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Recently, we have revealed the existence of a “brain-
hair follicle axis” in murine skin and have identified
the neuropeptide substance P (SP) as a key mediator
of stress-induced hair growth inhibition in vivo. Pub-
lished evidence suggests that increased numbers of
SP-immunoreactive sensory fibers, as seen in the der-
mis of stressed mice in anagen-catagen transition, are
a result of transient high levels of nerve growth factor
(NGF). Thus, we now aimed at dissecting the role of
NGF in stress-triggered hair growth termination in
our murine model. By real time PCR and immunohis-
tochemistry, stress-exposed mice showed an up-reg-
ulation of NGF and its low-affinity receptor p75NTR;
the NGF high-affinity receptor TrkA was moderately
down-regulated. On neutralization of NGF, premature
onset of catagen, apoptosis, and increased number/
activation of perifollicular mast cells and antigen-pre-
senting cells, which reflects the skin response to
stress, was significantly abrogated. Stress or subcuta-
neous injection of recombinant NGF (to mimic stress)
resulted in an increased percentage of SP� neurons in
dorsal root ganglia, as measured by retrograde trac-
ing. Taken together, these data suggest that NGF is a
central element in the perifollicular neurogenic in-
flammation that develops during the murine skin re-
sponse to stress and antagonizing NGF may be a
promising therapeutic approach to counter the nega-
tive effect of stress on hair growth. (Am J Pathol
2004, 165:259–271)

Recently, we have introduced a mouse model launching
experimental evidence that stress-induced hair loss is
fact, and not fiction, as every so often imputed by a
number of dermatologists. This mouse model provides

new insights into the pathophysiology of stress-induced
hair growth inhibition and permits exploration of various
strategies for therapeutic intervention.1,2 In this model,
exposure to sonic stress inhibits the growth of a hair shaft
producing (anagen) hair follicle by premature induction
of hair follicle regression (catagen) and up-regulated ker-
atinocyte apoptosis. At the same time, it induces neuro-
genic inflammation characterized by perifollicular mast
cell degranulation and accumulation of antigen-present-
ing cells, eg, activated macrophages.3 The neuropeptide
substance P (SP) was identified as a key mediator of
stress-induced hair growth inhibition, since increased
number of SP-immunreactive nerve fibers were present in
the skin of stressed mice and hair growth inhibition could
be blocked by SP-receptor antagonists.1,3 This is in line
with previous findings that SP is a potent hair growth
modulator in mice, since significant changes in the SP
skin concentration, as well as in the number of SP-posi-
tive sensory nerve fibers are associated with murine hair
follicle cycling.4,5 Taken together, these findings point to
the existence of a “brain-hair follicle axis” as a key ele-
ment in the hair follicle’s response to stress, which con-
stitutes a prerequisite for generalized hair loss (telogen
effluvium).

Thus far, the mechanisms by which stress perception,
usually elicited by unexpected and intractable environ-
mental stimuli, affect the skin remain ill-characterized.6

Stress perception generally affects the equilibrium of ner-
vous, endocrine, and immune systems.7–11 Besides SP
and classical stress-related neurohormones like cortisol-
releasing hormone (CRH), adrenocorticotropic hormone
(ACTH), and prolactin (PRL),9,12 nerve growth factor
(NGF) is now recognized as a decisive factor involved in
stress responses.13,14 Recent findings indicate that cir-
culating levels of NGF undergo significant variations after
exposure to stressful events.15–17 In the context of the
“brain-hair follicle axis”, NGF is particularly interesting
since it is known to increase the number of peptidergic
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nerve fibers and induce the release of sensory neuropep-
tides such as SP.18 Therefore, it is interesting to ascertain
whether the increased number of SP� nerve fibers ob-
served in the skin of stressed mice3 is indeed related to
a stress-associated up-regulation of NGF-mediated sig-
naling.

The biological effects of NGF, the most extensively
characterized member of a family of neurotrophic factors
collectively called neurotrophins (NT),19 on target cells
are mediated by two different receptors: the high-affinity
NGF receptor tyrosine kinase A (TrkA), which is a classi-
cal tyrosine kinase receptor activated in response to NGF
binding, and the low-affinity p75NTR receptor, a member
of the tumor necrosis factor (TNF) receptor-related super-
family.20 Besides its function as an important trophic
factor for neuropeptidergic and sympathetic neurons in
the skin, NGF is increasingly recognized as a potent
immunomodulator, promoting “cross-talk” between neu-
ronal and immune cells.20–22 Further, NGF acts as an
autocrine and paracrine factor in the development and
regulation of immune cells.23 NGF may be produced by
immune cells, eg, mast cells, which express functional
NGF receptors. Another action of NGF as immunomodu-
lator may be the facilitation of monocyte/macrophage
migration through vascular endothelium.24

The presence of NGF in murine skin has recently been
described,25,26 alluding to its involvement in the control of
apoptosis-driven hair follicle regression (catagen).27–29

Specifically, selected NTs accelerate catagen most likely
by stimulating the p75NTR receptor, which is expressed
in the regressing outer root sheath (ORS) and is known to
mediate apoptosis when activated alone.27,30–32

Based on these recent insights into the role of NTs in
hair growth control and the central role of NGF in stress-
induced neurogenic inflammation, we hypothesized that
NGF production in the skin is up-regulated following
stress exposure, which in turn promotes up-regulation
and release of neuropeptides, eg, SP from sensory c-
fibers. Thus, NGF directly and/or via SP release triggers
mast cell degranulation and induces neurogenic inflam-
mation, thus causing premature anagen termination and
catagen induction.

To probe this hypothesis, we used the C57BL/6 mouse
model for hair research, since it is the best characterized
mouse strain in terms of hair biology. Our experiments
focused on three issues. First, we investigated changes
in the hair follicle expression of NGF and its receptors
p75NTR and TrkA after exposure to sonic stress. Sec-
ondly, we dissected whether inhibiting NGF activity by
application of NGF- neutralizing antibody blocks stress-
induced premature catagen development of C57BL/6
mouse back skin, inhibits stress-triggered premature ap-
optosis of hair follicle cells in situ in mice during the
anagen/catagen transformation, or affects the number
and activation status of perifollicular macrophages
and/or mast cells in stressed mice, since these cells are
recognized key elements of the neurogenic inflammatory
skin response to stress.33–35 Thirdly, we examined
whether stress exposure or subcutaneous injection of
recombinant NGF (to mimic stress) affects the number of
SP-positive sensory neurons in dorsal root ganglia inner-

vating the skin. For this, we used retrograde tracing, a
method which has long been fundamental to map con-
nectivity in the nervous system.36,37

Materials and Methods

Animals

Six- to 8-week-old female C57BL/6 mice were purchased
from Charles River (Sulzfeld, Germany) since mice at this
age show the most reliable and profound stress-re-
sponse1 and are in the telogen stage of the hair cycle.
The animals were housed in community cages at the
animal facilities of the Charité, Virchow Hospital (Univer-
sity Medicine Berlin, Germany) with 12-hour light periods,
and were fed water and mouse chow ad libitum. Animal
care and experimental procedures were followed ac-
cording to institutional guidelines and conformed to the
requirements of the state authority for animal research
conduct (LaGetSi, Berlin, Germany).

Anagen Induction

Anagen was experimentally induced by depilation, as
previously published.38,39 Briefly, mice were anesthe-
tized with intramuscular injection of ketamine hydro-
chloride (Ketanest, Parke-Davis, Freiburg, Germany,
10 mg/kg body weight) and xylazine hydrochloride
(Rompun, Bayer, Leverkusen, Germany, 10 mg/kg).
Then, a wax/rosin mixture was applied to the dorsal
skin of mice with all hair follicles in telogen, as evi-
denced by the pink back skin color. Peeling off the
wax/rosin mixture removes all hair shafts and immedi-
ately induces a highly synchronized hair growth.38,40,41

Application of Stress

Two groups of C57BL/6 mice were exposed to sonic
stress for the duration of 24 hours starting on day 14
post-depilation (p.d.), when all back skin hair follicles
were in late anagen. The sound stress was emitted by a
rodent repellant device (Conrad Electronics, Berlin, Ger-
many) at a frequency of 300 Hertz in intervals of 15
seconds. The stress device was placed into the mouse
cage so that the mice could not escape sound percep-
tion.1,2

Application of Anti-NGF

Intraperitoneal application of 200 �l polyclonal rabbit
anti-mouse NGF antibody (Sigma-Aldrich, Munich, Ger-
many) at a dilution of 1:1500 in PBS was performed twice
in two respective groups of control or stressed mice on
days 14 and 15 p.d. According to the manufacturer, a
1:4000 dilution of this antibody blocks bioactivity of 5
ng/ml NGF. The dosage of anti-NGF at 1:1500 we used
was based on previously published data, where an in-
crease of serum NGF in male mice on stress challenge
(introducing a male intruder led to an increase of serum
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NGF initially up to 100 ng/ml, followed by 30 ng/ml on
repeated exposure) has been described.42 Since we ex-
pected a less dramatic increase of serum NGF with the
moderate stressor we employ and to avoid neurotoxicity
on anti-NGF injection, we decided on the rather low dos-
age of anti-NGF at a dilution of 1:1500.

Tissue Preparation

On day 16 p.d., at the time when control mice are just
about to spontaneously enter the anagen/catagen trans-
formation of their depilation-induced hair cycle,43 all mice
were sacrificed. Skin specimen from the neck region of
murine back skin were harvested parallel to the vertebral
line to obtain longitudinal sections through the hair folli-
cle, which is an essential requirement for quantitative
histomorphometry of the hair cycle.44 Specimens were
snap-frozen in liquid nitrogen and then covered with em-
bedding medium, as described in detail in by Müller-
Röver et al.39 Cryosections were then processed for im-
munohistochemistry and TUNEL staining. For molecular
biology studies, approximately 100 mg of skin tissue from
control and stressed mice (n � 7/group) were snap-
frozen in liquid nitrogen and stored at �80°C until RNA
isolation.

Fluorescence Immunohistochemistry for Skin
Tissue

Fluorescence immunohistochemistry (FIH) was per-
formed for detection of NGF and NGF receptors, TrkA
and p75NTR, in murine skin tissue according to pub-
lished protocols.27 Briefly, the sections were washed with
Tris-buffered saline solution (TBS, pH � 7.4) for 15 min-
utes and blocked with 2% normal goat serum (Dako)
diluted in TBS for 30 minutes at room temperature (RT) to
reduce non-specific binding. The cryosections were then
incubated overnight at RT in a humidity chamber with the
corresponding primary antibody at a dilution of 1:50 for
NGF (Santra Cruz), 1:100 for TrkA (Santra Cruz) and
1:100 for p75NTR (Chemicon, Hofheim, Germany). The
tissues were washed, followed by an incubation of 1 hour
at 37°C with tetramethylrhodamine-isothiocyanate (rho-
damine)-conjugated F(ab)2 fragments of goat anti-rabbit
IgG (Jackson ImmunoResearch) at a TBS dilution of
1:200 in 2% mouse normal serum. After incubation, each
section was rinsed three times in 0.1 mol/L TBS (pH 7.4)
for 15 minutes. All sections were mounted and stored at
�20°C until analyzed. Negative controls were performed
by replacing the primary antibody with 10% of normal
goat serum (Dako). Negative controls did not reveal spe-
cific immunoreactivity.

RNA Isolation, DNase Treatment, and Reverse
Transcription (RT)

Pieces of skin tissue (about 100 mg/mouse), which were
prepared for molecular biology studies, were treated with
1 ml Trizol (Invitrogen, Karlsruhe, Germany) and disag-

gregated using a mortar. The RNA was then extracted
using a standard protocol, as previously described.45

After RNA preparation, the total RNA was treated with
DNase I 1U/1 �g-RNA (Roche Diagnostics, Mannheim,
Germany) for 15 minutes at room temperature followed
by inactivation with EDTA (Sigma, Munich, Germany).
After the DNase treatment, there was no detection of
gDNA via PCR. First-strain cDNA synthesis was per-
formed using Superscript II reverse transcriptase (Gibco,
Karlsruhe, Germany) as previously published.45

Real Time RT-PCR for NGF

Real time PCR was used to obtain quantitative data on
differences between NGF mRNA of the control group and
mice exposed to stress. This assay exploits the 5� nucle-
ase activity of AmpliTaq Platin (Invitrogen, Karlsruhe,
Germany) DNA Polymerase to cleave a fluoregenic probe
designed for NGF (TipMolBiol, Berlin, Germany) and, to
normalize our samples, a fluorogenic probe for the
housekeeping gene hypoxanthine phosphoribosyl trans-
ferase (HPRT) was used in real time PCR. The sets of
primers and probes were designed as listed in Table 1.

The real time PCR reactions were developed as previ-
ously published45 except that we used a 0.2-�l probe at
20 �mol/L. Each analysis was normalized to HPRT, by
calculating the difference between the CT for HPRT and
the CT for NGF as � CT � CT HPRT � CT NGF. “Fold
increase” of mRNA was calculated on the basis that �
CT � 1 equals a 2.93-fold increase.

Quantitative Histomorphometry of Hair Follicle
Cycling

Standardized techniques for the classification of hair cy-
cle stages used published detailed guidelines, which
allows accurate classification of all hair follicles with re-
spect to their exact stage in the transition from anagen VI
via catagen I-VII to telogen.39,44

Table 1. Sequence of Primers and Probes Used for Real
Time PCR to Detect NGF, Normalized to HPRT

NGF analysis Sequence

NGF probe 6FAM-gAT Cgg CgT ACA ggC AgA ACC
gTA CAC AgA T XT A-PH

Reverse
primer

5�-Tag TCC AgT ggg CTT CAg ggA

Forward
primer

5�-TTT gCC AAg gAC gCA gCT T

HPRT analysis Sequence

HPRT probe 6FAM-TTg CAg ATT CAA CTT gCg CTC
A XT CTT-PH

Reverse
primer

5�-CAC Agg ACT AgA ACA CCT gC

Forward
primer

5�-gTT ggA TAC Agg CCA gAC TTT gT
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Immunohistochemistry

Immunohistochemistry (IHC) was performed following
published protocols.46 Briefly, anti-mouse major histo-
compatibility complex (MHC) class II antibody (ER-TR,
BMA, Augst, Switzerland) was used in a 1:100 dilution for
immunodetection of MHC-II� cell cluster within murine
skin. This antibody labels MHC class II� antigen-present-
ing cells (dendritic cells, B cells, and macrophages).
Cryostat sections (10 �m) were fixed in acetone (10
minutes at �20°C) and preincubated with ready-to-use
blocking solution (Immunotech, Marseille, France). The
rat anti-mouse MHC antibody was incubated for 45 min-
utes at room temperature, followed by biotinylated goat
anti-rat secondary antibody (1:200, 30 minutes, Jackson
ImmunoResearch), and developed using the alkaline
phosphatase method.

Giemsa Staining

The presence of mast cells in murine back skin was
detected using Giemsa staining (Merck, Darmstadt, Ger-
many) In brief, Giemsa was applied at a 1:10 dilution with
2% sodium borate solution for 45 minutes at room tem-
perature. Differentiation was achieved using 0.02% ace-
tic acid under microscopic control, slides were dehy-
drated and mounted. Mast cells were classified as
“degranulated” when eight or more granula could be
found outside the cell membrane.

TUNEL Staining

To evaluate apoptotic cells in murine hair follicles, we
used the TUNEL staining method as described before.47

Ten-�m cryostat sections of murine back skin were
freshly prepared and fixed in formalin, post-fixed in eth-
anol/acetic acid, and incubated with digoxigenin-dUTP in
the presence of terminal desoxynucleotidyl transferase
(TdT), using a commercially available kit (Intergen, Ox-
ford, UK). TUNEL-positive cells were visualized by anti-
digoxigenin fluorescein isothiocynate (FITC)-conjugated
F(ab)2 fragments, then counterstaining was performed
using DAPI dye (1 �g/ml methanol; Roche, Mannheim,
Germany) in a subsequent incubation step. Finally, sec-
tions were mounted using VectaShield (Vector Laborato-
ries, Burlingame, CA). Negative controls for the TUNEL
staining were made by omitting TdT, according to the
manufacturer’s protocol.

Retrograde Tracing of Dorsal Root Ganglia
(DRG), Tissue Preparation, and SP-FIH in DRG

An additional group of animals (n � 12) were again
anesthetized 9 days p.d. and a fluorogold-like tracer
(hydroxystilbamidine; Biotium) was applied in five subcu-
taneous injections with a total volume of 20 �l at a con-
centration of 1.25% (100 mg/800 �l distilled H2O) in the
dorsal skin tissue right below the scapula, covering a
total tissue area of about 1 cm2. All animals recovered

undisturbed for a postoperative period of 5 days, until
day 14 p.d. Then, on day 14 p.d., we followed our above
protocol and exposed some of these mice to stress (n �
4). Another subgroup (n � 4) was injected subcutane-
ously in the dorsal skin with murine NGF (7S; Roche,
Mannhein, Germany) with 10 �l/mouse at a concentration
of 100 �g/ml PBS. We included this subcutaneous appli-
cation of NGF to mimic stress-triggered increase of skin
NGF. Lastly, the remaining subgroup of mice out of the 12
mice, in which we retrogradely traced the DRG (n � 4)
and injected with PBS alone, served as a non-stressed
control. On day 16 p.d., the animals were perfusion-fixed
retrogradely through the left ventricle with freshly pre-
pared Zamboni’s solution (2% paraformaldehyde, 15%
picrinic acid, 0.1 mol/L PBS, pH 7.4) for 5 minutes. Dis-
section of the Zamboni-fixed cervical and thoracal DRG
(C4 to Th10) was performed by rinses in 0.1 mol/L phos-
phate buffer (pH 7.4) and cryoprotection with 18% su-
crose in 0.1 mol/L phosphate buffer overnight. On aver-
age, 30 DRGs were harvested per mouse and screened
for traced neurons by preparing cryosections of each
DRG. Traced DRG could predominantly be identified
from C5 to Th3, thus, on average, 14 traced DRG/mouse
were available for the preparation of serial sections, and
approximately 40 consecutive slides were cut per
DRG. Sections, cut at 7 �m and air dried for 30 min-
utes, were incubated overnight with a monoclonal rat
anti-mouse SP antibody (Chemicon) at a dilution of
1:400. Several washing steps were followed with an
incubation of 1 hour at 37°C with rhodamine-conju-
gated F(ab)2 fragments of goat anti-rabbit IgG (Jack-
son ImmunoResearch) at a TBS dilution of 1:200 in 2%
mouse normal serum.

Quantitative Histomorphometry and Statistical
Analysis

Sections to evaluate hair follicle cycling, IHC, and Gi-
emsa staining were analyzed under a Zeiss Axioscope
light microscope (Zeiss, Jena, Germany) and photo doc-
umentation was performed using KS400 camera (Zeiss,
Jena, Germany). Individual hair follicles per mouse were
assessed from the neck region of back skin since cata-
gen development occurs there first. The total number of
mice studied per group is listed in the figures.

A fluorescence microscope (Axioplan; Zeiss, Jena,
Germany) with appropriate excitation emission filter sys-
tems for fluorescence induced by DAPI, FITC, and rho-
damine was used to analyze FIH-labeled sections and
TUNEL staining. Fluorogold-positive neurons were iden-
tified through a wide-band UV filter. Analysis and photo
documentation was performed by a digital image analy-
sis system (Spot advanced software, version 3.5.2; Vis-
itron Systems; Puchheim, Germany). Differences were
judged as significant if the P value was �0.05 (*), P �

0.01 (**), and P � 0.001 (***), as determined by the
Mann-Whitney U/Wilcoxon Rank test.
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Results

Stress Up-Regulates Epithelial Expression of
NGF and Its Receptors p75NTR in Epidermis
and Hair Follicle

The observation that stress can produce significant alter-
ations in circulating NGF levels13–17 raised the question
as to whether exposure to stress also affects the local
expression of NGF and its receptors, p75NTR and TrkA,
in murine hair follicles.

As depicted in Figure 1A, in follicles of control mice, a
strong NGF signal could be detected for outer root
sheath (ORS) of the upper third of the hair follicle,
whereby the bulge region did not show NGF expression.
Overall, NGF intensity faded along the ORS toward com-
plete NGF negativity of the bulb. Interestingly, we ob-
served a much stronger expression of NGF in hair folli-
cles of stressed mice, compared to the non-stressed
control, ranging from the epidermis along the bulge re-

gion/ORS and, although more moderately expressed, the
suprabulb region (Figure 1A). The increase of NGF pro-
tein expression with stress, as evaluated by FIH, was
supported by quantitative PCR on skin samples, where a
1.23-fold increase of NGF mRNA could be detected in
stressed mice (Figure 1B). Figure 2 shows a representa-
tive area of NGF-labeling in the ORS (Figure 2A) and the
bulb (Figure 2C) in control mice, and for stressed mice in
Figure 2, B and D, respectively.

Next, we analyzed the expression of the two different
receptors, TrkA and p75NTR, through which the biologi-
cal activity of NGF is mediated. Expression of p75NTR
receptor was intensely positive in epidermis, infundibu-
lum, and bulge region in both groups. While the bulb
region of hair follicles of the control group was negative
for p75NTR, we detected strong labeling of the regress-
ing ORS and the bulb region of hair follicles from mice
exposed to stress (Figure 1C). Figure 2E depicts a rep-
resentative labeling for p75NTR in control mice, and Fig-
ure 2F for stressed mice. As also depicted in Figure 2F,
we were able to differentiate staining of the bulb from a
possible staining of the connective tissue sheath (CTS);
since cell nuclei of the bulb were enclosed by the label-
ing, staining of the CTS would have resulted in a wider
labeling. Similar to p75NTR, expression of TrkA receptor
was intensely positive in epidermis, infundibulum, and
bulge region in both groups. However, expression of
TrkA receptor was diminished in the middle section of the
proximal ORS of stressed mice compared to control
mice, although differences between control and stressed
mice were rather subtle (Figure 1D; Figure 2G for ORS in
control and Figure 2H for stressed mice).

Neutralizing NGF Inhibits Stress-Induced
Premature Catagen Development

It is likely that the most severe immediate effect of stress
on murine hair growth is the premature induction of cata-
gen in depilation-induced anagen hair follicles in vivo.3 As
depicted in Figure 3A, we observed a significant increase
in the progression of the hair cycle from a predominance
of anagen VI follicles in non-stressed control mice toward
a predominance of early catagen follicles in stressed
mice. Figure 2I displays such a premature hair cycle
stage in stressed mice. Interestingly, when stressed mice
were treated with the neutralizing NGF antibody, the
stress-triggered premature onset of catagen was partially
inhibited (Figure 3, A and B, which provides more details
with respect to the distinct hair cycle stages for stressed
mice with and without NGF neutralization; Figure 2K
shows predominantly anagen VI hair follicles of stressed,
anti-NGF-treated mice).

Neutralizing NGF Changes Stress-Triggered
Pathophysiological Patterns of Apoptosis

This premature onset of catagen after application of
stress was independently confirmed by measuring the

Figure 1. A: Schematic drawing of NGF expression in distinct areas of the
hair follicle. Areas marked in red depict strong labeling for NGF, pink show
moderate expression, and orange represent low expression of NGF. Areas
evaluated included the epidermis (marked as 1), bulge region (2), outer root
sheath (ORS, 3), inner root sheath (IRS, 4), and bulb (5), applicable for all
schematic drawing in Figure 1. Results were calculated from five mice per
group with an average of 100 to 120 hair follicles evaluated per mouse. B:
Results of real time PCR for NGF with mRNA (mean of delta CT) obtained
from back skin tissue of mice either exposed to stress (n � 7) or non-stressed
control (n � 7). Schematic drawing of NGF receptors: p75NTR expression in
hair follicle areas of control and stressed mice is depicted in (C) and TrkA
expression in (D), scoring of expression, number of mice used, and hair
follicle is as described in (A).
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intrafollicular patterns of apoptosis, since the massive,
yet temporospatially highly controlled occurrence of in-
traepithelial apoptosis in the hair follicle is a hallmark of
catagen development.47 As shown in Figure 4, exposure

to stress 2 days before the assessment of hair follicle on
day 16 p.d. resulted in a significant increased percent-
age of hair follicle units with signs of apoptosis (TUNEL�

cells) in C57BL/6 mice (Figure 2N shows the representa-
tive histology for the bulb region, Figure 2P for bulge),
whereby mice which received NGF-neutralizing antibody
in addition to stress did not show signs of apoptosis
(Figure 4, for histology see Figure 2O for bulb and Figure
2Q for bulge).

Figure 3. A: Increased vulnerability of hair follicle toward an advanced
catagen progression was detectable in stressed mice, compared to non-
stressed control. This stress-induced premature onset of catagen could be
abrogated by neutralizing NGF. Hair cycle score (HCS) was assessed as
previously published in 39,40. Briefly, the y-axis depicts the mean � 1 SEM of
histometric score, assessed on day 16 after anagen induction. For every
mouse a minimum of 100 individual hair follicles was assigned to distinct hair
cycle stages. On the right of the graph, representative hair cycle stages for
each HCS are depicted, ie, anagen VI is the dominant hair cycle stage with a
score of 0.5. ***, P � 0.001. B: More detailed description of distinct hair cycle
stages in stressed and stressed, anti-NGF-treated mice, to visualize more
clearly the redistribution of the majority of hair follicle from catagen II toward
anagen VI on anti-NGF treatment in stressed mice.

Figure 4. The effect of stress on the percentage of hair follicle with TUNEL�

cells (mean � SEM). A fluorescence microscope (Zeiss, Germany) with
excitation emission filter systems for fluorescence induced by DAPI and FITC
was used for the detection of apoptotic cells. A hair follicle was considered
to be TUNEL�, if one or more apoptotic cell bodies were present. We then
calculated the percentage of such TUNEL� hair follicles to the total number
of hair follicles. Mean percentages per group � SEM are depicted in this
Figure. Exposure to stress 2 days prior assessment led to a significant increase
of apoptotic cells/hair follicle. The effect of stress on hair follicle apoptosis
could be significantly abrogated by treatment with anti-NGF antibody. Sig-
nificance of differences was determined by the Mann-Whitney U/Wilcoxon
Rank test, ***, P � 0.001.

Figure 2. Histology of murine skin tissue used in the present study. A—D: Representative examples for NGF labeling in the ORS of control mice (A), compared
to the ORS of hair follicle in stressed mice (B). Please note that NGF-labeling appears in bright red; blue was generated by DAPI-induced counterstaining to
facilitate orientation. C: An example of NGF staining in the bulb of control mice, compared to a more intense labeling, which includes the dermal papilla, in
stressed mice, as depicted in (D). E: Representative example for p75NTR labeling of the bulb region in hair follicle from control mice, compared to (F), which
shows the NGF receptor p75NTR expression of the bulb region in stressed mice. G: Representative example for NGF-receptor TrkA labeling of the ORS of hair
follicle from control mice, compared to (H), which shows the TrkA expression of the ORS in stressed mice. The effect of stress on the hair cycle stage is depicted
in I and K. I: Representative area of stressed mice 16 days p.d. with the majority of hair follicle in catagen IV (CIV) or catagen V (CV). K: Representative example
for hair cycle stage of stressed, anti-NGF-treated mice is depicted with hair follicle in anagen VI (AVI), compared to the non-stressed control (no picture shown).
L and M: Effect of stress on MHC II� cells in murine skin. L: Distribution of MHC-II� cells in parafollicular dermis of stressed mice, compared to (M), where fewer
cluster were detectable after stress exposure when mice were injected with anti-NGF. N: Premature onset of catagen after application of stress (I) was
independently confirmed by intrafollicular apoptosis, which is a hallmark of catagen development. O: Representative histology for the bulb region of stressed mice
treated with anti-NGF, where apoptosis was abrogated. P: Apoptosis of the bulge region in stressed mice. Since an important focus of research on stress-induced
hair growth inhibition must be to identify vulnerable, apoptosis-prone targets of the hair follicle, we suggest that one such target might be the bulge region (white
square), which is the residence of stem cells in the skin. Interestingly, as depicted in (Q), no signs of apoptosis were detectable in the bulge region (white square)
of mice exposed to stress and treated with anti-NGF. Magnification, �400 (A–D, N, O); �50 (I–M).
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Neutralizing NGF Decreases the Number and
Activation Status of Perifollicular Immune Cells
in Stressed Mice

MHC class II� cell clusters largely represent antigen-
presenting cells, eg, activated macrophages, and are
associated with a substantially higher risk of hair follicles
to be “immunosurgically” eliminated by a process termed
“programmed organ deletion”.46 The current study re-
vealed a significant decrease of hair follicles displaying
prominent perifollicular MHC class II� cell clusters (	 5
cells) in stressed mice after treatment with NGF-neutral-
izing antibody (Figure 5). Figure 2L shows representative
IHC of hair follicles in stressed mice and Figure 2M in
anti-NGF treated, stressed mice.

Mast cells have been shown to play a key role in the
neuroimmunological linkage of stress to defined in-
flammatory events.33 We therefore evaluated activated
(degranulated) mast cells in the current stress model.
Interestingly, a significantly increased percentage of
degranulated mast cells was seen in the dermis (Figure
6A, Figure 7A for histology, note the extracellular
granula) and in the subcutis (Figure 6B; histology in
Figure 7C) of stressed C57BL/6 mice. Strikingly, this
stress-triggered activation could be abrogated by
application of neutralizing NGF antibody, as evaluated
in dermis (Figure 6A; Figure 7B for histology), as well
as in subcutis (Figure 6B; Figure 7D for histology).

Subcutaneous Injection of Recombinant NGF or
Stress Exposure Affects Number of SP-Positive
Neurons in Spinal Ganglia

Sensory nerves are derived from the dorsal root ganglion
and are present in all parts of the skin, representing the
initial somatic portion of the afferent sensory pathway.
The cutaneous sensory nervous system comprises a net-
work of fine C fibers within the skin that innervate multiple
target structures and play an important role in inflamma-
tion. Therefore, we used the retrograde tracing technique
of skin nerve fibers to cervical and thoracal DRG. Our
experiments, presented in Figure 8, clearly indicate that
the percentage of SP-positive neurons among the total
number of traced neurons significantly increased in mice
exposed to stress. More intriguingly, subcutaneous injec-
tion of NGF to mimic stress effects, based on the findings
depicted in Figure 1, A and B, also resulted in an in-
creased percentage of SP-positive neurons in DRG. Fig-
ure 7E shows the spontaneous fluorescence on applica-
tion of the fluorogold-like tracer in DRG of control mice
while Figure 7F depicts the same visual field using the
filter for rhodamine. Figure 7G shows the spontaneous
fluorescence in traced DRG of NGF-injected mice while
Figure 7H depicts the same visual field using the filter for
rhodamine; this figure is also representative for stressed
mice.

Taken together, these experiments support our work-
ing hypothesis and suggest that stress-induced neuro-
genic inflammation in murine skin is significantly pro-
moted by NGF-dependent pathways which subsequently
recruit SP as a key stress-associated neuropeptide, thus
leading to premature hair growth termination (ie, anagen
inhibition and catagen induction).

Figure 5. The effect of stress on the percentage of hair follicle with MHC-II�

perifollicular cell cluster in C57BL/6 mice (mean � SEM). Exposure to stress
2 days prior assessment led to a significant increase of MHC-II� cells cluster
(***, P � 0.001). Injection of anti-NGF antibody abrogated the effect of stress
on the percentage of hair follicle with MHC-II� cells cluster in stressed mice,
***, P � 0.001.

Figure 6. The effect of stress on the percentage of degranulated (activated)
mast cells, calculated from the total number of mast cells (mean � SEM) in
dermis (A) and subcutis (B) in C57/Bl6 mice. Exposure to stress 2 days prior
assessment led to a significant increase of degranulated mast cells in murine
dermis and subcutis, and injection of anti-NGF counteracted this activation of
mast cells in stressed mice and also reduced the percentage of activated mast
cells in control mice.
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Discussion

With our present work we deliver convincing experimen-
tal evidence demonstrating that stress exposure results
in NGF increase in murine skin. Increased NGF levels in
turn influence hair follicle cycling, induced/accompanied
by deleterious inflammatory events. This stress-triggered
release of NGF chains previously published data, ob-
tained in manifold experimental settings of stress expo-

sure: eg, in mice and humans, exposure to acute or
chronic stress leads to significant alterations of circulat-
ing and brain NGF and BDNF levels.14–16,48,49 Further,
stress has been shown to influence the basal activity of
nerve, immune, and endocrine cells expressing NGF re-
ceptors.21

Our recent observations now render us to the question
if and how the equilibrium of the immune and nervous

Figure 7. Representative example of mice exposed to stress, which caused an increase in activated (degranulated) mast cells (dark purple staining with more than
8 extracellular granula) in dermis (A) and subcutis (C). Mostly non-activated mast cells were detectable in dermis (B) and subcutis (D) of stressed,
anti-NGF-treated C57BL/6 mice, where no extracellular granula are present. E: Representative example of a fluorescent, fluorogold-traced dorsal root ganglia taken
from C4 to Th10 of a control mouse. Fluorogold-induced tracing is visualized by bright yellow staining. F: The corresponding area to (E) using the filter for
rhodamine, which allows to identify SP-positive neurons, as depicted in bright red color, among the total number of traced neurons. G: Spontaneous fluorescence
in traced DRG of NGF-injected mice, (H) depicts the same visual field using the filter for rhodamine and is also representative for SP-positivity of neurons in DRG
of stressed mice. Magnification, �400 (A–D); �200 (E–H).
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system in the skin is challenged by the up-regulation of
NGF on stress exposure. Botchkarev et al27 and others
previously reported that NGF is detectable in the skin,
along with the other members of the NT family. Further,
NGF can significantly enhance the percentage of hair
follicles in advanced catagen stages.27,28,50 This is in line
with our present in vivo observations of premature cata-
gen development in stressed mice, where levels of NGF
are up-regulated.

Interestingly, as demonstrated by Botchkarev et al,27

in the presence of p75NTR antagonist, NGF, NT-3, and
BDNF failed to promote catagen development, suggest-
ing that the catagen-promoting action of NT is signifi-
cantly mediated by p75NTR and can be antagonized by
NGF-neutralizing antibodies, as applied in the present
study. Noteworthy, the p75NTR receptor, which is pre-
dominantly expressed in epidermis, infundibulum, ORS,
and the outermost layer of bulb cells in hair follicles of
stressed mice, mediates apoptosis.27,30–32 This is con-
vincingly in accord with the increased percentage of hair
follicles with signs of apoptosis we reported in stressed
mice, which was predominantly located in the bulge and
bulb region3 and could be abrogated by neutralizing
NGF. p75NTR expression depends on the balance of
bone morphogenic protein 4 (BMP4) and its antagonist
noggin, both of which are closely regulated during the
hair growth cycle.51 For the duration of the growth phase,
BMP4 up-regulation of p75NTR is antagonized by nog-
gin. Inflammatory processes have been linked to BMP4-
up-regulation.52,53 We thus hypothesize, that stress-in-
duced inflammation may shift the BMP4/noggin balance
toward BMP4, thereby increasing the p75NTR expres-
sion. Moreover, BMP4 is able to induce SP expression in
naive neurons54,55 thereby contributing to the increase of
SP� neurons observed in stressed catagen skin.3

Apart from directly inducing apoptosis of hair follicle
keratinocytes, p75NTR also down-regulates growth-pro-
moting keratinocyte growth factor (KGF) effects on kera-
tinocyte proliferation and differentiation by down-regula-
tion of the respective high-affinity receptor fibroblast

growth factor receptor (FGFR-2) receptor.56 KGF also
provides significant cytoprotection to growing hair folli-
cles in the murine model of chemotherapy57 and may
also do so under inflammatory conditions. Lack of KGF/
FGFR-2 signaling thus negatively affects the growing hair
follicle in two places.

Since an important focus of research on stress-in-
duced hair growth inhibition must be to identify vulnera-
ble, apoptosis-prone targets of the hair follicle, we sug-
gest that one such target might be the bulge region, the
residence of stem cells in the skin, where we observed a
stress-triggered increase of apoptotic cells. Stem cells
are vital for the homeostasis of self-renewing tissues and,
in the skin, stem cells have the ability to produce a new
hair.58,59 The permanent risk of permanent hair follicle
loss by stress-triggered programmed organ deletion may
be further promoted by the imbalance of the dimished
presence of the high-affinity NGF receptor TrkA, opposed
by an increased presence of the low-affinity receptor
p75NTR, through which NGF then induces apoptosis.

Further, induction of apoptosis by other mediators be-
sides NGF has been an intensive area of research for
several years, and insights in the mammalian apoptotic
machinery constitute a promising blueprint of the molec-
ular network governing the fate of all living cells.60 Inter-
estingly, on injection of recombinant TNF-�, another po-

Figure 8. Percentage of SP-positive neurons among the total number of
marked neurons in the dorsal root ganglia taken from C4 to Th10 in non-
stressed control mice, stressed mice, and non-stressed mice subcutaneously
injected with NGF. On average, 14 ganglia were taken per mouse, and 40
consecutive slides were evaluated to obtain the present data, which are
depicted as mean � SEM. *, P � 0.05.

Figure 9. Hypothetical scenario of NGF action in stress-triggered neurogenic
inflammation of the skin with consecutive hair growth inhibition: on stress
exposure, NGF is increasingly present in the skin, either in the ORS and bulb
region of the hair follicle, or secreted by activated mast cells. Proteases, ie,
tryptase secreted by activated mast cells induce the release of inflammatory
neuropeptides, eg, substance P (SP) or calcitonin gene-related peptide
(CGRP) via proteinase-activated receptor (PAR)-dependent pathways, result-
ing in an autocrine/paracrine mechanism of mast cell activation with con-
secutive NGF production besides other inflammatory cytokines (ie, TNF-�),
as well as macrophage activation, whereby macrophages may be recruited
into the skin based on endothelial cell activation on NGF. Besides TNF-�,
NGF induces apoptosis via the p75NTR receptor, which then diminishes stem
cells residing in the bulge area and the cycling of hair follicle by premature
onset of catagen. Thus, the skin looses the ability to produce new hair follicle
due to diminished number of stem cells in addition to the increased telogen
effluvium triggered by the premature catagen.
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tent inducer of apoptosis, a significantly higher number of
apoptotic cells within the murine epidermis could be
observed.61 In the present study, we did not investigate
levels of TNF-�, however, using the sonic stress-expo-
sure model, which we use in various experimental set-
tings, revealed an increase of TNF-�-positive cells on
stress exposure in the uterus.62 In the context of alternate
death pathways, it is also noteworthy that experiments in
mice with disrupted genes for Fas or Fas ligand suggest
an important pathogenetic role for apoptosis induced
through the Fas/Fas ligand system in hair follicle melano-
cyte apoptosis in chemotherapy-induced hair loss and
alopecia areata.63,64

The next question raised by our findings is how this
release of NGF triggers or exacerbates deleterious in-
flammatory events such as mast cell activation or migra-
tion of MHC II� antigen-presenting cells, eg, activated
macrophages. Indeed, NGF has been reported to di-
rectly stimulate degranulation (activation) of mast cells,
similar to the stress effects we observed in the present
study.65 Mast cells express functional NGF receptors and
produce NGF, which would be an additional contribution
to the cutaneous neurogenic inflammation.23,66 Further,
mast cells secrete proteinases, eg, tryptase and trypsin,
which are not only enzymes that degrade proteins, but
are also capable of mediating important inflammatory
effects such as cytokine release, cell migration, recruit-
ment of leukocytes, and endothelial cell activation.66,67

This may provide an explanation for the increased migra-
tion of MHC� cell cluster in stressed mice, as observed in
the present study.

These inflammatory effects are, at least in part, medi-
ated by cleavage and activation of proteinase-activated
receptors (PARs),68,69 indicating that, in neurogenic in-
flammation, proteinases may activate PARs on sensory
neurons to stimulate release of SP, which, in turn, addi-
tionally enhances the inflammatory response. Moreover,
the release of other neuropeptides, eg, calcitonin gene
related peptide (CGRP) may also be up-regulated on stress
exposure with subsequent PAR activation (Kuhlmei A,
unpublished observations). Tryptase-releasing mast cells
can be found in close proximity to PAR-2-expressing
cells such as keratinocytes and dermal endothelial cells
or C-fibers during inflammation,70 and we previously re-
ported an increase in SP� nerve fibers in stressed mice
and observed that neurogenic inflammation may be ab-
rogated by application of the SP high-affinity neurokinin-1
(NK1) receptor.1,3 In the present study, cervical and tho-
racal sensory neurons innervating the dorsal skin were
identified by retrograde transport of a tracer dye, subse-
quently providing insights into SP expression in skin-
specific sensory neurons.

NGF is also implicated in the hypothalamic-pituitary-
adrenal (HPA) axis,70–73 and experimental evidence in-
dicates that the skin possesses its own HPA axis and skin
cells produce CRH and express functional CRH recep-
tors, supporting the concept that such a distinct dermal
neuroendocrine pathway may serve as a skin stress re-
sponse system which translates stressful conditions into
physiopathological responses.

Interestingly, when stress is induced by fear or mater-
nal separation in distinct animal models, behavioral def-
icits in adult life have been described in addition to the
significant alteration of brain and circulating NGF levels
present postnatally, immediately upon stress expo-
sure.74–77 Hence, it is tempting to postulate that impaired
stress coping abilities of individuals may be rooted in
early postnatal stress perception and result in adult
pathophysiologies.

In conclusion, our data indicate that an interactive
communication network between sensory nerves and im-
mune cells in the skin is promoted by stress-triggered
release of NGF and results in mast cell activation and
migration of macrophages in the vicinity of the hair follicle
(Figure 9). Via PARs, neuropeptide secretion, ie, SP, is
enhanced, and the release of such proinflammatory neu-
ropeptides elicits additional imbalances within the net-
work of neurogenic inflammation. In consequence,
p75NTR receptor-mediated apoptosis of hair follicles and
hair follicle stem cells is increased in stressed mice.
Hence, neutralization of NGF and/or antagonizing
p75NTR receptor may be a clinically interesting and in-
novative tool to pharmacologically address stress-trig-
gered NGF-mediated telogen effluvium.
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