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Analyses of regenerative wave patterns
in adult hair follicle populations reveal
macro-environmental regulation of stem cell activity
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ABSTRACT The control of hair growth in the adult mammalian coat is a fascinating topic which
has just begun to be explored with molecular genetic tools. Complex hair cycle domains and
regenerative hair waves are present in normal adult (> 2 month) mice, but more apparent in
mutants with cyclic alopecia phenotypes. Each hair cycle domain consists of initiation site(s), a
propagating wave and boundaries. By analyzing the dynamics of hair growth, time required for
regeneration after plucking, in situ hybridization and reporter activity, we showed that there is
oscillation of intra-follicular Wnt signaling which is synchronous with hair cycling, and there is
oscillation of dermal bone morphogenetic protein (BMP) signaling which is asynchronous with
hair cycling. The interactions of these two rhythms lead to the recognition of refractory and
competent phases in the telogen, and autonomous and propagating phases in the anagen.
Boundaries form when propagating anagen waves reach follicles which are in refractory telogen.
Experiments showed that Krt74-Nog mice have shortened refractory telogen and simplified wave
dynamics. Krt14-Nog skin grafts exhibit non-autonomous interactions with surrounding host
skin. Implantation of BMP coated beads into competent telogen skin prevents hair wave
propagation around the bead. Thus, we have developed a new molecular understanding of the
classic early concepts of inhibitory “"chalone", suggesting that stem cells within the hair follicle
micro-environment, or other organs, are subject to a higher level of macro-environmental
regulation. Such a novel understanding has important implications in the field of regenerative
medicine. The unexpected links with Bmp2 expression in subcutaneous adipocytes has implica-
tions for systems biology and Evo-Devo.
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Introduction

Hair follicle is fascinating because it is an organ that goes
through regeneration in the adult under physiological condition.
Hair follicles go through anagen (growing phase), catagen (de-
structive phase), telogen (resting phase) and exogen (the time
hair filaments dislodge) stages (Fig. 1). The length of each phase
and the total length of one hair cycle vary and presumably is under
control of a hair cycle clock as well as some systemic factors
(Stenn and Paus, 2001). Most recent works attempting to study
molecular biology of hair cycling have been focused on a single
hair follicle (Paus and Foitzik, 2004; Fuchs et al., 2001). In this
review, we will focus on the behavior of a population of hair

follicles.

A population of functional units, each capable of oscillating
through several functional states (such as neural activity or
regenerative cycling), may cycle autonomously and randomly,
simultaneously and synchronously, or coordinated to form tran-
sient clusters and waves (Fig. 1). However, it has been difficult to
visualize and analyze these patterned changes in vivo and to
decipher their underlying mechanisms. On the skin of the mouse,
hair cycling appears to be coordinated and patterned. This allows
us to visualize macroscopic changes in hair growth states clearly
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on a manageable time scale. Hair cycling patterns are complex,
resemble geometric shapes, and change over time. While present
in wild type mice, they are most obvious in mutant mice with the
cyclic alopecia phenotype (Fig. 2; Ma et al., 2003; Militzer, 2001;
Uyttendaele et al., 2004), and in the traveling strips on a special
strain of nude mice (Suzuki et al., 2003).

Patterned hair growth was first observed in classical studies on
wild type rats, mice, and other mammals (Durward and Rundall,
1949). Early observations in rats have described hair growth
patterns as successive waves of anagen periodically spreading
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Fig. 1. Growth of individual hairs vs. growth of hairs in populations.
(A) Within one mouse cage each adult Msx2 null mouse displays a
different pattern of hair growth. Hair growth patterns can be easily
monitored in Msx2 null mice due to the cyclic alopecia phenotype. (B,C)
Schematic illustration of hair cycling in one single hair follicle (B) versus
cycling of a population of hair follicles (C). (D,E) In mice pelage hair
follicles can sometime cycle individually (D), yet most of the time they
cycle as coordinated waves (E). Anagen hair follicles are black. The
position of telogen hair follicles is marked with sebaceous glands stained
in red with Oil Red.

from the ventral side of the body to the dorsal side, over the trunk,
and progressively decreasing in width with age (Butcher, 1936).
The periodic nature of these hair growth waves, or regenerative
waves, was thought to be inherent and was largely attributed to
some genetic, yet unidentified mechanism (Ebling and Johnson,
1961). Conversely, it was demonstrated that the so-called inher-
ent rhythms of hair growth can be modulated by systemic factors,
such as steroid hormones (Butcher, 1936; Ebling and Johnson,
1961).

Early experiments with steroid hormones led to the concept of
«telogenrefractivity» (Ebling and Johnson, 1961; Johnson, 1958a;
Johnson, 1958b). Telogen refractivity was defined by the fact that
a systemic influence can induce new anagen only at a particular
time, and that there is a time period following anagen during which
“the systemic stimulus is unable to exert an effect” (Durward and
Rundall, 1949; Ebling and Johnson, 1961). However, many of
these clues were not pursued and the knowledge remains very
fragmented. Particularly, there is a lack of updated cellular and
molecular studies to identify the mechanism of «telogen refractiv-
ity». Although, it was postulated that substances which inhibit
anagen development, the so-called «chalone(s)», may be present
in telogen skin (Ebling and Johnson, 1961; Paus et al., 1990), the
hypothesis remains untested and undeveloped.

In recent studies (Plikus and Chuong, 2008; Plikus et al.,
2008), we analyzed the mechanism of hair cycle domain forma-
tion and the phenomenon of changing patterns of multiple hair
cycle domains (Fig. 2). To search for molecular candidates, we
began by looking for pathways that suppress hair growth. In our
expression studies on whole mount skin strip preparations includ-
ing entire hair cycle domains, we observed an unexpected oscil-
latory expression of Bmp2 in the inter-follicular dermis. Bmp
signaling was previously shown to play pivotal roles in hair follicle
development (reviewed in Botchkarev and Sharov, 2004;
Botchkarev et al., 1999, 2002, 2003; Plikus et al., 2004), differen-
tiation of matrix cells in postnatal hair follicles (Kulessa et al.,
2000; Kobielak et al., 2003; Yuhki et al., 2004), as well as catagen
regression (Botchkarev, 2003; Andl et al., 2004; Guha et al.,
2004). Additionally, delivery of extraneous noggin by intracutane-
ous implantation of noggin-soaked beads was able to decrease
Bmp signaling activity and initiate anagen (Botchkarev et al.,
2001).

In this paper, we review recent works in this topic. A systematic
approach which includes dynamic expression profiling, experi-
mentally induced hair regeneration, transplantation, and analy-
ses of large populations of hair follicles and inter-follicular dermis
in several transgenic mouse lines was used to achieve the
appreciation of a novel higher level of hair cycle control which was
neglected before. To this end, we are able to demonstrate that
telogen should be further divided into refractory (not responsive
to anagen stimuli) and competent (responsive) phases, and
anagen should be further divided into propagating (able to stimu-
late anagen entry within adjacent competent telogen follicles;
continues up to anagen IV) and autonomous phases (not able to
stimulate other follicles; Fig. 12).

Hair cycle domains form because groups of neighboring hair
follicles cycle in coordination with each other, but are out-of-
phase with follicles which lie outside their neighborhood. Waves
spread because anagen follicles in the propagating phase send
activators into the inter-follicular macro-environment to facilitate
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the anagen entry of adjacent competent telogen follicles (Fig. 3
A,B, Fig. 13). Boundaries form because telogen follicles in the
refractory phase can not respond to this activation. Using a novel
Bmp responsive element (Brugger et al., 2004), we found that
integrated levels of Bmp activity oscillate with the refractory and
competence statuses of the dermal environment. These findings
led us to propose that in addition to short distance micro-environ-
mental control (Blanpain et al., 2004) the activation of hair follicle
stem cellsis also subjected to long distance macro-environmental
control in the dermis.
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Fig. 2. Long term follow up of changing hair cycle domains on dorsal skin of the same mouse.
Changes in the coat of a single Msx2 null mouse with cyclic alopecia were followed over 145 days.
Pictures were taken every 2-3 days and selective ones are shown here. Next to each picture there is
a schematic drawing of the hair growth pattern. Key patterning events are annotated. From Plikus et al.,
2008.

Complex hair cycle domain patterns form because of
the juxtaposition of coordinated growth of hair follicles
within the domain and discordant growth of hair fol-
licles between domains

Changes in skin pigmentation observed upon hair clipping and
cyclic alopecia reveal complex and dynamic hair cycle domains
(Fig. 1A). They are termed «hair cycle domains» because they are
based on hair cycle stages which are out of phase in different

domains (Fig. 3 A,B). Analysis of a
single hair cycle domain reveals a con-
tinuum of hair cycle stages and coordi-
nated anagen re-entry (Suzuki et al.,
2003, Fig. 3 C-F). Multiple domains
form on the skin surface because there
are boundaries over which regenera-
tive hair waves can not pass. Inasingle
hair cycle domain, we observe three
principal components: an initiation site,
aspreadingwave, and aboundary (Fig.
3 A,B). Within a domain, the region
where follicles reenter anagen firstrep-
resents the «initiation site». During
growth, the domain expands. On the
expanding margin of the domain, there
are hair follicles with a continuum of
hair cycle stages from anagen | to VI,
constituting the “spreading wave”. The
advancing anagen | / telogen interface
forms the «wave front» (Fig. 3 C-G).
However, sometimes the telogen re-
gions are responsive and sometimes
they areresistantto the spreading wave.
A «boundary» forms, if these regions
are resistant. A search to understand
the reason for this change in respon-
siveness led us to identify «refractory»
and «competent» telogen statuses (be-
low).

Domain boundaries are unstable,
as they can shift from one cycle to the
next. These boundaries are not ana-
tomical, but rather reflect a spatio-tem-
poral sequence of stem cell activation
within hair follicles during anagen entry
which can shift stochastically. The dy-
namic changes of hair cycle domains
are not limited to a particular mouse
strain. We have also observed these
patterns in other inbred or non-inbred
mice and rats (Plikus and Chuong,
2008).

The telogen can be divided into
refractory and competent phases

Since telogen skin does not always
respond to the anagen spreading wave,
it is logical to postulate that there are
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Fig. 3. Regenerative hair wave and hair cycle domains. (A) Schemati-
cally, a hair cycle domain is composed of an initiation center, a spreading
wave, and a boundary. Blank arrows, direction of the spreading waves.
An, anagen; T, telogen. Roman numerals show anagen stages in accor-
dance to Muller-Rover etal., 2001. (B) On the mouse back, the hair cycle
domain is spreading both cephalically and caudally. T, telogen. (C,D)
View of inverted skin clearly shows hair cycle stages. Areas encircled in
C are enlarged in (D). (E,F) Longitudinal sections of the skin correspond-
ing to the whole mount skin strip preparation in panel 3C is shown. Note
the difference in the thickness of the skin stripe at the different hair cycle
stages. Also see Suzuki etal., 2003.(G) In C3H/HeJ agouti mice, the hair
fiber pigmentation is yellowish in the distal (eumelanin pigmentation) but
black in the more proximal region (pheomelanin pigmentation). This
helps us visualize the molting line (flanked by red dots), or the wave front
of the hair cycle domain. Modified from Plikus and Chuong, 2008. Size bars:
(C) 5 mm; (D) 500 um;, (E) 1T mm; (F) 200 um.

refractory and competent states within telogen. To further analyze
this «refractory» status, we performed a 6 to 12 month follow-up
study measuring the length of hair cycle stages in living mice. The
average anagenlengthis 12.7 +/- 0.97 days for dorsal skin (n=18)
and 7.6 +/- 0.66 days for ventral skin (n=28). In contrast to the low
degree of variability in anagen length, telogen length is 59.6 +/-
18.7 days for dorsal skin (n=22) and 40.3 +/- 10.3 days for ventral
skin (n=30). Telogen shows a great range of variability: from 28 to
88 days for the dorsal skin and from 25 to 78 days for the ventral
skin. Interestingly, there is a minimal period of 25-28 days,
suggesting that new anagen can not start until this time elapses
(Plikus et al., 2008). During this minimal period, hair follicles
remain refractory to anagen stimulatory signals. After that, hair
follicles become competent and are ready to re-enter anagen
once sufficient activators of anagen are present. Thus it is
reasonable to divide telogen into an early refractory phase (mini-
mal required telogen, ~25-28 days in length) and a late competent
phase which can vary in length.

We performed experiments to test the hypothesis that the
juxtaposition of asynchronous hair cycle stages can lead to the
formation of a domain boundary. By locally applying cyclosporine
A, a known anagen inducing agent (Maurer et al., 1997), to
telogen skin we caused ectopic anagen growth within the treated
site. Cyclosporine A induced hair follicles in anagen to cycle 13
days ahead of the neighboring follicle population. By the time a
new anagen spreading wave propagated over the dorsal skin, the
cyclosporine A-induced hair patch had already re-entered early
telogen and became refractory to stimulation, thus forming a new
hair cycle domain (Plikus et al., 2008).

We can estimate whether the telogen skin region is in a
refractory or competent phase by counting the days elapsed since
the beginning of telogen. Club hair plucking is known to stimulate
anagen re-entry (Collins, 1918). Different numbers of hairs were
plucked to gauge the responses semi-quantitatively. We plucked
either 50 or 200 club hairs from early/refractory and late/compe-
tent telogen skin and then recorded the number of days taken for
new hair filaments to emerge from the plucked follicles (n=16).
When 200 club hairs are plucked the competent telogen follicles
respond fast (~9 days). It will take 14 days for aresponse if 50 club
hairs are plucked. Hence in wild type skin, the anagen inducing
signal appearsto be concentration dependent. On the other hand,
plucking from refractory regions requires a significantly longer
response time: plucking of 200 hairs requires a minimum of 28
days and plucking of 50 hairs requires even longer (Plikus et al.,
2008). Thus the refractory/competent status of a telogen hair
follicle judged by hair plucking is consistent with those estimated
from analyzing the real time changes of hair cycle domains.

Theanagen can befurtherdivided into propagating and
autonomous phases

We observed that a wave can propagate in all directions
independent of the body axis or the hair follicle orientation.
Whenever early anagen hair follicles (anagen I-IV) encounter
regions of competent telogen hair follicles, the wave front spreads
(Fig. 3 A-F). However, it was observed that late anagen hair
follicles (anagenV, VI) can notinduce anagen re-entry even when
they are nextto a competent telogen region. This can be observed
when the anagen spreading wave forms a boundary with the



refractory telogen hair follicles. Over time, refractory follicles
enter the competent phase; and the early anagen follicles on the
other side of the boundary also progress into anagen V and VI.
Despite these changes, the now competent telogen hair follicles
remain quiescent because the late anagen follicles do not send
out propagating signals (Plikus et al., 2008). This helps to stabilize
domain boundaries. Based on these results, we divide anagen
into an earlier propagating phase (anagen I-IV) which can induce
adjacent competent telogen follicles to regenerate, and a later
autonomous phase which cannot induce adjacent follicles to
regenerate evenifthey are in a competent phase. Old boundaries
break only when competent telogen follicles happen to be in
phase with adjacent propagating anagen follicles.

Bmp expression level oscillates out of phase with hair
cycling: highinautonomous anagen/refractory telogen,
low in competent telogen / propagating anagen

What is the molecular basis of the refractory and competent
telogen phases? Itis likely to involve inhibitors or activators within
and/or around telogen hair follicles. We screened several candi-
date signaling pathways (not shown) and have identified Bmp
pathway members to be the likely candidates. We have studied
expression of Bmp2, Bmp4 and noggin using in situ hybridization
and Bmp4-lacZ and Nog-lacZ (Kulessa et al., 2000) expression
visualized with X-gal staining.

We did whole mount in situ hybridization for Bmp2 on longitu-
dinal skin strips spanning the entire hair cycle domain, with the
propagating wave front shown on the left and the boundary on the
right (Fig. 4 A-C. Plikus et al., 2008). These skin strip preparations
are particularly useful since the temporal hair cycle stages are laid
out along them in a spatial order. Bmp2 expression intensifies

A

Fig. 4. Spatial and temporal changes of
Bmp2 expression in the regenerating
hair wave. In situ hybridization of Bmp2.
From Plikus et al. (2008). (A-E) Dynamic
expression of Bmp2 in a spreading hair
cycle domain. (A) Different hair cycle
stages are spread spatially on a longitudi-
nal skin strip. In situ hybridization forBmp2
(green). Blank arrows, the direction of the
spreading waves; —| sign, boundary be-
tween anagen (An, which was competent
telogen) and refractory telogen (Tel). Two
boxed regions showing wave front and
boundary are enlarged in panels (B,C).
Also note the change of skin thickness.
(B,C) Bmp2 is negative in the wave front
region, including competent telogen and
propagating anagen. Extrafollicular Bmp2
starts to appear around anagen |V and its
expression becomes stronger in anagen
VI (yellow arrows). Extrafollicular Bmp2
persists into the refractory telogen stage
(red arrows). (D) Progressive changes of
(C). Entering late telogen, the region to
the right of the boundary becomes Bmp2-
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within the spreading wave and reaches its highest level in anagen
V-VI. Bmp2 expression remains high in early telogen, but it
dwindles down in late telogen, corresponding to the competent
telogen phase. Much of this fluctuating Bmp2 expression appears
to be in the mesenchymal cells of the dermis surrounding hair
follicles. Unexpectedly we found that Bmp2transcripts are prima-
rily produced by the subcutaneous adipocytes, as judged by the
double staining with Sudan red. After Bmp2 expression subsides
during competent telogen (Fig. 4B) it re-appears again in the
mesenchymal cells surrounding anagen Il hair follicles (Fig. 4
B,C).

Several other genes were examined in the strip of hair cycle
domain (Fig. 5; Plikus et al., 2008, supplement). Similarly, we
observed overall Bmp4-lacZ activity to be high in refractory
telogen and low in competenttelogen. In contrastto Bmp2, Bmp4-
lacZ is expressed within, as well as outside the hair follicles.
During refractory telogen Bmp4-lacZ is abundantly expressed in
the dermal papillae and secondary hair germs of the hair follicles.
It is also expressed in the epidermis, dermal fibroblasts and
arrector pili muscle of the interfollicular skin. Upon transition into
competenttelogen, these Bmp4-lacZ expression sites disappear.
Most prominently, Bmp4-lacZ expression disappears from the
dermal papilla, seemingly to unlock it, allowing it to respond to
regeneration signals when they arise. Bmp4 in situ hybridization
results are similar to that of Bmp4-lacZ transgene activity.

The Bmp antagonist noggin was also examined using Nog-
lacZ expression (Fig. 5, Plikus et al., 2008). While noggin is
expressed in the bulge epithelia throughout the hair cycle, its
mesenchymal expression oscillates. Nog-lacZ is present in the
dermal papilla (Botchkarev et al., 1999) and basal stalk of late
anagen Vlfollicles, butis absent from the inter-follicular adipocytes
atall stages examined. During anagen progression, Nog-lacZ first

Bmp2

Refr. Tel

Expression of Bmp2 and
Bmp4 is cyclic in interfollicular
dermis

-, W

Bmp2/4 are present in

Bmp2e Refr, ol refractory telogen

Bmp2/4 are mostly absent
in competent telogen

Bmp2

S e it

I Bmp2+ Refr. Tel

negative (green arrows) and competent to enter anagen. However, anagen VI (yellow arrow) follicles do not send out spreading signals and the
boundary remains stable. (E) A telogen skin strip shows Bmp2 expression during early and refractory phases (red arrows), but lack thereof during
late and competent phase (green arrows). Scale bars, (A) T mm, (B-E) 500 um. From Plikus et al., 2008.
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Fig. 5. The temporal oscillation and spatial distribution of Bmp
signaling pathway members throughout the hair cycle is summa-
rized. (A) Temporal expression of Bmp4, Bmp2, noggin and a putative
Bmp activity reporter (see Fig. 8). Solid area, strong expression, striped
areas, expression is lost from some but not all sites. (B) Schematic
summary of multiple expression sites ofnoggin, Bmp4 and Bmp2 during
functional phases of the hair cycle. From Plikus et al., 2008.
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appears throughout the dermal sheath in anagen II. As hair follicles
progressively elongate during anagen lllb-1V, expression of Nog-
lacZ becomes restricted to the proximal segment of the dermal
sheath and to the basal stalk. By anagen VI, the proximal
dermal sheath expresses Nog-lacZvery faintly and strong
expression finally localizes within the dermal papilla and
the basal stalk. The loss of Nog-lacZin the dermal papilla
coincides with the end of anagen, seemingly to signal the
end of the dermal papilla’s support for hair growth. In both
refractory and competent telogen, Nog-lacZ is absent in
the mesenchyme but remains positive in the bulge.

The periodic appearance of multiple hair cycle do-
mains onthe mouse skin can be appreciated fromawhole

gene whichwas reported to act as a faithful Bmp-responsive element
(Brugger et al., 2004).

The Bmp pathway is complex and its activity can be modulated
by the changing levels of other Bmp antagonists, Bmp receptors,
Smads, or even cross-talk between other pathways (Botchkarev,
2003). Therefore we further analyzed 52bpMsx2-hsplacZ trans-
gene activity (Fig. 7 A-F), which acts as a faithful Bmp-responsive
element, reporting the integrated Bmp activity (Brugger et al.,
2004). During refractory telogen, 52bpMsx2-hsplacZis expressed
at high levels in hair follicles (Fig. 7 B,D,G). In competent telogen
follicles, the level is minimal (Fig. 7 C,E,G). 52bpMsx2-hsplacZ
activity comes back gradually starting at anagen Il and increasing
toward late anagen.

Conventionally, pSMAD immunostaining assay is used to
localize canonical Bmp signaling-responsive cells. However, the
fact that pPSMAD mediated activation of downstream targets of
Bmp signaling is heavily modulated by other transcription factors
(Brugger et. al., 2004; Rice et al., 2003) raises the issue of
reliability of pPSMAD immunostaining assay in localizing sites of
active Bmp response in target tissues. Indeed, upon expression
analysis we found that the extent of spatial overlap between
pPSMAD and activity of 52bp Msx2-hspLacZ in telogen hair fol-
licles is small and that 52bp Msx2-hspLacZ is largely active in
keratin 15-negative cells (Fig. 81). The nature of this discrepancy
is not fully understood. The 52bp fragment of the Msx2 promoter
employed here contains both GCCG (pSMAD binding) sites, as
well as TTAATT (homeodomain containing protein binding) sites
(Brugger et. al., 2004). Availability of GCCG sites for pSMAD
binding only is not sufficient to elicit a Bmp response in vivo.
Mutation of the TTAATT site abolishes the Bmp response even
when all pPSMAD binding sites are present (Brugger et. al., 2004).

2nd Refractory Telogen Doma

mount in situ of Bmp2 (Fig. 6).

Attemptingto define Bmp activity with 52bpMsx2-
hspLacZ transgene activity

Although some expression studies have been done on
the level of a single hair follicle, here we have focused on
expression dynamics within the entire hair cycle domain
including intra- and inter-follicular compartments. To study
Bmp activity we use a novel 52bpMsx2-hsplacZ trans-

Fig. 6. Correlation of refractory telogen and Bmp2 expression. A long skin strip
spanning two hair cycle domains shows two Bmp2-expressing segments which also
correspond to the refractory telogen region demonstrated by observation.



Fig. 7. Spatial and temporal changes of putative Bmp reporter
activity in the regenerating hair wave. (A) 52bp Msx2 promoter region
contains both Smad and homeodomain consensus sites. (B-G) Summed
putative Bmp activity may be estimatedin vivo using 52bpMsx2-hsplacZ
transgene expression. However, this 52 bp also contain a homeobox
binding site which can affect Bmp reporter activity. (F,G) Positive trans-
gene expression is seen starting from late anagen. Early anagen hair
follicles (red arrowheads on F; yellow arrowheads on G) do not show
52bpMsx2-hsplacZ transgene expression. Expression of 52bpMsx2-
hsplacZ transgene during telogen is dynamic: it is expressed during early
telogen (refractory phase; B,D), but absent during late telogen (compe-
tent phase; C,E). (H) Putative Bmp reporter activity is high in refractory
but low in competent telogen follicles. (I) Left panel: Putative Bmp
reporter activity (blue color) and keratin 15 immuno-localization (brown)
positive cells partially overlap (red arrow). Right panel: Similarly, some
Bmp reporter activity (blue color) and pSMAD positive cells (brown)
overlap (yellow arrow), yet others are positive for either Bmp activity or
pPSMAD (white arrow) only.

As described in Brugger et. al., 2004, the Bmp response of the
52bp Msx2-hspLacZ reporter construct is elicited in a tissue- and
stage-restricted manner during mouse embryogenesis. We ex-
pect that the tissue- and time-restrictive response should con-
tinue into adulthood. The nature of such a restrictive Bmp re-
sponse should be elucidated separately in each case. Collec-
tively, these facts underline the complexity of the Bmp response
in target tissues that goes beyond a simple nuclear pSMAD
readout. The 52bp Msx2-hspLacZ construct should become very
instrumental in dissecting tissue- and time-specific Bmp signaling
in vivo.

Global down-regulation of Bmp signaling in the skin of
Krt14-Nog mice shortens refractory telogen and alters
hair cycle wave patterns

To test the functional role of Bmp activity during refractory
telogen, we should be able to confer competence by down-
regulating Bmp signaling. We did this by over-expressing ectopic
noggin under a keratin 14 promoter in the Krt14-Nog mouse
(named K14-Noggin mice in Plikus et al., 2004). Keratin 14
expression areas include the interfollicular epidermis and the
outer root sheath of the hair follicle. A cross of Krt14-Nogand 52bp
Msx2-hsplacZ mice produced mice with an effective down-regu-
lation of Bmp signaling activity in early telogen hair follicles, as
judged by the premature loss of 52bp Msx2-hsplacZ transgene
expression. At the functional level, telogen length in dorsal Krt14-
Nog hair follicles was dramatically reduced (7.9 +/- 11 days
(n=71)) with a minimal length of only 6 days (vs. 28 days in WT)
and a maximal length of only 11 days (vs. 88 days in WT). At the
same time, the average anagen length remained essentially
unchanged (12.3 +/- 1 days (n=71) vs. 12.7 +/- 0.97 days (n=18)
in WT). It appears that in Krt14-Nog mice the refractory telogen is
reduced to 6 days. Similar changes are found in the ventral skin
(Plikus et al., 2008).

We hypothesize that the shortened telogen in Krt14-Nog mice
does not allow stochastic initiation events to accumulate. These
mice have a dramatically shorter refractory telogen stage and
much faster anagen re-entry. The hair follicles engage in continu-
ous wave-like cycling. Since competent telogen is too short to
allow the establishment of inter-domain boundaries, they have a
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much simpler domain pattern (Fig. 8, Plikus et al., 2008). In a
special strain of nude mice, similar conditions occur and the hair
forming waves are observed as traveling stripes (Suzuki et al.,
2003).

We further tested the response of Krt14-Nog hair follicles to
hair plucking. The differences in response during early vs. late
telogen and upon 50 vs. 200 hair plucking observed in WT mice
are eliminated in Krt14-Nogmice. In all cases, plucked Krt14-Nog
hair follicles required only 6-7 days to re-enter anagen (Plikus et
al., 2008). This is consistent with our hypothesis that a lower
inhibitor activity (caused by noggin here) allows stem cells to
reach the threshold of activation faster.

When atransplanted Krt14-Nog skin graftis surrounded
by the host skin macro-environment, telogen behavior
reflects the non-autonomous equilibrium of Bmp activ-

ity

Totestwhether hair cycle behavior changes in Krt14-Nogmice
are caused by environmental changes in Bmp signaling or by
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A B

KRT14-NOG mice

Msx2 null mice

Fig. 8. Diversity of hair cycle domain patterns in transgenic mice. (A)
Msx2 null mice form more complex and dynamic patterns than control
mice. (B) Krt14-Nog mice form simplified patterns without lateral and
central domains. They also do not display stable domain borders, but
rather show continuous advancement of regenerating transverse waves.

From Plikus et al., 2008.

Fig. 9 (Left). lllustration of transplantation experiment. Trans-
planting Krt14-Nog skin to SCID mice allowed us to study the
interaction between skins with either normal or high levels of
noggin. (A) When small transplants were used, the refractory
telogen phase in Krt14-Nog skin can be partially restored by the
surrounding host skin. Red stop signals represent refractory
signals that can affect the donor skin. (B) When bigger trans-

permanent intrinsic changes to the hair follicles, we transplanted
a small graft of Krt14-Nog skin containing about 100 hair follicles
onto the dorsal skin of an adult SCID mouse (Fig. 9A). The effects
of donor - host interactions are felt in both the host and donor. At
times, hair cycling in transplanted Krt14-Nog hair follicles is
affected by the surrounding host skin. Donor transgenic follicles
remain in telogen for a longer period and can respond to the
anagen activating wave originating from the host. At other times,
groups of Krt14-Nog hair follicles retain a higher propensity for
spontaneous anagen initiation, resulting in hair growth which is
out of phase with the surrounding host skin. When the host skin
is in refractory telogen, the hair growth is confined to the donor
graft. When the host skin is in competent telogen, a halo of hair
growth is induced (Plikus et al., 2008).

Transplantation of a small graft of Krti4-Nog, 52bp Msx2-
hsplacZ skin onto an adult SCID mouse gave similar results.
Examination of LacZ expression showed that the early loss of
Bmp signaling activity in early telogen hair follicles within the
transgenic skin is restored (Fig. 10B). Transplantation of a 52bp
Msx2-hsplacZ skin graft of a similar size was used as a control.

A long term follow up study of the hair cycle behavior showed
that Krti4-Nog hair follicles surrounded by the SCID skin now
spend an average of 38 days in telogen (vs 7.9 days as part of the
original Krt14-Nog skin; Plikus et al., 2008). In addition, the range
of telogen lengths for Krt14-Nog hair follicles expands from very
narrow (6 to 11 days) to a much wider time period (11 to greater
than 100 days). These numbers are comparable to the trans-
planted control (C57BL/6J) (Plikus et al., 2008).

KRT14-NOG / 52bp Msx2-hsplacZ

An Vi Catagen Early Telogen
Bmp activity Bmp activity No Bmp activity

KRT14-NOG / 52bp-Msx2-hsplacZ
h "n;_% BN C - 4

Anagen

Eaﬁy]bL

plants were used, Krt14-Nog skin can initiate propagation waves spreading in the host skin which is in a competent telogen phase, or to «neutralize»
the refractory telogen region of the host up to 2.8 mm deep. Green arrows represent the spreading signals. The experiments suggest the interactions
are non-autonomous (Plikus et al., 2008). Whether this effect is mediated through direct diffusion or an indirect relay remains to be determined.

Fig. 10 (Right). Altered activity of putative Bmp reporter in Krt14-Nog mice. (A) Premature loss of putative Bmp activity during early telogen in
Krt14-Nog / 52bp Msx2-hsplacZ mice. (B) Restored 52bp Msx2-hsplacZ transgene activity in small Krt14-Nog skin flaps transplanted on SCID mice.
In the Krt14-Nog/52bp Msx2-hsplacZ skin, there is no Bmp activity. (C) Upon transplantation however, putative Bmp activity is restored in the telogen

follicles. From Plikus et al., 2008.
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Fig. 11. BMP protein can convert competent telogen status to
refractory. (A) Human BMP4-soaked beads caused hair propagation
wave (green arrowed curve) to go around them. (B) Albumin does not
have this effect. Red broken line, domain border. From Plikus et al., 2008.

To further explore this effect, we next transplanted a larger
Krt14-Nog skin graft (>1cm in diameter) onto an adult SCID
mouse (Fig. 9B). It is now more difficult for the host to control the
donor skin behavior. We observed that the transplanted Krt14-
Nog hair follicles continue to re-enter anagen after only a short
period of telogen. Influenced by the donor, host telogen hair
follicles around the perimeter of a Krt14-Nog skin graft acquire
early competence (after only 11 days in telogen) and re-enter
anagen together with the Krt14-Nog hair follicles. These hair
follicles gain competence despite the fact that the rest of the SCID
hair follicles further away from the Krt14-Nog transplant remain in
refractory telogen (Plikus et al., 2008. The width of this rim is about
2.8 mm, reflecting the influence of noggin signaling.

Thus this transplantation data shows that the hair cycle behav-
ior of both Krt14-Nog and SCID hair follicles can be modulated
through changes in the balance of Bmp signaling. These changes
are non-autonomous and are reversible. The increase of refrac-
tory telogen length in small grafts of Krt14-Nog skin was achieved
by “diluting” the strength of the transgenic noggin upon transplan-

* An individual hair follicle is an oscillating unit

£
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tation onto the host skin. We believe that shortening of refractory
telogen within a narrow rim of host hair follicles immediately
adjacentto the transplantwas achieved due to the “leak” of noggin
activity from the transplanted Krt14-Nog skin.

Local delivery of BMP protein can convert competent
telogen status to refractory

To test further whether BMP protein can indeed confer refrac-
tory status, we used recombinant human BMP4-soaked beads
and injected them into the skin as described (Botchkarev et al.,
1999). We chose the site in front of propagating wave for injection.
Interestingly, BMP proteins caused hair propagation wave to go
around them. In the future cycling, this would become a new
domain. This is not due to physical hindrance of the bead, as
albumin-soaked beads do not have this effect (Fig. 11). These
results suggest that BMP protein can convert competent telogen
status to refractory (Plikus et al., 2008).

Macro-environmental factors regulate the hair follicle
micro-environment and stem cell activation

In populations of hair follicles, individual hair follicles can
regenerate in different modes: 1) The random autonomous cy-
cling of each follicle (Fig. 1 B,D), as seen in the human scalp (Van
Steensel et al., 2000) and mouse vibrissa (reviewed in Plikus et
al., 2006), 2) synchronous cycling as seen in the winter fur growth
of amink, 3) systemic endocrine signals, such as during prolactin
regulated cycling (Rose et al., 1995). This implies that while there
is a hair cycle clock within each follicle that can regulate stem cell
activation via short-distance signaling within the niche (Fuchs et
al., 2004; Blanpain et al., 2004), it can also be reset by a systemic
signal. Patterned coordinated hair growth on the mouse skin
implies the existence of inter-follicular coupling which is mediated
by some local medium-range environmental factors (Figs. 1 C,E,
12 and 13). Here we study the production and activities of such
factors. Surprisingly, we find that changing levels of Bmp activity
can define, although not exclusively, such patterned hair growth
behavior.

We define the macro-environment as the inter-follicular envi-
ronment surrounding a specific hair follicle (Fig. 13). Our experi-
ments demonstrate that complex and dynamic expression of

Functional phases of the hair cycle

* In a population of follicles, the oscillation can

be random, synchronized, or coordinated in High
noggin,

Low Bmps

form of a wave

» Telogen can be divided into refractory and
competent, depending on the cumulative
BMP activity within the skin - integrated
intra- and inter-follicular activity

Whnt/B-catenin

* Anagen can be further divided into propagating
and , depending on its ability
to mediate the propagating signal and
cumulative BMP activity

Low noggin,

High noggin, High Bmps

Fig. 12. Functional phases of the hair cycle.
Schematic representation of classical hair cycle
stages (inner black and white circle; modified from
Stenn and Paus, 2001) and the new functional
phases revealedin our studies (colored outer circle).
Based on the ability of anagen follicles (gray) to
send out signals to induce adjacent hair follicles (by
reduction of Bmp activity) in anagen | - IV, not
anagen V and later (black), we propose to name
these sub-phases propagating anagen (blue) and
autonomous anagen (yellow). Based on the ability
of telogen follicles (white) to respond or not re-
spond to regenerative signals, we name these sub-

* Mutant mice with abberant intra-cutaneous % Low B 1_‘a in, High B
BMP signaling have different hair domain == ‘m‘mg—gm' SR
patterns low Bmp activity

phases refractory telogen (red) and competent

high  telogen (green). Modified from Plikus et al., 2008.
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ligands, Bmp2and Bmp4 and their antagonist, noggin, within this
macro-environment (Figs. 5and 12) contributesto global changes
of Bmp signaling activity in the skin and impacts coordinated hair
cycle behavior. Previous research has demonstrated that telogen-
to-anagen transitions can be promoted by the addition of the
extraneous Bmp antagonist, noggin, to the skin (Botchkarev etal.,
2001). Expression of endogenous noggin in dermal papillae was
shown to start in early anagen hair follicles. This is accompanied
by down-regulation of Bmpr-lA in the secondary hair germ which
ensures that newly initiated anagen will proceed to completion.
Our data sheds new light on the complex role that Bmp
signaling plays within the skin macro-environment in controlling
the hair cycle. First, global down-regulation of Bmp2 and Bmp4
expression in the skin is responsible for the transition from
refractory to competent telogen. Refractory telogen is character-
ized by multiple extra- and intrafollicular sites of Bmp2and Bmp4
expression sites (Fig. 5). Together they create a continuously
high Bmp activity in the macro-environment surrounding telogen
hair follicles. Domains of high Bmp signaling can be clearly
visualized by whole mount staining. They form distinguishable
boundaries with domains in competent telogen that are mostly
void of Bmp2and Bmp4 expression sites. Our results suggest that
Bmp2 and Bmp4 act synergistically during the refractory phase
and disappear around the time when the region gains compe-
tence, creating a favorable macro-environment for successful
anagen initiation. Secondly, further reduction of Bmp signaling is
essential to spread propagating anagen onto competent telogen
hair follicles. Bmp2 and Bmp4 remain low at the wavefront of an
anagen spreading wave. In addition, high levels of noggin start to

Micro-environment

§ ofbulge 1
A:

Bulge
stem cells

niche B &

N

Dermal macro-environment

Subcutaneous fat

Micro-environment
ONiche stem cell activation

Macro-environment

—J Dermal BMP signaling
~~p Anagen spreading wave

Dermal papilla y

Fig. 13. Schematic illustration of the relationship between
macroenvironment and micro-environment of hair follicles. The
inter-follicular dermal macroenvironment includes dermis, subcutaneous
fat and adjacent follicles. Anagen stimulating (black and green) or inhibi-
tory (red) activities are depicted with colored arrows. Follicles are in
different stages: A, refractory telogen; B, competent telogen, C, propa-
gating anagen; D, autonomous anagen follicles. Blue circle in A, intra-
follicular micro-environment. Color codes are similar to Fig. 12. From
Plikus et al., 2008.

be expressed throughout the dermal sheath of early anagen hair
follicles synergizing with reduced Bmp ligands. Thirdly, a quick
reappearance of nearly all Bmp2 and Bmp4 expression sites and
disappearance of noggin expression from most of the dermal
sheath during anagen V-VI terminates the propagating stages of
anagen and contributes to border stabilization of the hair cycle
domains in autonomous anagen.

The finding that Bmp2 transcripts oscillate in subcutaneous
adipocytes comes as a surprise. However it seems reasonable,
considering that one function of subcutaneous fat is insulation.
This adipose - hair growth interaction will open up new under-
standing in endothermy homeostasis and skin response to envi-
ronmental and seasonal changes. One issue remaining to be
explored is the control of Bmp2 oscillation, which appears to be
under a different control mechanism than the hair cycle clock.

In the mouse, the first cycle is more or less synchronized
throughout the entire dorsum. However, during consecutive cycles
one big dorsal domain fractionates into smaller and smaller
domains (Plikus and Chuong, 2008). In adult female mice with
multiple fractionated domains, pregnancy mediated by system-
atic factors (presumably involving hormones, such as prolactin;
Fraser and Nay, 1953; Craven et al., 2006), promotes an unusu-
ally extended telogen. In such mice the entire dorsum resets into
one big domain. If mice are kept from getting pregnant again,
fractionation of the domains recurs (our unpublished data). In
many transgenic mouse studies to date, dorsal skin from 2-4 week
old pups is used as a standard for anagen, catagen, and telogen
hair follicles. This is generally correct for mice that are about one
month old. However, in adult mice (> 2 months) domains fraction-
ate and one has to account for the complex patterning described
here in designing experiments or analyzing results. For example,
if a reagent is tested for its potency to alter stem cell behavior, it
is important to know whether the macro-environment is at the
refractory or competent phase.

Here we discuss the consequence of the effect of oscillation of
Bmp signaling in the dermal macro-environment on hair cycling.
Another interesting and critical issue is the control of the oscilla-
tion of Bmp signaling in the dermal macro-environment. Is it a
clock intrinsic to the dermis? Is it dependent on the hair cycle
clock? Or both, in the sense that there is a dermal clock but it is
modulated by the hair cycle rhythm. What are the molecular bases
of these clocks or the interacting signals? Future study will be
aimed to answer these questions.

Conclusion

We have learned that the activation of stem cells can be
regulated on different hierarchical levels. Anagen re-entry re-
quires the following conditions to be met:

1) Stem cells have to be competent. In skin, this means that
bulge stem cells and their immediate micro-environmental niche
have to be competent (Blanpain et al., 2004; Cotsarelis, 2006).

2) The macro-environment has to be permissive, i.e., inhibitors
have to be cleared before activation can occur. Although Bmp
activity is a summation of activities of multiple agonists, antago-
nists, etc., it appears to fulfill the definition of previously predicted
telogen inhibitors or chalones (Ebling and Johnson, 1961; Paus et
al., 1990).

3) The level of activator(s) has to be higher than the threshold



required to trigger regeneration. This can be achieved via propa-
gating influences from neighboring follicles, or stochastic self-
activation based on the original hair cycle clock intrinsic to each
follicle (Paus and Foitzik, 2004).

In summary, this project was motivated by the complex hair
cycle domains observed on Msx2 null mouse skin (Ma et al.,
2002). Integration of long-term careful observations of hair follicle
populations, use of transgenic mice, experimental manipula-
tions, and mathematical modeling allowed us to develop the
preliminary observation of «telogen refractivity» into this new
level of understanding (Figs. 12 and 13). Such novel concepts
have important implications and applications in the activation of
stem cells for regeneration. The unexpected link to adipocytes
and macro-environmental control are likely to launch new areas
of studies ata systematic level and in the Evo-Devo of integument
biology. Finally, we expect that the model presented here can be
adopted to explain other biological phenomena.
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