocking anti-hh MoAb-treated mice. Progression of hair follicle
development in control 1E6 (A, C, E, G, I, K) and blocking anti-hh
MoAb-treated mice (B, D, F, H, J, L) from E15.5 to postnatal (P) and 5wk
(Wk) old. At least three mice were examined at each developmental stage
and similar results were observed. Arrowheads in (A), (B), (D), and (F)
indicate dermal condensate. P, (ectodermal) placode; HG, hair germ; SC,
stratum corneum; EP, epidermis; DER, dermis; ORS, outer root sheath;
HS, hair shaft; DP, dermal papilla; MC, matrix cells; PC, panniculus
carnosus; SG, sebaceous gland; EC, epidermal-like cyst. Arrows in J indicate
hair shaft-like material. Scale bar: 50 pm.

Interestingly, an obvious and striking feature of these mice is that
they lack body coat hair (Fig2A) and maintain this hairless
phenotype with continued anti-hh MoAb injection (Fig2B).
Histologic analysis of the 5E1-treated mice at different stages of
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development reveal the appearance of the epithelial cell-derived
ectodermal placode and dermal condensation of mesenchymal cells
(primodium of dermal papilla) at the base of the placode at E15.5
comparable with that of the control mice (Fig3A4, B). These data
indicate that hh is dispensable for the initiation of folliculogenesis.
At E18.5, the epithelial cells further grew downward into dermis
and underwent hair morphogenesis to form the inner and outer
root sheath in control mice (Fig3C, E) (Arnold et al, 1990). In
contrast, the placodes of the 5E1 MoAb-treated mice only
developed further to the hair germ stage (Fig3D) and remained
at this stage at P2 (Fig3F). The 5E1-treated mice were severely
runted after day 2; therefore, we examined the subsequent
progression of hair morphogenesis in AP.G6 MoAb-treated mice.
As shown in Fig3(H), at P5, the ectodermal placode from AP.G6
MoAb-treated mice grew further downward into dermis as
compared with 5E1 MoAb-treated mice at day 2 (Fig3F);
however, the progression of the downward growth is significantly
inhibited as compared with the control MoAb-treated mice at day
5 (Fig3G). The development of the interfollicular epidermis
appears to be unaffected. By P17 and by 5wk of age, the hair
follicles from AP.G6 MoAb-treated mice began to differentiate, but
instead of forming hair, numerous epidermal-like cyst structure
enclosed with hair-shaft-like material were observed (Fig3]J, L).
The data indicate that Shh is not required for the initiation of
folliculogenesis but is indispensable for the subsequent process of
hair morphogenesis to form actual hair.

hh signaling pathway is also required for hair growth in
young and adult mice The hairless phenotype seen in the
prenatal anti-hh MoAb-treated mice indicate that Shh is involved
in the earliest hair-growth (anagen) phase during embryonic
development. Mouse hair cycles are more or less synchronized and
each hair follicle goes through three distinct phases: growing phase
(anagen); transitional phase (catagen); and resting phase (telogen)
(Arnold, 1990). The first postnatal hair cycle is approximately 3 wk
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long whereas the second hair cycle is longer than 6 wk due to
extended telogen phase (Miller ef al, 1993). To assess whether the
hh pathway is involved in the initiation of the anagen phase of
subsequent hair cycles in older mice, anti-hh MoAb were
administered postnatally to mice that were at the end stage of the
first 3wk old) and second (9 wk old) telogen phase of the hair
growth cycle. Histologic analysis confirmed the regression of hair
growth into foreshortened hair follicles, indicative of telogen phase
of hair cycle in both 3 and 9wk old mice (Fig4B and data not
shown) (Arnold, 1990). To highlight the effect on new hair
growth, the back hair of these mice was shaved just prior to anti-hh
MoADb treatment (day 0). The results show that the hair of the
shaved area in control MoAb-treated mice grew back completely
after 21 d post-treatment (Fig 44, upper row). In contrast, there is
no hair in the corresponding shaved area of anti-hh MoAb 5E1-
treated mice in both the 3 wk old and 9 wk old treatment groups at
day 21 post-treatment (Fig4A, bottom row and data not shown).
Consistent with the gross phenotype, skin sections of control mice
revealed new hair follicle morphogenesis with hair shaft formation
at day 21 post-treatment (Fig4C), whereas 5E1 MoAb-treated
mice displayed foreshortened hair follicles and failed to complete
the next new hair growth (anagen) cycle upon disruption of the hh
signaling pathway (Fig4D). We did notice, however, the
appearance of a hair bulb-like structure at the base of each
foreshortened follicle in 5E1 MoAb-treated mice at day 21 post-
treatment (Fig4D) that was not observed at day O of treatment
(Fig 4B). The formation of this structure most likely resulted from
the interaction between the presumptive epithelial stem cells and
the underlying mesenchymal cells, i.e., the first inductive event of a
new hair growth cycle (Cotsarelis et al, 1990; Kobayashi et al, 1993;
Rochat et al, 1994). Similar observations were also found in
depilated mice treated with 5E1, in which hair morphogenesis was
inhibited despite formation of hair bulb-like structures (Fig 54, B).
Importantly, the defect in hair morphogenesis appears to be a direct
result of 5E1 inhibition of the Shh/Ptc signaling pathway as

Figure 4. hh signaling pathway is required for hair growth in young and adult mice. (4) Three week old mice which were at the telogen phase of
the hair cycle (see Materials and Methods) were treated with blocking anti-hh MoAb, 5E1 (n=15), or control, 1E6 (n =5). Note the failure to regenerate new
hair-growth in 5E1 MoAb-treated (bottom row) but not control 1E6 MoAb-treated mice (upper row). Identical results were observed in mice treated at 9 wk
old (data not shown). (B) Histology of hair follicle in shaved 3 wk old mice prior to MoAD treatment (day 0) and (C) control MoAb 1E6-treated mice after
21d of treatment and (D) blocking anti-hh MoAb 5E1-treated mice after 21 d of treatment. Arrows in B and D indicate club hair (40). Arowheads in D
highlight the newly formed hair bulb structures. Scale bars: (B) 100 pm; (C, D) 200 tm.
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Figure 5. Specific bindings of anti-hh MoAb to hair follicles. Three week old mice were depilated and injected with (A4) control MoAb 1E6, n =6 or
(B) anti-hh MoAb 5E1, n =10, as described in Materials and Methods. Note the lack of elongated hair shaft (HS) in 5E1-treated hair follicle (B) as compared
with (A). Also note that the presence of 5E1 bindings to matrix cells (MC and arrow) was only detected in 5E1 MoAb-treated hair follicles (B). DP: dermal

papilla. Scale bars: (A, B) 25 um.

evidenced by the binding of 5E1 MoAb in the region of epithelial
cell-derived hair follicle matrix cells where Shh is known to be
expressed (Fig5A4, B) (Gat et al, 1998; Gambardella et al, 2000).
These hair bulb-like structures, which are normally observed in
early anagen phase of a normal hair cycle, were further
characterized for expression of several cellular markers known to
express in the hair follicles, for example, the transcription factors
whn-1 (Fig 64, B), hairless (Fig 6C, D), lef-1 (Fig 6E, F), the hair
keratins hacl-1 (Fig6G, H), MHKA-1 (Fig6lI, J), and the keratin
intermediate filament associated protein (trichohyalin) (Fig 6K, L).
The expression patterns of these cellular markers are as expected for
normal hair follicles (Fig6, left panel) and for regenerating hair-
bulbs in early anagen phase (Fig6, right panel) (St-Jacques et al,
1998; Gambardella et al, 2000) therefore results from these two
independent analyses (Fig3B) indicate that the hh signaling
pathway also is not required for the initiation of new hair
follicles in subsequent hair growth cycles of older mice but is
absolutely required for hair follicle morphogenesis to form new
hair. Taken together, these data further demonstrate that in
addition to the essential role of the hh pathway in neonatal hair
formation, it also is required for hair growth (anagen) phases of the
hair cycle in juvenile and adult mice.

The hairless phenotype is restored upon suspension of anti-
hh MoAb treatment Our data indicate that hh proteins serve as
an important factor in hair morphogenesis. To address whether the
endogenous hh proteins can reverse the hairless phenotype, MoAb
treatments were withdrawn in some pups which had received
antibodies prenatally. Macroscopically, mice in which MoAb
treatments were withdrawn immediately after birth exhibited
intermediate hair growth at P12 as compared with littermates
continuously treated with anti-hh MoAb and the control MoAb-
treated mice (Fig7A). The delay in hair growth seen in the mice
withdrawn from MoAb treatment is most likely due to the
blockade of hair follicle development as a result of the prenatal
antibody treatment. Indeed, by 5 wk of age, there is no discernible
difference in the hair development between these mice and the
control mice at both macroscopic and histologic levels (Fig7B).
The reversibility of hair growth also is observed in mice which
underwent continuous anti-hh treatment until 2 and 8 wk of age
and were subsequently suspended of further treatment. (data not
shown). These results indicate that the previously affected hair

follicles were released from the blocked status and resume complete
hair morphogenesis as soon as the functional endogenous hh
signaling pathway was reactivated. Thus, our data underscore a
direct involvement of hh signaling pathway in hair formation.

DISCUSSION

In summary, by injecting anti-hh MoAb into pregnant mice that
subsequently crosses the placenta and yolk sac to developing embryos,
we have generated a unique mouse model to study hh biology. We
demonstrate in this study the absolute requirement of hh signaling
pathway in hair growth in the embryonic, young, and adult mice. Our
finding is consistent with the expression patterns of Shh and its
receptor Ptc in the developing hair follicle (Iseki et al, 1996; St-Jacques
etal, 1998) and the fact that we detected the presence of anti-hh MoAb
in epithelial cells that make Shh (Fig5B) indicates that the defect
observed is primary to the anti-hh MoAb blocking in hair follicles.
Surprisingly, although both molecules are expressed in cell types
which participate in the earliest stages of hair follicle initiation, the
MoAb treatment did not inhibit the initiation of the hair follicle
differentiation programs. Given the fact that a similar finding was
reported recently in Shh knock-out mice (St-Jacques et al, 1998;
Chiang et al, 1999), it is unlikely that the failure to inhibit hair follicle
initiation observed in this system is due to incomplete blocking of the
anti-hh MoAb. Thus, these data suggest that other signaling pathways
are involved in the early process of the hair growth. Our data do
however, indicate that hh signaling is required for further hair follicle
expansion and maturation during embryonic development. We
hypothesized that hh produced by epithelial (matrix) cells induces
proliferation and differentiation of the mesenchymal dermal
condensate into mature dermal papilla cells. In embryos exposed to
the anti-hh blocking MoAb, hh binding to Ptc is interrupted and the
expansion and maturation of the dermal condensate is arrested. These
data are consistent with the inability of Shh knockout mice to develop
mature hair follicles due to impaired expansion of dermal papilla cells
(Chiang et al, 1999; St-Jacques et al, 1998). Because the cellular
processes of the growth (anagen) phase of the hair cycle in postnatal
mice resembles that of the embryonic skin, we also tested the effect of
anti-hh MoAb in blocking hair regeneration in juvenile and adult
mice. We showed that, as in the embryonic skin, hedgehog signaling
pathway is not required for the initiation of hair growth but is
absolutely required for the formation of actual hair and thus hair



906 WANG ET AL

regeneration. A complementary finding has been reported recently in
which the transient expression of Shh in skin leads to hair growth in
postnatal mice (Sato et al, 1999). In addition to blocking hair follicle
maturation, our system allowed us to test the reversibility of inhibiting
Shh signaling during hair follicle development. Removal of the
blocking MoAb following birth releases the arrest of hair follicle
development and follicles mature normally, suggesting that
responsiveness to this pathway is preserved during the arrest period.
Thus, the development of hair follicle is independent of other
developmental events and pathways which occurred during the hh
MoAb-mediated arrest of hair follicle development.

In addition to Shh, several other signaling pathways also have
been shown to be involved in the hair or feather development,
these include fibroblast growth factors, bone morphogenetic
proteins (BMP), Notch-1/Delta-1 and Wnt signaling pathways.
The interrelationships of molecules and targets involved in these
pathways and that of the Shh pathway have been investigated (Oro
and Scott, 1998). For example, expression of members of the Wnt
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Figure 6. Expression of hair follicle markers
in the hair bulbs of anti-hh MoAb-treated
mice. In situ or immunohistochemistry analysis
were performed on control 1E6 (left panel) and
anti-hh MoAb 5E1 (right panel) treated skin sec-
tions. (A, B) Expression of whn-1 in the cuticle,
the cortex, and the medulla of the hair. (C, D)
Expression of hairless in the epithelial cells of the
hair bulbs and the outer root sheath. (E, F)
Expression of lef-1 in the upper portion of the
dermal papilla, in the cuticle, the cortex, and the
medulla of hair and in the cuticle of the inner
root sheath. (G, H) Expression of hacl-1 and (I, ))
MHKA-1 in the hair cortex and (K, L) expression
of trichohyalin in the inner root sheath and the
medulla of the hair. Scale bars: 100 um.

(Wnt 10b) and Bmp (Bmp2/Bmp4) family were not aftected in Shh
null mice (St-Jacques et al, 1998). In addition, mice overexpressing
epidermal promoter controlled B-catenin which associates with
lymphoid enhancer factor 1 (Lef-1/Tcf) and functions in the Wnt/
wingless pathway exhibit de novo hair follicle morphogenesis and hair
tumors (Gat et al, 1998). Interestingly, expression of Shh was
aberrant in the skin of these mice correlating with misangling of the
de novo hair follicles and formation of hair tumors. Collectively,
these results suggest that Shh activation is most likely downstream
of the Bmp or Wnt-Lef/ Tcf-B-catenin pathway. In addition to the
utility of the loss or gain-of-function systems in these studies, our
mouse model of conditional disruption of the Shh pathway will add
to the understanding of these interactions in hair development.

In addition to being expressed in body coat hair follicles, Shh is
also expressed in developing vibrissae (whisker) follicles (Iseki et al,
1996). Shh knockout mice manifest severe craniofacial defects, thus
precluding the analysis of the hh signaling in vibrissae development
(St-Jacques et al, 1998). Recent in vitro analysis in E13.5 vibrissae
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Figure 7. Suspension of anti-hh MoAb treatment restores hair
growth. E12.5 pregnant mice were treated with either blocking anti-hh
MoAb, AP.G6 (n=2), or control MoAb, 1E6 (n=2), by maternal transfer
(see Materials and Methods). Starting at PO, half the pups (n=06) from each
litter were treated with the same MoAb received in utero and half (n=6)
were given no injection. Representative mice are shown at P12 (A) and
5wk old (B). Mice treated in utero and subsequently with AP.G6 are
unmarked. Mice treated only in utero with AP.G6 are indicated with a
single asterisk. Note the restoration of body coat hair growth in these mice.
Mice treated in ufero and subsequently with control MoAb 1E6 are
indicated with a double asterisk.

explant cultures demonstrated impairment of vibrissae follicle
morphogenesis upon cyclopamine treatment to block shh signaling
(Chiang et al, 1999). As anti-hh MoAb-treated mice have normal
craniofacial development, we assessed vibrissae development in
these mice. Surprisingly, the vibrissae development in the anti-hh
MoAb-treated mice that were injected from E12.5 of gestation
appear to be indistinguishable from control MoAb-treated mice
both macroscopically (Fig2B) and histologically (data not shown)
suggesting Shh signaling is not required for vibrissae development
in vivo. Therefore, unlike Hoxc-13 (Godwin and Capecchi, 1998)
and Lef-1/Tct (van den Heuvel and Ingham, 1996; Zhou et dl,
1995), which are required for the development of body coat hair as
well as vibrissae, the hh signaling pathway appears to be specifically
required for body coat hair morphogenesis.

Taken together, the generation of the inducible and reversible
hairless phenotype observed in these mice is especially valuable for
studying the regulation and mechanism of the mouse hair growth
cycle mediated by the hh signaling pathway. Our application of the
maternal administration method using anti-hh MoAb into devel-
oping embryos provides rapid assessment of the role of hh pathway
in various organ development. This system also allows for
conditional disruption of the hh signaling pathway at various stages
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of development, and therefore allows for the assessment of this
pathway’s role in the maintenance of cell proliferation, differentia-
tion, survival, and/or function of many organs in embryonic,
young, and adult mice.
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