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Udo Hofmann1
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In this immunohistomorphometric study, we have
defined basic characteristics of the hair follicle (HF)
immune system during follicle morphogenesis and cyc-
ling in C57BL/6 mice, in relation to the skin immune
system. Langerhans cells and γδ T cell receptor immuno-
reactive lymphocytes were the predominant intra-
epithelial hematopoietic cells in neonatal mouse skin.
After their numeric increase in the epidermis, these
cells migrated into the HF, although only when follicle
morphogenesis was almost completed. In contrast to
Langerhans cells, γδ T cell receptor immunoreactive
lymphocytes entered the HF only via the epidermis.
Throughout HF morphogenesis and cycling, both cell
types remained strikingly restricted to the distal outer
root sheath. On extremely rare occasions, CD41 or CD81

αβTC were detected within the HF epithelium or the
sebaceous gland. Major histocompatibility complex class
II1, MAC-11 cells of macrophage phenotype and numer-

The hair follicle (HF) displays several intriguing immuno-
logic features. For example, in striking contrast to
the epidermis with its homogeneous distribution of
intraepithelial lymphocytes, dendritic epidermal T cells
(DETC) within murine HF epithelium are stringently

restricted to a defined sector of the distal outer root sheath (ORS)
(Paus et al, 1994a). Furthermore, the inner root sheath (IRS) and hair
matrix of anagen follicles do not express major histocompatibility
complex (MHC) class Ia molecules (Harrist et al, 1983; Westgate et al,
1991; Paus et al, 1994b) so that the proximal anagen follicle epithelium
may enjoy some form of ‘‘immune privilege’’ (Billingham and Silvers,
1971; Westgate et al, 1991; Paus et al, 1994b, c; Paus, 1997). In
addition, the distal ORS expresses so-called nonclassical MHC class Ib
molecules (Paus et al, 1994b; Rückert et al, 1998).
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ous mast cells appeared very early on during HF develop-
ment in the perifollicular dermis, and the percentage of
degranulated mast cells significantly increased during the
initiation of synchronized HF cycling (first catagen).
During both depilation- and cyclosporine A-induced HF
cycling, the numbers of intrafollicular Langerhans cells,
γδ T cell receptor immunoreactive lymphocytes, and
perifollicular dermal macrophages fluctuated signific-
antly. Yet, no numeric increase of perifollicular macro-
phages was detectable during HF regression, questioning
their proposed role in catagen induction. In summary,
the HF immune system is generated fairly late during
follicle development, shows striking differences to the
extrafollicular skin immune system, and undergoes sub-
stantial hair cycle-associated remodeling. In addition,
synchronized HF cycling is accompanied by profound
alterations of the skin immune system. Key words: CD4/
CD8/E cadherin/γδ T cells/hair cycle/integrins/MAC-1/
NLDC145. J Invest Dermatol 111:7–18, 1998

Taken together, this has raised the possibility that the HF has a
distinct ‘‘hair follicle immune system’’ (HIS) (Paus, 1997) that differs
from the surrounding ‘‘skin immune system’’ (SIS) (Bos, 1997).
Synchronized HF cycling is also associated with substantial alterations
of the skin immune status and of standard skin immune responses
(Claesson and Hardt, 1970; Westgate et al, 1991; Paus et al, 1994b;
Hofmann et al, 1996, 1998; Tokura et al, 1997). In turn, the dermal
SIS, namely mast cells (MC) and macrophages (MAC), may be involved
in hair growth control (Parakkal, 1969; Westgate et al, 1991; Paus et al,
1994d; Botchkarev et al, 1995, 1997; Maurer et al, 1995, 1997).

Yet, even basic data on HF immunology are still missing. In
particular, the following issues are still waiting to be clarified: (i) the
migration of hematopoietic cells into the HF and the stepwise installa-
tion of the HIS during follicle morphogenesis, (ii) the exact distribution
of Langerhans cells and αβ T cells throughout the entire HF epithelium,
(iii) differences in the organization of the HIS during the hair cycle,
and (iv) hair cycle-dependent changes in the number and distribution
of extrafollicular constituents of the SIS, specifically of MAC.

To clarify these issues, we have studied the assembly of the
HIS during neonatal HF morphogenesis in mice by standardized,
quantitative immunohistomorphometry, using antibodies that demarc-
ate γδ T cells, αβ T cells (CD4, CD8), Langerhans cells, MAC, and
MC. With the exception of MC, which have already been extensively
characterized (Paus et al, 1994d; Botchkarev et al, 1995, 1997; Maurer
et al, 1997), the distribution and number of these immunocytes were
also assessed during all stages of the hair cycle in adolescent mice,
comparing pharmacologically and depilation-induced HF cycling.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82140005?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


8 PAUS ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Table I. Employed antibodies, source, and dilution

Antigen Clone Mainly expressed by Source Species Dilution

pan-γδTCR GL3a γδ-receptor bearing T cellsi Pharmingen hamster 1/75
CD4 (L3T4) RM4–5 T helper lymphocytes,i MACj Pharmingen rat 1/400
CD8 (Ly2) 53–6.7b cytotoxic/suppresser T lymphocytesi Pharmingen rat 1/100
NLDC145 NLDC145c Langerhans cells; dendritic cellsc BMA rat 1/250
MAC-1 (CD11b) M1/70d MACd Pharmingen rat 1/8000
MHC II ER-TR3e Langerhans cells (epidermis);i MAC, dermal dendritic cellsk BMA rat 1/200
c-Kit 2B8f MC, melanocytesl Pharmingen rat 1/200
E-cadherin ECCD-1g keratinocytesm Zymed rat 1/1500
aE/β7 (CD103) m290h intraepithelial T cellsn Pharmingen rat 1/250

aGoodman and Lefrancois, 1989; bLedbetter et al, 1980; cKraal et al, 1986; dSpringer et al, 1979; evan Vliet et al, 1984; fIkuta and Weissman, 1992; gYoshida-Noro et al, 1984;
hKilshaw and Murant, 1990; iGoldsmith, 1991; jRoulston et al, 1995; kDuraiswamy et al, 1994; lHamann et al, 1995; mHirai et al, 1989; nLefrancois et al, 1994.

MATERIALS AND METHODS

Animals Tissue banks were prepared from neonatal and adolescent back skin
of C57BL/6 mice obtained from Charles River (Sulzfeld, Germany) as described
in detail (Paus et al, 1994e, 1997).

Induction of synchronized hair follicle cycling Anagen was induced by
depilation of hair shafts on the back of mice with all follicles in telogen, as
described (Paus et al, 1990, 1994f). In order to be able to distinguish changes
in HF and skin immune parameters related to the trauma of depilation, which
induces a discrete wound healing response early on during anagen development
(Argyris, 1967), from truly hair cycling-related changes, a second, pharmacologic
method of anagen induction was employed by i.p. application of cyclosporine
A (CsA, Sandimmun; Sandoz, Basel, Switzerland). CsA was given once per day
at a dosage of 250 mg per kg on days 0, 1, and 3, which initiates a new
synchronized hair cycle (cyclosporine-induced hair cycle, CsA-HC) (Paus et al,
1989, 1996a). In both depilation- and CsA-induced anagen HF, catagen develops
spontaneously after 17–19 d (Paus et al, 1994e, 1996a).

The time course of HF cycling after anagen induction by depilation (dep-
HC) and after anagen induction by CsA (CsA-HC) were compared by
quantitative histomorphometry (Paus et al, 1994e, 1996b; Maurer et al, 1997),
analyzing 20 HF from each of five different mice during various time points
of the dep-HC and the CsA-HC. This revealed that, in CsA-HC, anagen I
was first detected 5 d after the first CsA injection, whereas anagen I could
already be found at day 1 post-depilation (p.d.) in dep-HC. Thereafter the
dynamics and time course of induced HF cycling were virtually identical
between dep-HC and CsA-HC (data not shown). Thus, there is a time lap of
5 d between the onset of dep-HC and the onset of CsA-HC, after which both
types of induced HF cycling show a practically identical anagen development.

Skin harvesting Back skin was dissected at the level of the subcutis just
below the panniculus carnosus. For routine histology, paravertebral probes were
taken from the upper half of the dissected skin and fixed in 5% buffered
formalin, pH 5 7.4. For immunohistology, skin probes from the lower half of
the back skin were prepared for obtaining full longitudinal HF cryosections,
using a special embedding technique (Paus et al, 1994a, b). In order to obtain
samples of all stages of HF morphogenesis, neonatal mice were sacrificed on
eight different days after birth [days 1, 3, 5, 7, 9, 11, 17, and 20 post-partum
(p.p.)], whereas specimens of the dep-HC and CsA-HC were obtained on days
1, 3, 5, 8, 12, 17, 19, 25, and 34 p.d., or on days 4, 6, 8, 11, 15, 21, and 31
after the first CsA injection. These murine back skin samples with their well-
defined hair cycle stages were compared with completely unmanipulated
adolescent mouse skin with all HF in telogen (termed day 0) from 6 to 8 wk
old C57BL/6 mice.

Histology The primary antibodies used for immunohistology and their
source, dilution, and host species are listed in Table I. All incubation steps
were interspersed by washing with Tris-buffered saline (TBS, 0.05 M, pH 7.6;
3 3 5 min). Non-specific binding was blocked by application of an avidin-
biotin blocking kit solution (Vector Laboratories, Burlingame, VT) and by 5%
bovine normal serum in TBS. Thereafter, sections were incubated with the
primary antibody, diluted in TBS containing 1% bovine normal serum for
45 min (for dilution see Table I), followed by biotinylated secondary antibodies
(goat anti-rat or rabbit anti-hamster, Dianova/Pharmingen; 1:200 in TBS
containing 4% normal mouse serum; 30 min). Then the ABC-AP complex
was added to the slides (Vector Laboratories; 1:100; 30 min), followed by
staining for alkaline phosphatase, and counterstaining in Mayer’s hemalaun
(Handjiski et al, 1994). Double-labeling studies (see Results) were performed
according to a method that we had developed for labeling skin sections with
two primary antibodies from the same species (Eichmüller et al, 1996). Negative
controls were obtained by omission of primary antibody, or by using nonspecific

hamster or rat IgG instead. Because the expression of all tested antigens in one
or all of these organs is well documented (e.g., Schuler, 1991; Janeway and
Travers, 1997; Bos, 1997), thymus and spleen as well as murine skin itself
served as positive controls. All control staining results for the employed primary
antibodies yielded the expected immunoreactivity pattern (Table I). Giemsa
staining was employed on paraffin-embedded longitudinal skin sections to
identify MC by their characteristic morphology and the presence of metachrom-
atic granules (Paus et al, 1994d).

Histomorphometry Based on functional and anatomical considerations, the
epithelial and mesenchymal skin regions were divided into defined tissue
compartments, as depicted in Fig 1. Twenty HF were analyzed for every
mouse. Immunoreactive cells per epithelial compartment were counted after
orienting a longitudinally cut HF into the center of the microscopic field [MF,
3400; strictly avoiding overlap of the interfollicular epidermal compartment
(Fig 1, I)]. For evaluation of the mesenchymal compartments, a 31 µm wide
strip (using an ocular micrometer grid) was virtually placed around the HF
(Fig 1, compartments A, B, and C). During follicle morphogenesis, the dermal
perifollicular mesenchyme (31 µm wide strip) was counted together as one
‘‘dermal compartment.’’ Nine different stages of follicle morphogenesis (stages
0–8) can be distinguished in neonatal skin (Vielkind et al, 1995; Paus et al,
1997) (see Results). The compartment scheme for mature HF (Fig 1) was
employed as soon as follicles had reached developmental stage 6 and later.

For the evaluation of mast cell numbers and degranulation patterns, all
Giemsa-positive cells were counted within the perifollicular dermis and subcutis,
and their granulation pattern was recorded (‘‘not degranulated,’’ no extracellular
metachromatic granules visible; ‘‘strongly degranulated,’’ . six extracellular
mast cell granules). To evaluate the percentage of MHC II1 cells among all
dermal cells in telogen skin, and for comparing the absolute numbers of dermal
MHC II/CD4 double-positive cells during telogen and anagen VI, a defined
square reference area (0.015 mm2) was randomly placed into the interfollicular
dermis by the ocular micrometer grid (10 MF per mouse; five mice per
day). Photomicrographs were taken with the Zeiss Axiophot system (Zeiss,
Oberkochen, Germany). All immunoreactivity patterns were qualitatively
recorded in standardized, computer-generated schemes of murine HF morpho-
genesis and cycling (Paus et al, 1997) by at least two independent observers.

Statistical analysis In neonatal mouse skin, a heterogeneous mixture of
different stages of HF development is found during each of the first 7–8 d of
life (Vielkind et al, 1995; Paus et al, 1997). Because our histomorphometric
results were mostly obtained with reference to defined days of postnatal skin
development, the prevalence of each stage of HF morphogenesis during each
of these days was determined (i.e., on days 1, 3, 5, 7 p.p.; counting a total of
100 HF per day, i.e., 20 follicles each from five different mice). From this
analysis, the percentage of follicles in late stages of follicle morphogenesis (stages
7 or 8) was calculated.

The mean cell numbers counted per compartment and mouse served as the
basis for statistical analyses of immunocyte numbers. For each time point during
neonatal follicle morphogenesis, dep-HC, or CsA-HC, and for each antigen,
five mice (125 mice in total, .7500 HF) and 20 HF per mouse were analyzed.
Statistical significance was estimated using the Kruskal–Wallis test for each
compartment and – if positive – the Mann–Whitney U test for comparing
pairs. For graphic representation, the mean and standard error of the mean as
well as the p value were calculated.

RESULTS

During the early postnatal days, HF in very different stages of their
development (e.g., Fig 2d) were found located next to each other
within the same skin section, representing tylotrich HF and the bulk
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Figure 1. Defined epithelial and mesenchymal compartments of murine skin for quantitative immunohistomorphometry. The scheme depicts selected
stages of hair follicle cycling and the corresponding changes of various C57BL/6 mouse skin and hair follicle compartments relative to each other. Epithelial
compartments are in grey and roman numerals (I, epidermis; II, constant part of HF distal to sebaceous duct; III, isthmus and ‘‘bulge’’ region; IV, cycling part of
HF; SG, sebaceous gland), and selected perifollicular mesenchymal compartments are hatched (A, B, C, perifollicular space; D, dermal papilla). Note the hair cycle-
associated changes in the size of compartment C. For quantitative immunohistomorphometry, the microscopic field, here indicated in its starting position, was
moved along the follicle and the numbers of immunoreactive cells in all compartments were counted and recorded (values for each compartment in Figs 4–8 are
given as the number of cells per MF). APM, arrector pili muscle; DP, dermal papilla; HS, hair shaft; IRS, inner root sheath; ORS, outer root sheath; SG, sebaceous gland.

of pelage follicles, which develop at various time points in the perinatal
period (Vielkind et al, 1995; Paus et al, 1997). Because of this
follicle heterogeneity, quantitative analyses were mostly performed
with reference to selected days of neonatal skin development (see
below). In addition, Fig 3 qualitatively summarizes the obtained
histomorphometric results on the distribution and relative numbers of
γδ T cell receptor immunoreactive (γδTCR1) (DETC), NLDC-1451

(Langerhans cells), MHC II1 cells (Langerhans cells, MAC), and MC
during defined stages of HF morphogenesis.

γδ T cell receptor-positive lymphocytes (γδTC) are the predom-
inant immunocytes detectable in early postnatal epi-
dermis Among immunocytes detectable during the first 7 d of
neonatal life, γδ T cells were the first to populate the epidermis in
substantial numbers (1–4 cells per MF, Figs 2a, f, 4a). γδ T cell
numbers continuously increased from day 1 p.p. to reach half-maximal
numbers around days 4–5 p.p. (Fig 4a), and their final density already
at about day 7 p.p. (e.g., Fig 2f, 4a). Interestingly, during days 1–2
p.p., directly adjacent ‘‘pairs’’ of γδTCR1 cells were frequently seen,
whose phenotypic appearance suggested that these cells had just
completed mitosis (cf. Fig 2a) [DETC can proliferate intraepidermally
during the perinatal period (Allison and Havran, 1991; Payer et al,
1991; Elbe et al, 1992)]. γδTCR1 cells were never seen in mesenchymal
skin compartments.

Intraepithelial CD41 and CD81 T cells are most numerous in
early neonatal epidermis Besides γδTC, a few CD41 αβ T cells
(mean 0.4–0.5 cells per MF during days 1–7 p.p.; Figs 4b, 5a) and
even fewer CD81 αβ T cells (mean , 0.2 cells per MF; Fig 5b)
could be detected in neonatal epidermis. There was a significant

increase of epidermal CD41 cells from about 0.2 cells per MF on day
1 p.p. to a peak value of about one CD41 cell per MF on day 3 p.p.,
followed by a decline during the subsequent postnatal days (Fig 4b).
When comparing pooled data from mice during the early and the late
neonatal period, the number of both CD41 and CD81 T cells in the
epidermis declined with progressing skin and HF development (Fig 5).

CD41 T cells outnumber CD81 cells in neonatal mouse skin In
the perifollicular dermis, the overwhelming majority of αβ T cells
were CD41 T cells. Their numbers significantly increased during
neonatal skin and HF development (Fig 4b, 5a). CD81 cells instead
were seen only extremely rarely in early neonatal dermis (0.01–0.02
cells per MF during days 1–7 p.p.), but substantially increased in
number during subsequent postnatal days (Fig 5b). Calculation of the
CD4/CD8 ratios revealed that CD41 cells predominated over CD81

cells in both the epidermis (ratio: 3–5.8) and the dermis (ratio: 23–60)
of neonatal C57BL/6 mouse skin.

The numeric increase of epidermal Langerhans cells in neonatal
epidermis lags behind the one of γδTC In contrast to γδ T cells,
we detected no NLDC-1451 Langerhans cells and only very low
numbers of MHC II1 Langerhans cells in the epidermis during the
first three postnatal days. Similar to a previous report (Elbe et al,
1989), Langerhans cells also displayed a steep numeric increase during
progressing neonatal skin and HF development, with a short delay
compared with DETC, to reach values of about three MHC II1 and
5.5–6 NLDC 1451 Langerhans cells per MF in the late postnatal phase.
The half-maximal numbers of epidermal Langerhans cells were reached
2 or 3 d later than those of DETC, depending on the Langerhans cells
marker employed (NLDC-145, MHC II; Fig 4a, c, d).
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Members of the dermal macrophage/dendritic cell lineage
appear early in neonatal skin Already at day 1 p.p., prominent
numbers of MHC II1, NLDC-1451, or MAC-11 subsets of the –
still rather ill-defined – dermal dendritic cell populations of murine
skin (Nickoloff, 1993; Bos, 1997) were found, scattered within the
dermis and subcutis. Although the number of perifollicular dermal
NLDC-1451 cells, most likely representing Langerhans cells, remained
very low during the first 20 d after birth (Figs 2g, 4c), the number of
perifollicular dermal MHC II1 cells with macrophage-like phenotype
continuously increased with progressing neonatal skin and HF develop-
ment, reaching maximal levels at day 20 p.p. (Figs 2h, 4d). In the
perifollicular subcutis, only low numbers of MHC II1 cells were seen
(about 0.7 cells per MF on day 11 p.p., rising to 1.3 cells per MF on
day 17 p.p.). MAC-11 cell populations could also be detected right
after birth (Fig 2i); they increased in number during the following
days of skin and follicle morphogenesis much like what had been
observed with MHC II1 cells. Notably, compared with the more

evenly distributed MHC II1 cells, MAC-11 cells preferentially localized
in the subcutis (not shown).

Mast cell activities change during hair follicle morpho-
genesis During early stages of murine neonatal skin and follicle
development, MC were the most prominent hematopoietic cells to be
found (Fig 2e). Whereas the total number of dermal perifollicular MC
changed only insignificantly during the first 17 d of postnatal life (range
2.2 to 3.5 cells per MF), HF development was paralleled by significant
changes in the prevalence of degranulated MC. Between early postpartal
days (days 3 or 5 p.p.) and days 9 and 11 p.p., i.e., when all follicles
had developed into full-size anagen HF (Fig 6b), a significant numeric
increase of strongly degranulated perifollicular MC was detectable
(Fig 6a). The first catagen-telogen transformation (days 17–20 p.p.)
was associated with a decline in the total MC number and in the
number of nondegranulated MC (Fig 6a, b), i.e., the initiation of
synchronized HF cycling coincided with MC activation. This was
confirmed when perifollicular MC were analyzed separately according
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to the stage of follicle development (Fig 6c), and by assessing MC by
a degranulation-independent marker (c-Kit) (not shown).

The intrafollicular part of the HIS is assembled only during the
final stages of HF morphogenesis During the first 7 d p.p., the
dominant immunocyte populations of cutaneous epithelium, γδTC
and Langerhans cells, were seen in notable numbers only within the
epidermis (Figs 2a, b, 3) and in a minority of HF whose morphogenesis
was already far advanced (e.g., Fig 2c). These represented tylotrich
follicles that had developed during late fetal life (Vielkind et al, 1995).
Because the bulk of pelage HF all reached developmental stage 7 or 8
(Fig 3) around day 9 p.p. (Figs 4e, 6b), and because γδTC and
Langerhans cells almost always populated only those HF that had
reached at least stage 7 of their morphogenesis (never before stage 6), the
mean counts of intrafollicular γδTC and Langerhans cells significantly
increased during this time period (Fig 4a, c, d).

After the epidermal γδTC had reached their final density within the
first 7 d p.p., this was followed by a significant numerical increase of
intrafollicular γδTC, which became most obvious in compartment II
around days 9–11 p.p. (Fig 4a). Intrafollicular localization of CD41

or CD81 cells was an exceptionally rare event (mean , 0.06 cells per
MF). Although these αβ T cells were present in relatively high numbers
in the epidermis during the early neonatal phase (e.g., CD41 cells on
day 3 p.p., one cell per MF; Fig 4b), this did not result in any follicular
increase of CD41 lymphocytes comparable with that of γδTC.

Immigration of NLDC-1451 and/or MHC II1 Langerhans cells
into the HF started around the same time as that of γδTC, and resulted
in comparable half-maximal settlement kinetics in the distal ORS
(compartment II; Figs 2g, h, 4a, c, d). Whereas γδTC obviously
migrated into the follicle only via the epidermis (at the time of the
intrafollicular increase in γδTC, no dermal γδTCR1 cells could be
detected at all), Langerhans cells likely populated the follicle also via
the distal perifollicular dermis (Fig 2h, m) (the time point of rising
numbers of intrafollicular Langerhans cells coincided with a significant
numeric increase of perifollicular dermal Langerhans cells; see Fig 4c, d).

E-cadherin and αE/β7-integrin (CD103) expression during HIS
generation fail to explain follicular γδTC homing CD103, the
heterotypic adhesion partner of E-cadherin, was found only on cells
of dendritic phenotype within the epidermis and the distal follicle
epithelium, corresponding exactly in number and distribution to the
cells demarcated with the anti-γδTCR antibody (Fig 2b, c, f; cf. Paus
et al, 1994a). In contrast, E-cadherin was expressed on all keratinocytes

Figure 2. Photomicrographs of constituents of the HIS during hair follicle morphogenesis and cycling. Representative examples of the immunohistologic
staining results obtained with the primary antibodies listed in Table I during various stages of HF and skin morphogenesis in neonatal C57BL/6 mice (a–i) and
the depilation-induced hair cycle in adolescent C57BL/6 mice (j–r). (a) γδTCR: ‘‘pairs’’ of intraepidermal γδTCR1 lymphocytes, suggestive of mitosis, were
frequently present at day 1 after birth (p.p.). (b) αE/β7 integrin (CD103): skin of neonatal mice at the first day after birth, showing a few, dendritic CD1031 cells
in the epidermis (most likely representing DETC) and two follicles of stage 3 on the right. (c) αE/β7 integrin (CD103): CD1031 cells were visible already on day
4 p.p. within compartment II (arrowhead) of a developmentally advanced follicle [stage 7: tip of hair shaft has past the level where the sebaceous gland duct opens
into the hair canal (* )]. (d) E-cadherin: at birth, epidermis and keratinocytes of HF buds (stage 2, arrowhead) were already strongly E cadherin1; aggregated dermal
papilla cells are visible directly below the follicle bud (arrow). (e) Mast cells (Giemsa): largely nondegranulated mast cell(s) (arrowhead) close to the distal part of a
stage 5 follicle [note the single sebocyte (arrow) that characteristically becomes visible during this follicle morphogenesis stage] on day 1 p.p. (f) γδTCR: in the
epidermis an increased density of γδTCR1 cells was detected at day 5 p.p., whereas γδTCR1 cells were still absent from the follicle epithelium at this time. (g)
Langerhans cells: NLDC-1451 Langerhans cells in epidermis and distal follicular ORS in the skin of mice on day 9 p.p. with all follicles in developmental stage 8.
(h) Langerhans cells and MAC: MHC II1 cells within epithelium and perifollicular dermis (arrows) of an early catagen follicle at day 18 p.p. (i) MAC: MAC-11

cells (arrowheads) in close vicinity of stage 3 hair follicle at day 1 p.p. (j) CD4/MHCII: CD4 (red, arrow)/MHC II (blue, arrowhead) double-staining of untreated
telogen skin of adolescent mice showing a telogen follicle containing two club hairs (* ), and numerous immunoreactive cells within the dermis. (k) CD4/MHCII:
perifollicular dermal CD41 and MHC II1 cells increase in both number and density during development of anagen VI (shown here exemplarily in anagen V skin;
day 8 p.d.). (l) CD4: telogen HF, showing a CD41 T cell (arrowhead) within the outermost epithelial layer of the sebaceous gland (SG). γδTC or Langerhans cells
were not found in the SG. (m) Langerhans cells: NLDC-1451 cells within the epidermis and the HF (arrows), and in the perifollicular dermis (arrowheads) adjacent
to the follicle epithelium of an anagen VI follicle (day 12 p.d.). (n) γδTC: typical distribution of γδTCR1 cells in distal ORS (arrowheads) of an anagen VI HF and
in the epidermal epithelium (arrows). (o) CD4: the only T cells ever seen in the proximal HF epithelium (as an extremely rare phenomenon) were αβTCR1,
CD41, or CD81 lymphocytes. Here, a CD41 T cell (arrowhead) is visible in the proximal ORS. Note the typical, expanded, voluminous dermal papilla (* ) of an
anagen HF, compared with the one of a telogen or a catagen HF (cf. j, p). (p) MAC-1: MAC adjacent to the prominent perifollicular connective tissue sheath and
thickened basement membrane around a catagen VII follicle stained by anti-MAC-1 on day 19 p.d. At the proximal end of the epithelial strand (* ) the typically
rounded dermal papilla (arrow) of a late catagen follicle is seen. (q) MAC: during anagen VI MAC were often found in the direct vicinity of the proximal hair bulb,
shown are blue MHC II1 cells (arrowhead), red MAC-11 (arrow) cells, and purple double-labeled cells. (r) MHC II: an intrafollicular MHC II1 cell (arrowhead)
could only be detected in the regressing hair bulb on very rare occasions. The exceptionally rare phenomenon of an intraepithelial MHC II1 cell in the hair germ
of a catagen VIII HF on day 19 p.d. is shown here. The presence of additional MHCII1 cells in the immediate vicinity (perifollicular connective tissue sheath,
large arrow) suggests that the intrafollicular MHC II1 cell is a MAC that has invaded the hair germ during the final stage of the catagen-telogen transformation.
Note also the prominent perifollicular mast cell (small arrow). Scale bars: (b, d, f, g, h, j, k, n, o, p, q) 50 µm; (c, e, i, l, m) 25 µm; (a, r) 10 µm.

of both the epidermis and the developing HF, independent of the HF
stage (e.g., Fig 2d). Thus, if the interaction of CD103 and E-cadherin
plays any role in follicular T cell homing, comparable with the
interaction of γδTC and epithelial cells in the intestinal mucosa (Cepek
et al, 1994; Erle, 1995), it is most likely not a factor of primary
importance and therefore does not explain the restricted distribution
pattern of γδTC within the ORS.

Depilation-induced anagen development is associated with a
numeric increase of immunocytes in most intra and perifollicu-
lar skin compartments Next we analyzed whether the synchronized
cyclic growth and regression activity of mature HF in adolescent mice
was associated with any changes in major cellular constituents of the
HIS and/or the SIS. As shown in Table II, depilation-induced anagen
development was indeed accompanied by a significant increase in the
number of γδTCR1, NLDC-1451, MHC II1, or CD81 cells in a
defined section of the distal ORS, and of MHC II1, CD41, or CD81

cells in the proximal perifollicular mesenchyme. Notably, NLDC1451,
MHC II1, or γδTCR1 cells were never seen to be localized within
the distal inner root sheath or in the cycling part of the HF below the
insertion of the arrector pili muscle (compartment IV), but were
prominently represented in changing numbers within compartments I,
II, or III. Interestingly, αβ T cells and NLDC-1451 cells were rarely
also detected in the outermost epithelial layer of the sebaceous gland
(one example of a CD41 cell is shown in Fig 2l). Thus, the
intrafollicular distribution of all these immunocytes remained stringently
restricted to the distal ORS throughout the hair cycle, as had been
the case during follicle morphogenesis (Fig 2m, n). In some skin
compartments, the observed hair cycle-associated changes in immuno-
cyte numbers differed between the dep-HC and the CsA-HC.

The previously reported, an anagen-associated increase in the number
of epidermal γδ T cells during the dep-HC (Hashizume et al, 1994;
Paus et al, 1994a) was not seen during CsA-HC (Table II). Though
the number of NLDC-1451 cells in the distal follicle epithelium
significantly fluctuated between telogen and experimentally induced
anagen VI, opposite, hair cycle-associated changes in the number of
Langerhans cells were seen in the distal ORS, depending on whether
dep-HC or CsA-HC was examined (see below). γδTC numbers in
the most distal ORS (compartment II) of anagen VI follicles rose
slightly over telogen values after hair cycle induction by depilation,
but not after anagen induction by CsA. In compartment III, i.e., the
isthmus and bulge region of the distal ORS, no significant changes in
the γδTC number were detected (cf. Table II).
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Figure 3. Hair follicle morphogenesis and stepwise generation of the HIS in neonatal mice. This schematic drawing shows the development of a HF in
neonatal C57BL/6 mice and summarizes the arrangement of various constituents of the developing HIS. HF morphogenesis becomes morphologically visible at
the placode stage (stage 1). By morphogenesis stage 8, the morphology of a mature, hair shaft-producing anagen VI follicle has been acquired (cf. Fig 1) (stages
modified after Hardy, 1992). The HF only begins to cycle after that. As indicated, perifollicular MC and MAC can be found early on during follicle morphogenesis,
whereas Langerhans cells and γδTC do not enter the follicle epithelium before stages 6–8 of development have been reached. DP, dermal papilla; IRS, inner root
sheath; ORS, outer root sheath; SG, sebaceous gland.

CD41 and CD81 cells in adolescent skin and HF differ both in
number and in localization Like in neonatal mice, the numbers
of intraepithelial CD41 or CD81 cells in adolescent C57BL/6 mice
were very low, and showed high degrees of interindividual variability
between mice. Nevertheless, striking differences in αβ T cell numbers
could be detected in defined skin compartments, when skin with all
follicles in telogen or in induced anagen VI was compared; this also
revealed substantial differences between neonatal and adolescent mouse
skin (Fig 5).

Although the number of CD41 T cells in adolescent epidermis
decreased to less than 0.1 cells per MF compared with 0.4 cells per
MF in early neonatal epidermis, the distal follicle epithelium displayed
rising numbers of CD41 cells during anagen development (Fig 5a,
Table II). Thus, telogen HF in adolescent mice had about the same
equipment of CD41 T cells as the developing anagen follicles in early
postnatal life, whereas anagen development in adolescent mice was
characterized by a substantial influx (or local proliferation?) of these
αβ T cells.

During both the dep-HC and the CsA-HC, the number of dermal
CD41 cells, some of which may also represent MAC (Roulston et al,
1995; Wallgren et al, 1995), increased in anagen VI to about twice the
telogen values (Figs 2j, k, 5a, Table II). Double-immunostaining for
CD4 and MHC II antigens (Fig 2j, k) was performed to distinguish
dermal T cells from MAC, because CD41 T cells are generally MHC
II negative (Janeway and Travers, 1997). This revealed that the absolute
numbers of dermal MHC II and CD4 double-positive cells did not
change significantly throughout the hair cycle (not shown), whereas
that of dermal CD41 cells fluctuated significantly (Fig 5, Table II).
Therefore, the anagen-associated increase in the number of dermal
CD41 cells reflected an increase of this αβ T cell subset.

In adolescent mice, epidermal CD81 cells reached peak values of
about 0.25 cells per MF during anagen VI. These were not significantly
different from CD8 counts in telogen or early neonatal skin, but were
significantly higher than those determined in late neonatal epidermis
(about 0.03 CD81 cells per MF; Fig 5b, Table II). As seen before
with CD41 cells, anagen development in adolescent mice was associated
with an increase in the number of intrafollicular CD81 cells, even
though their total numbers remained very low throughout the hair
cycle (Fig 5b, Table II).

Interestingly, the epidermal CD4/CD8 ratio was lower than 1
throughout the adolescent depilation-induced hair cycle, reflecting a
predominance of CD81 over CD41 T cells in adolescent epidermis.
In contrast, CD41 cells dominated by far over CD81 cells, both in

the HF and in the perifollicular dermis of adolescent mouse skin. The
ratio of CD41 cells to CD81 cells basically did not change in any of
the above skin compartments between telogen and anagen VI (not
shown). The only T cells ever seen in the proximal HF epithelium,
as an exceptionally rare phenomenon, were CD41 or CD81 lympho-
cytes (Fig 2o).

Intraepithelial Langerhans cells numbers are hair cycle-
dependent, but differ between dep-HC and CsA-HC In general,
hair cycle-associated remodeling of the HIS and SIS was similar
between dep-HC and CsA-HC (see Table II); however, in the
epithelium differences between dep-HC and CsA-HC became appar-
ent. Whereas MHC II and NLDC 145 antibodies demarcated signific-
antly more epidermal Langerhans cells in anagen VI skin than in
telogen skin during the CsA-HC, this was not seen during the dep-
HC (Table II). In fact, we noted a significant anagen-associated decline
of epidermal Langerhans cells during dep-HC, when NLDC-145 was
used as a Langerhans cell marker (Table II). In the most distal ORS
(compartment II), a significant, anagen-associated increase in the
number of intrafollicular Langerhans cells above telogen values was
found in dep-HC, whereas CsA-AVI showed a decrease (Fig 2m;
Table II). Using NLDC-145 as a Langerhans cell marker, significantly
higher Langerhans cell numbers could also be detected in compartment
III of dep-anagen VI compared with telogen HF (Table II), whereas
the numbers during CsA-anagen were again lower.

NLDC-145 expression demarcates more intraepithelial
Langerhans cells than MHC II expression Interestingly, using
MHC II antigen expression for immunophenotyping, the maximal
number of detected intraepithelial Langerhans cells was lower than
when NLDC-145 was employed as the Langerhans cell marker in
adolescent (Table II) or neonatal skin (Fig 4c, d). Therefore, NLDC-
145 antigen is a more sensitive immunohistologic marker for murine
Langerhans cell detection in situ than MHC II. Whereas in nonactivated
Langerhans cells the MHC II antigen is predominantly located in
perinuclear patches and only weakly expressed on the cell surface,
widespread NLDC-145 antigen expression is found on the Langerhans
cell membrane (Schuler, 1991). This might explain the lower numbers
of MHC II1 cells detected in cryosections of murine skin, similar to
the previously discussed differences in the anti-CD1 (an antigen that
is also strongly expressed on the cell membrane) and anti-HLA-DR
staining results of Langerhans cells in human skin (Schuler, 1991).

Dermal MHC II1 cells are abundant in telogen skin and further
increase during anagen development Besides numerous CD41
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Figure 4. Quantitative analysis and distribution of γδTCR1 and CD41

lymphocytes, Langerhans cells, and MAC during neonatal hair follicle
morphogenesis. (a) γδTCR1 cell numbers, (b) CD41 cell numbers, (c)
NLDC-1451 cell numbers (5 Langerhans cells), and (d) MHC II1 cell numbers
(Langerhans cells in epidermis and compartments I 1 II, MAC in dermis) per
MF; indicated as mean values 6 SEM in defined compartments of the HF
[epidermis, section of the interfollicular epidermis limited by the microscopic
field, comp. II, ORS of HF distal to the sebaceous gland duct; comp. III,
‘‘bulge’’ region; dermis, sum of perifollicular compartments A 1 B (cf. Fig 1)].
Black arrows indicate the first significant increase of immunoreactive cells within
a compartment within two consecutive days studied (p , 0.05); black bars
indicate the time point when half-maximal numbers of immunoreactive cells
are reached in the compartment. (e) Percentage of HF in stages 7 or 8 of follicle
morphogenesis during the first 11 d p.p.

Figure 5. Dependence of the number and distribution of αβ T cells in
murine skin on age and hair cycle phase. (a) CD41 cell numbers and (b)
CD81 cell numbers. From all mice studied, the CD41 and CD81 cell
numbers were determined for epidermis (compartment I), follicle epithelium
(compartments II 1 III), and dermis (compartments A 1 B; cf. Fig 1). The
data were pooled (indicated as mean values 6 SEM) in four groups, distinguishing
between two groups of early and late postnatal follicle development (days 1–7
p.p.; 8–20 p.p.), and by comparing data from telogen versus depilation-induced
anagen VI in adolescent mice. *p , 0.05; neonatal groups: n 5 20 mice,
adolescent groups: n 5 5 mice.

cells, the overwhelming majority of immunoreactive cells in the
perifollicular mesenchyme were MHC II1 cells, whereas only negligible
numbers of NLDC-1451 cells could be visualized in compartments
A–C (cf. Fig 1) (, one cell per MF throughout the hair cycle;
Table II). The MHC II-expressing cells were of dendritic shape
within the dermis, or displayed a more rounded appearance in the
comparatively loosely packed cellular environment of the subcutis
(compare Fig 2j, k, q). Quantitative immunohistomorphometry of
unmanipulated adolescent telogen skin, surprisingly, revealed that not
less than 30% of all nucleated interfollicular dermal cells in situ expressed
MHC II antigen. This is a substantially higher value than the one
previously reported by Duraiswamy et al (1994), who have determined
an overall percentage of about 2.4% MHC II1 cells among all cells in
murine dermis (0.7% MAC-1 negative; 1.7% MAC-1 positive), using
fluorescence-activated cell sorter analysis of dermal cell suspensions.

As shown in Table II and Fig 7, the number of perifollicular MHC
II1 cells within the perifollicular mesenchyme (A–C), increased highly
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Figure 6. Numbers and degranulation pattern of perifollicular MC in
neonatal skin. (a) Total numbers of dermal MC per MF distinguished between
MC with signs of strong or absent degranulation. (b) Correlation with the
progress in neonatal HF morphogenesis, expressed as the mean stage of follicle
development reached at selected days p.p. (c) Numbers of perifollicular MC
and their granulation status correlated with neonatal HF development. *p ,
0.05, values are indicated as mean 6 SEM; 20 follicles studied per mouse, n 5
5 mice per day.

significantly during anagen development in both dep-HC and CsA-
HC (Fig 2j, k; Table II). Maximal numbers of macrophage-like MHC
II1 cells were counted around anagen V–VI follicles [days 8 and 12
p.d. (dep-HC) or days 12 and 15 after the first of three injections of
CsA (CsA-HC)]. Figure 7 also shows that the anagen-associated
increase of perifollicular MHC II1 cell numbers was long lasting
(compartments A and B).

Although this was not evaluated quantitatively, MAC-11 cells in
adolescent mouse skin were preferentially located in the perifollicular
subcutis throughout the hair cycle, and showed a stronger immuno-
reactivity in this location than a population of more weakly stained
MAC-11 cells in the dermis. Numbers and morphologic phenotype

of MAC-11 and MHC II1 cells were comparable with each other in
the subcutaneous compartments (Fig 2p, q, r).

The number of perifollicular MAC declines during catagen
development During late anagen VI and the anagen-catagen trans-
ition, a significant decline in the number of perifollicular MHC II1

cells was observed around the regressing hair bulb (compartment C,
Fig 7c). In addition, MAC-11 cells were counted and compared with
MHC II1 cell numbers at days 12 (anagen VI), 17 (anagen VI-early
catagen), and 19 p.d. (late catagen; Fig 8). This revealed a significant
decline of both MHC II and MAC-11 cells in the perifollicular
mesenchyme during the anagen VI-catagen transformation even before
the catagen-associated shrinkage of compartment C. Also, we never
found any MHC class II1 or MAC-11 cells to be located inside the
regressing hair bulb epithelium during almost the entire anagen VI-
catagen transformation of murine HF. Only in a single catagen VIII
follicle among several hundred screened follicles in various stages of
catagen development, i.e., at the very end of catagen development,
did we note an intraepithelial MHC class II1 cell inside the regressing
hair germ, surrounded by several MHC class II1, macrophage-like cells
in the directly adjacent perifollicular connective tissue sheath (Fig 2r).

DISCUSSION

This study complements previous work on murine HF immunology
(e.g., Hashizume et al, 1994; Paus et al, 1994a, b, d, 1996a; Botchkarev
et al, 1995, 1997; Hofmann et al, 1996, 1998; Slominski et al, 1997;
Tokura et al, 1997), and closes important gaps of knowledge in the
emerging field of ‘‘trichoimmunology’’ (Paus, 1997) by characterizing
(i) the migration of hematopoietic cells into the murine HF during its
morphogenesis, (ii) the exact intrafollicular distribution of antigen
presenting cells and αβ T cells, (iii) hair cycle-dependent changes in
the organization of the HIS, and (iv) changes in the number and
distribution of selected perifollicular constituents of the SIS during HF
development and cycling. Several new insights and concepts surface
from this basic phenomenologic study.

The murine HIS is composed of selected components of the SIS,
namely of intrafollicular Langerhans cells and γδTC, located exclusively
in the distal ORS (Figs 2c, g, h, m, n, 3), as well as by a unique
follicular MHC class I-, adhesion molecule-, and extracellular matrix-
expression pattern (see below), and by perifollicular MC and MAC
populations (Figs 2e, h, i, p, q, r, 3). Due to their extremely low
number, intrafollicular CD41 or CD81 αβ T cells probably do not
play an important role in the normal murine HIS. During follicle
morphogenesis, this HIS is assembled stepwise, beginning with its
perifollicular components: MAC-11 MAC and MC are the first cells
to appear around the developing follicle buds, which remain devoid
of γδTC and Langerhans cells until follicle morphogenesis has almost
been completed (Fig 3).

Langerhans cells and γδTC migrate into the follicle epithelium only
after follicle morphogenesis is far advanced (stages 6–8), and then
remain restricted throughout all stages of subsequent HF cycling to
the ORS above the insertion of the arrector pili muscle, including the
bulge (i.e., stem cell) region (Figs 2g, h, m, n, 3). Langerhans cells
and γδTC populate the follicle at the earliest when the sebaceous gland
duct is formed, and at the latest by the time the hair shaft begins to
penetrate the epidermis (Figs 2c, g, h, 3). This suggests that the HIS
begins to form only when the construction of follicular canal and
sebaceous gland duct opens major ports of entry for microbial invasion
into the mammalian organism. Because γδTC lines have been identified
that can interact with Langerhans cells in vitro (Porcelli et al, 1989;
Haas et al, 1993), and because some γδTC populations can recognize
conserved bacterial antigens presented to them by MHC class Ib
molecules like Qa-2 (Rötzschke et al, 1993; Shawar et al, 1994; Melian
et al, 1996), which are strongly expressed only in the distal follicle
epithelium (Paus et al, 1994b; Rückert et al, 1998), it is conceivable
that intrafollicular γδTC, Langerhans cells, and MHC class Ib molecules
interact in the context of the HIS. This may serve to generate a
phylogenetically ancient, regional intraepithelial ‘‘anti-infection
defense’’ and ‘‘trauma surveillance’’ meshwork of interacting dendritic
cells and MHC class Ib-expressing keratinocytes, which protects the
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Table II. Changes in the number of immunocytes visualized in defined compartments of C57BL/6 mouse back skin with all hair
follicles in telogen or induced anagen VIa

I II III A B C

T 3.72 6 0.27 1.62 6 0.11 0.37 6 0.13 0 0 0
γδTCR Dep AVI 6.21 6 0.33 ↑↑ 2.41 6 0.18 ↑ 0.12 6 0.05 ns 0 0 0

CsA AVI 3.48 6 0.24 ns 1.71 6 0.19 ns 0.22 6 0.05 ns 0 0 0

T 5.04 6 0.15 2.10 6 0.15 0.87 6 0.06 0.34 6 0.07 0.28 6 0.07 0.09 6 0.06
NLDC145 Dep AVI 3.98 6 0.12 ↓↓ 2.89 6 0.09 ↑↑ 1.49 6 0.06 ↑↑ 0.36 6 0.07 ns 0.32 6 0.06 ns 0.13 6 0.05 ns

CsA AVI 6.50 6 0.38 ↑↑ 1.19 6 0.08 ↓↓ 0.58 6 0.09 ↓ 0.57 6 0.12 ns 0.21 6 0.03 ns 0.30 6 0.09 ns

T 3.36 6 0.66 1.23 6 0.19 0.66 6 0.12 2.26 6 0.26 1.73 6 0.15 2.71 6 0.43
MHC II Dep AVI 3.32 6 0.27 ns 2.10 6 0.26 ↑ 0.65 6 0.14 ns 4.10 6 0.43 ↑ 3.68 6 0.39 ↑↑ 13.02 6 0.91 ↑↑

CsA AVI 5.35 6 0.27 ↑ 0.93 6 0.05 ns 0.50 6 0.04 ns 4.83 6 0.32 ↑↑ 4.63 6 0.15 ↑↑ 7.54 6 0.52 ↑↑

T 0.04 6 0.02 0.06 6 0.03 0.06 6 0.04 0.74 6 0.08 0.86 6 0.10 0.88 6 0.03
CD4 Dep AVI 0.04 6 0.03 ns 0.36 6 0.14 ns 0.61 6 0.30 ↑↑ 1.31 6 0.14 ↑ 1.75 6 0.09 ↑↑ 1.53 6 0.09 ↑↑

CsA AVI 0.34 6 0.04 ↑↑ 0.12 6 0.05 ns 0.22 6 0.05 ↑ 1.29 6 0.23 ns 1.40 6 0.03 ↑↑ 1.72 6 0.22 ↑↑

T 0.09 6 0.04 0.05 6 0.02 0.01 6 0.01 0.03 6 0.01 0.05 6 0.03 0.21 6 0.05
CD8 Dep AVI 0.24 6 0.11 ns 0.37 6 0.14 ↑ 0.21 6 0.08 ↑ 0.13 6 0.06 ↑ 0.10 6 0.04 ns 0.57 6 0.15 ↑

CsA AVI 0.18 6 0.07 ns 0.09 6 0.03 ns 0.09 6 0.05 ns 0.15 6 0.03 ↑↑ 0.28 6 0.04 ↑ 0.44 6 0.09 ↑

aThe number of immunoreactive cells per compartment and MF was counted in 8 µm thick sections, and is given as the mean 6 SEM (assessing 20 MF from five mice per hair cycle
stage), including both dep-HC and CsA-HC. ↑, ↓, p , 0.05; ↑↑, ↓↓, p , 0.01, for statistically significant differences between telogen and either Dep AVI or CsA AVI. Statistically
significant differences between Dep AVI and CsA AVI are indicated by underlined, bold figures (p , 0.01). The location and extension of each histomorphometry compartment is
explained in Fig 1. Dep AVI, anagen VI HF from dep-HC; CsA AVI, anagen VI HF from CsA-HC.

follicle region most exposed and most vulnerable to infection and
trauma (Paus et al, 1994b; Paus, 1997; Rückert et al, 1998). Thus, by
the time the follicular canal gets populated by a rich, commensural
microbial flora (Noble, 1993), this flora already meets with all cellular
constituents of the HIS in their definitive intrafollicular positions.

The mechanisms that dictate the stringent distribution pattern of
γδTC and Langerhans cells (i.e., the specifics of the local adhesion and
cytokine milieu of the distal ORS) remain to be characterized. Our
data suggest that at least one major recognized homing mechanism for
intraepithelial T cells, heterotypic interactions between E-cadherin
expressed on epithelial cells and αE/β7 integrin on T cells (Cepek
et al, 1994; Erle, 1995), is probably not of primary importance in
follicular γδTC homing. Whereas γδTC enter the distal follicle
epithelium via the epidermis, Langerhans cells appear to do so via the
surrounding dermis (Fig 2h, m). This suggests the existence of distinct
follicular homing mechanisms for Langerhans cells and γδTC.

γδTC become visible in the epidermis long before they migrate into
the follicle (Fig 2a, b, f). In fact, γδTC may first have to enter the
epidermis in order to proliferate (Payer et al, 1991; Elbe et al, 1992)
(cf. Fig 2a) and/or to mature in an appropriate cytokine and adhesion
milieu (Bergstresser et al, 1993; Tigelaar and Lewis, 1995) provided
only by the neonatal epidermis, until the γδTC population has been
sufficiently expanded for export into the follicle. Intraepidermal and
intrafollicular γδTC most probably arise from the same precursor cells,
because they express the same TCR Vγ3/δ1 subtype (Paus et al,
1994a). Because a special affinity of DETC for anagen HF has been
reported (Tigelaar and Lewis, 1995), it is noteworthy that epidermal
γδTC do not enter the developing HF until it is almost indistinguishable
from a mature anagen follicle (Figs 2c, f, 3). This may reflect that
only the distal epithelium of anagen HF generates an appropriate
cytokine and/or adhesion milieu for these γδTC, which may resemble
that provided by the neonatal epidermis.

Among the hematopoietic cells investigated here, MAC and MC
are the first ones to appear in prominent numbers in the perifollicular
dermis during early neonatal skin and HF development (Figs 2e, i, 3).
Although MC and MAC are traditionally viewed as chief representatives
of innate immunity (Janeway and Travers, 1997; Bos, 1997), they may
also play an important role during HF cycling in later life (Parakkal,
1969; Westgate et al, 1991; Paus et al, 1994d; Maurer et al, 1995,
1997). It is therefore interesting to ask whether these cells also
contribute to the control of HF morphogenesis, and whether factors
secreted by the developing follicle epithelium attract MC and MAC
to enter the dermis and/or induce them to mature here so that they
become identifiable by standard markers. Increasing evidence supports

the hypothesis that MC degranulation, at least in mice, is involved not
only in modulating the telogen-anagen transformation, but also in
catagen development (Paus et al, 1994d; Maurer et al, 1997). Thus,
it is conceivable that the activation/degranulation of selected MC
populations during the final stage of neonatal HF development revealed
here (Fig 6) contributes to the first synchronized catagen transformation
of the newly formed HF.

Contrary to a recent report (Tamaki et al, 1996), we did not detect
any γδTC in neonatal or adolescent mouse dermis (using a pan-γδTCR
antibody and conventional immunohistology), where only αβ T cells
could be identified (Fig 2j, k). In murine epidermis and HF epithelium,
αβ T cells are seen only very rarely; however, in contrast to γδTC,
they are also found in the outermost epithelial layer of the sebaceous
gland (Fig 2l). Throughout normal murine skin of all ages, the few
detectable CD41 outnumber by far the CD81 T cells (Fig 5), yet,
the predominance of CD41 over CD81 T cells differs between distal
follicle epithelium, dermis, and epidermis (see Results). This may reflect
that follicle epithelium, epidermis, and dermis each provide a distinct
homing milieu for CD41 and CD81 T cells.

As a very rare event, a single CD41 T cell could be seen in the
follicle epithelium even below the bulge (Fig 2o), i.e., in an intra-
epithelial territory devoid of γδTC and Langerhans cells. Therefore,
the intrafollicular distribution of ‘‘trafficking’’ αβ T cells (Bos, 1997)
is less restricted than that of reputedly rather ‘‘sessile’’ epidermal
γδTC (Tigelaar et al, 1991; Bergstresser et al, 1993). Thus, the
‘‘immunoprivileged’’ anagen hair bulb (Billingham and Silvers, 1971;
Westgate et al, 1991; Paus, 1997), in principle, may still be accessible
to αβ T cells. This may be important to understand how this immune
privilege may collapse in the context of inflammatory hair growth
disorders like alopecia areata (Paus et al, 1994c; Becker et al, 1996).

As previously shown for MC (Paus et al, 1994d; Botchkarev et al,
1995; Maurer et al, 1995, 1997), the number of perifollicular MAC
also changes during both the dep-HC and the CsA-HC, with maximal
numbers of perifollicular, MHC II1/NLDC-145-negative MAC-like
populations detectable in synchronized anagen V–VI (Table II; Figs 2q,
8). The number of dermal CD41 T cells, a minority of which may
represent MAC, increases similarly impressively during synchronized
anagen development (Figs 2j, k, 4, 5a). Thus, the extrafollicular
components of the HIS are also continuously remodeled during HF
cycling. Although the functional significance of this observation remains
to be elucidated, this underlines once more the critical importance of
considering and standardizing the hair cycle stage of the integument
during immunologic analyses in mice (Hofmann et al, 1996, 1998;
Paus, 1997; Slominski et al, 1997; Tokura et al, 1997).
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Figure 7. Perifollicular MHC II1 cells during the adolescent hair cycle.
A prominent anagen-associated increase in all perifollicular compartments A
(a), B (b), and C (c) (cf. Fig 1) was observed during both types of hair cycle
induction. Note the rising cell numbers in compartments A and B whose size
remains fairly constant during the hair cycle. *Significant difference to telogen
values or to values connected by bracket; p , 0.05; values are indicated as
mean 6 SEM. days p.i., days after inspection of cyclosporin A (CsA).

It has been proposed that catagen development is functionally linked
to MAC attacking the regressing hair bulb (Westgate et al, 1991). No
MAC, however, can be seen to invade the follicle epithelium during
the anagen VI to catagen VII transformation in mice, and there is
no increase in the number of perifollicular MAC during catagen

Figure 8. Numbers of perifollicular MAC-11 and MHC II1 cells during
the anagen–catagen transformation of HF. MHC II and MAC-1 expression
served as markers for characterizing the numbers of dermal/subcutaneous
perifollicular MAC/phagocytes in compartment C, i.e., in the direct vicinity
of the spontaneously regressing hair bulb (cf. Fig 1) during day 12 (anagen VI),
day 17 (early catagen), and day 19 (mid-late catagen) after depilation. *Significant
difference to values obtained in anagen VI (p , 0.05); values are indicated as
mean 6 SEM from analysing five mice per time point. Note that there is no
increase in the number of MAC-11 cells with the phenotypic appearance of
MAC around the regressing hair bulb and that, in fact, their numbers decline
during the anagen VI–catagen transformation.

development (if anything, their number even declines! cf. Fig 8).
Thus, it appears unlikely that MAC are critically involved in murine
catagen induction.

Only a systematic comparison with spontaneous HF cycling, which
is under preparation in our laboratory, will clarify to what extend the
observed hair cycle-dependent fluctuations in extra- and intrafollicular
immunocytes may represent experimental artifacts related to depilation
or CsA administration. There are indeed interesting differences between
dep-HC and CsA-HC, which suggest that the method of hair cycle
induction also determines how the HIS is remodeled during anagen
development. For example, whereas the number of Langerhans cells
in the distal ORS of anagen VI HF rises above that of telogen HF,
CsA-induced anagen VI HF actually shows a numeric decrease of
Langerhans cells in this HF region (Table II). In contrast, the number
of perifollicular MAC shows highly comparable hair cycle-dependent
changes between dep-HC and CsA-HC (Table II, Fig 7). Thus,
currently at least the anagen-associated increase in perifollicular MAC
numbers can safely be assumed to be truly hair cycle-related, independ-
ent of the method of anagen induction.

The differences in the number of intraepidermal Langerhans cells
between dep-HC and CsA-HC were particularly unexpected. During
the CsA-HC, significantly more MHC II1 epidermal Langerhans cells
were detected in anagen VI skin than in telogen skin; no such anagen-
associated increase in MHC II1 cells with dendritic morphology was
apparent in the epidermis of dep-HC (Table II). Using NLDC 145
as a Langerhans cell marker, there was even a slight, but significant
anagen-associated decline of NLDC 1451 epidermal Langerhans cells
during dep-HC, whereas NLDC 1451 Langerhans cells slightly
increased in number during the CsA-HC (Table II). An analysis of
these interesting differences in MHC II and NLDC 145 expression by
epidermal Langerhans cells is beyond the scope of this study, because
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they pertain more to epidermal Langerhans cells biology in general
than to the biology of the HIS. These differences, however, pose
intriguing questions as to how MHC II- and NLDC 145 (co)expression
by epidermal Langerhans cells is controlled (Schuler, 1991; Bos, 1997),
and as to how various Langerhans cell populations in murine skin
epithelium differ from each other, e.g., in their response to trauma
(depilation) and immunosuppression (CsA).

The presented immuno-histomorphometric data on the generation
and remodeling of the murine HIS during HF morphogenesis and
cycling pave the way for the functional studies that are now required
in order to improve our understanding of how the HIS functions and
how its malfunction may lead to hair follicle infection and hair
growth disorders.

Note added in proof That the human HF is also a specialized
immune compartment of the skin with a potentially critical role in
immune surveillance has most recently been highlighted by the
discovery that the distal ORS of human HF serves as an intermediate
reservoir of Langerhans cells (Gilliam et al, 1998).
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