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Abstract. We report multiphoton in situ optical sectioning of hair fol-
licles in mice and a preliminary investigation of the pathological hair
follicles in a transgenic mouse model. Using this imaging technology,
we rapidly obtain detailed three-dimensional �3-D� reconstructions of
individual hair follicles. No staining or mechanical sectioning is in-
volved, since multiphoton microscopy coregisters two-photon excited
fluorescence �TPF� from cells and second harmonic generation �SHG�
signals from the extracellular matrix �ECM�. These signals are ideally
suited for estimating molecularly encoded hair follicular 3-D geom-
etries, including sizes of the follicular orifices and their angles relative
to the skin surface. In the normal hair follicles, spectral separation of
SHG signals generated by the ECM of the hair follicle from that of
intrinsic cellular fluorescence revealed intricate spatial interaction of
the cellular components with the surrounding connective tissue. In
the pathological hair follicles, these were clearly modified. In particu-
lar, in the transgenic mice, we observed lack of cellular fluorescence
and significantly shallower angles of follicular orifices with respect to
the skin surface. The combination of TPF with SHG is sensitive to
structural changes in cells and extracellular matrix brought on by nor-
mal hair follicle physiology and specific gene alterations. © 2007 Society
of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2764462�

Keywords: hair follicle; dermis; microscopy; two-photon; collagen; extracellular
matrix.
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Introduction
iomedical imaging using multiphoton microscopy �MPM�
ombines backscattered second harmonic generation �SHG�
nd two-photon fluorescence �TPF� signals. Combined TPF
nd SHG has been widely employed to nondestructively ob-
ain structural and functional information at depth in thick,
iving tissues with high resolution and contrast.1–11 A potential
f this imaging modality for in vivo application is vast and
emains largely unexplored. It ranges from minimally inva-
ive and rapid diagnoses of pathologies to serving as a rapid
dd-on to many biochemical analyses.

The purpose of this report is to establish the use of MPM
o image deep into hair follicles in situ without mechanical
ectioning or application of exogenous dyes. This information
ill lead to establishing minimally invasive and prompt im-

ging modalities to characterize various features of hair fol-
icles, including extracellular matrix �ECM� cell interactions,
air follicular sizes, angles relative to skin surface, and over-
ll three-dimensional �3-D� geometry—all of which are dic-
ated by a complex interplay of molecular signals reviewed in
ef. 12. Ultimately, it may aid our understanding of the fun-
amental mechanisms underlying normal hair follicle physi-
logy, development of its pathologies, and will help to evalu-
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eckman Laser Institute, 1002 Health Sciences Road East, Irvine, CA 92612; Tel:
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ate the efficacy of administered treatments in a noninvasive
manner.

The skin acts as a permeability barrier and is one of the
main organs through which we interact with the external en-
vironment. Its heterogeneous structure is derived from ecto-
derm and mesoderm of an embryo that gives rise to epidermis
and dermis, respectively. The specialized skin appendages
such as sweat glands, sensory nerves, and hair follicles are
also derived from ectoderm/mesoderm.

The hair follicles are self-renewing mini-organs. They are
in a continuous balance between epithelial cell division and
terminal differentiation. The disruption of this balance is a
feature of many skin diseases and various epidermal cancers,
including basal cell carcinoma. Normal hair follicle morpho-
genesis follows a highly conserved evolutionary strategy for
organ development that involves epithelial-mesenchymal in-
teractions dictating all stages of induction and morphogenesis.
The bulge region of the hair follicle �Fig. 1� is suggested to be
a niche of multipotent stem cells.13 Growing evidence sug-
gests that some of these cells become activated and migrate
out of the hair follicle to regenerate epidermis during wound
healing.

While formation of the hair follicles occurs once in a life-
time of an individual, each follicle cycles continually through
the distinct stages of growth �anagen�, regression �catagen�,
1083-3668/2007/12�4�/044003/8/$25.00 © 2007 SPIE
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est �telogen�, and shedding �exogen�.14 The duration of
nagen is genetically programmed and determines the shaft’s
aximum length. Follicle regression during the catagen phase

esults from controlled programmed cell death. During this
tage, most of the epithelial cells in the follicle below the
ulge region �Fig. 1� are destroyed, with dermal papilla re-
aining intact. In telogen, the resulting hair remains anchored

ntil it is shed during exogen. Understanding mechanisms of
air follicle cycling is one of the most important questions in
asic hair biology, particularly due to its great importance to
he entire architecture and growth of the skin organ.12 Here
e demonstrate that 3-D multiphoton imaging offers a unique

pproach to aid rapidly and nondestructively in this quest.
In this work, we use endogenous cellular fluorescence and

HG signals from the ECM to image deep into normal hair
ollicles in mice. We show how these images can be used to
etermine quantitative features of hair follicular structures,
hich potentially can be followed as a function of hair cycle.
he sizes of follicular orifices, angles of cellular components
ith respect to the surface of the connective tissue, and over-

ll 3-D geometries, including rotations in the opening of ECM
o accommodate cellular components, can be quantitatively
stimated.

We extended the MPM in situ optical tomography to
valuate perturbed hair follicles in a transgenic mouse model
f Clim transcriptional factors, co-activators LIM domain
roteins15–20 that displayed abnormal hair cycling. The trans-
enic animals were specifically created to test the role of Clim
enes in the development of stratified epithelial tissues. In
articular, the dominant negative �DN� Clim was expressed in

Fig. 1 A diagram of the hair follicle in the anagen phase.
tratified epithelial tissues of mice using keratin 14 �K14� pro-

ournal of Biomedical Optics 044003-
moter �K14-DN-Clim mice�. The DN-Clim blocks the func-
tion of normal Clim, and the K14 promoter targets the expres-
sion of the gene to stratified epithelial tissues including skin,
hair, and cornea. The transgenic animals develop progressive
corneal abnormalities and hair loss, and some mice develop
chronic wounds on the upper parts of their back. The genera-
tion and characterization of animals is discussed in a separate
paper.21 In these mice, we detect significantly shallower
angles of the follicular orifices with respect to the skin surface
compared to the normal phenotype.

Genetically altered tissues often display aberrant mechani-
cal responses, making it difficult to rely on standard histology
as a means of correlating structural pathologies with gene and
protein expression profiles. In this report, we show that in situ
endogenous cellular fluorescence and SHG signals are two
nondestructive probes that are sensitive to structural changes
resulting from normal hair follicle physiology and specific
gene alterations. However, to realize the true potential of
MPM in situ optical tomography, a detailed evaluation of the
relationship between observed signals and structure and/or
function of the hair follicles and other systems under investi-
gation still must be established in the near future.

2 Materials and Methods
The muliphoton laser scanning microscope used in this paper
was described elsewhere.9,11 The laser excitation was linearly
polarized at 760 or 800 nm. The two wavelengths were em-
ployed as part of the preliminary investigation for simulta-
neous optimal excitation of both intrinsic cellular fluorescence
and SHG signals from the ECM within hair follicles. Spectral
filtering with dichroic �500 nm� and bandpass filters were
used to separate the SHG signal of the ECM in the internal
structure of the hair follicle from that of intrinsic cellular fluo-
rescence �380AF15 for �ex=760 mm and 400AF10 for �ex
=800 nm�. The cellular autofluorescence was further sepa-
rated into blue �using a 445±25-nm filter� and red �using a
580±30-nm filter� components. Binary data were converted
to 16-bit TIFF images using IPLab software �Scanalytics,
Inc.�. Three-dimensional reconstructions of hair follicles with
tissue surrounding them and all corresponding sections were
obtained using VoxBlast software �VayTek, Inc.�.

All animal procedures were performed in accordance with
an animal protocol approved by the University of California
at Irvine. Mice strain CB6F1 was used in all experiments.
Clim transgenic mice were generated by microinjection of the
suitable plasmid into fertilized eggs implanted into healthy
CB6F1 animals. These mice expressed the transgene in the
basal cell layer of the epidermis, the outer root sheath of hair
follicles, the basal cell layer of neonatal corneal epithelium,
and limbal cells of adult corneal epithelium �Xu, unpub-
lished�. The transgenic mice exhibited corneal and skin abnor-
malities in addition to pathological hair cycling and differen-
tiation. Immediately after euthanasia by asphyxiation with
CO2, the animals were shaved and subjected to 4 min treat-
ment with Nair �Ralphs� to remove residual hair. The skins
were surgically removed from the backs of the animals, cut
into smaller pieces, and treated with dispase for two hours at
37°C to remove the epidermis. After the skins were rinsed
with 0.9% saline solution, they were imaged with an inverted

two-photon microscope. High-resolution 3-D reconstructions

July/August 2007 � Vol. 12�4�2
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f the ECM and cellular structures up to 100 �m into the hair
ollicles were collected in under 5 min utilizing native signals
nly. The ages of the mice imaged were 5 months to about
ne year.

Results
o determine the capability of 3-D MPM tomography to map
tructural and functional properties of hair follicles in situ, we
cquired multiple 3-D stacks of SHG and TPF coregistered
mages with the laser ��ex=760/800 nm� focused into the
reas of the dermis containing hair follicles. Spectral filtering
as used to effectively separate the SHG signals of the ECM

n the hair follicle and native cellular fluorescence �Fig. 2�.
hile most of the SHG signal is expected to be generated by

he collagen of the dermal ECM, the observed intrinsic cellu-
ar fluorescence could result from many endogenous fluoro-

Fig. 2 Spectral filtering of MPM signals from a normal hair follic
hores distributed among the cells that comprise the complex

ournal of Biomedical Optics 044003-
cellular architecture of the hair follicles. These fluorophores
include keratins and melanin in addition to nicotinamide ad-
enine dinucleotide �NADH� and oxidized flavin adenine di-
nucleotide �FAD�. All these fluorophores can be simulta-
neously excited at a single near-infrared wavelength with low
levels of photo-bleaching and without complications from
inner-filter effects and light scattering previously unattainable
with one-photon excitation. Once accurately quantified, SHG
and TPF signals have the potential to be used to monitor
tissue and cellular structural and functional dynamics and to
serve as add-ons to many biochemical analyses.

Initially, to outline the overall structural organization of a
typical hair follicle and the ECM that surrounds it in a normal
mouse, we collected 3-D stacks at low magnification �Fig.
3�a��. The transverse �Fig. 3�b�� and en face �Fig. 3�c�� optical
sections are rapidly obtained from these 3-D stacks using

ges were obtained using the filters shown. Scale bar is 50 �m.
le. Ima
commercial Voxblast software. The corresponding transverse

July/August 2007 � Vol. 12�4�3
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Fig. 3�d�� and en face �Fig. 3�e�� typical histological sections
f the normal hair follicles in mice at the same magnification
re presented for comparison.

To better understand the structural features of the connec-
ive tissue surrounding the hair follicle �Fig. 4�a�� and hair-
ollicle-associated cellular components �Fig. 4�b��, we exam-
ned them independent of each other. The transverse yz
ection of the connective tissue �Fig. 4�a�� is rotated slightly
elative to the complete reconstruction of a part of the dermis
earing a hair follicle in Fig. 3�a�. It clearly outlines a portion
f the ECM associated with a hair follicle that does not gen-
rate an SHG signal. It emerges as a gap in the ECM that
tarts at �28 �m deep into the tissue and is especially pro-
ounced on one side of the hair follicle �denoted by a star�.
e observed this space in all the hair follicles studied. At this

ig. 3 �a� 3-D reconstruction of the normal hair follicle from the stack
z plane� through a stack in �a�. Scale bar is 50 �m. �c� En face opti
ignals �SHG� generated by ECM. Red: cellular fluorescence �TPF� d
istological section through the normal mouse telogen hair follicle wit
isualized during MPM imaging. �e� A typical en face histological sec
ime, we are not certain regarding its origin. It could indeed

ournal of Biomedical Optics 044003-
be an empty space, in which case, we could speculate that it is
usually utilized to house additional hair-follicle-associated
cellular components removed during treatment with dispase.
Alternatively, it could be filled with the dermal ground sub-
stance that is a major macromolecular component of connec-
tive tissue and is comprised of a broad class of anionic
polysaccharides. These compounds are not expected to gener-
ate SHG or appreciable TPF signal upon infrared excitation.
To illustrate cellular components of varying morphologies, we
obtained serial xz transverse sections at different depths with
Voxblast software �Fig. 4�b��.

To test the limits of MPM in situ optical tomography in
resolving individual structural components of the hair follicle
presented in Fig. 3, high-magnification en face MPM optical
sections �Fig. 5� were collected. An optical section at 14 �m

M images taken at 2-�m increments. �b� Transverse optical section �
tion at �56 �m through a 3-D stack in �a�. Green: second harmonic
with 445±25 nm filter. Scale bar is 50 �m. �d� A typical transverse

al papilla denoted by a star ���. The oval outlines an approximate area
the hair follicles.
of MP
cal sec
etected
h derm
tion of
inside the hair follicular structure exposes intricately shaped
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ellular components packed against finger-like protrusions of
he ECM filled with a material that does not appear to form
brils resolvable by optical imaging in a backscattered con-
guration. In our MPM in situ optical tomography studies of
ormal mice dermis �unpublished data�, the sizes of collagen
undles were greatest ��9 �m� throughout the thickness of
eticular dermis. However, based on previous reports,22 the
hickness of collagen bundles diminishes significantly in the
ne connective tissue sheaths surrounding appendage struc-

ures �hair follicles�, vessels, nerves, and papillary dermis
here tissue volume consists of a greater percentage of the
round substance. Some cellular structures appear be directly
nder and in contact with these flaps of the ECM. The axis of
ellular orientation with an opening in the ECM is outlined
ith the dashed straight line, while the orifice of the hair

ollicle is denoted by an oval drawn over the image of the
CM at �14 �m deep into the hair follicle. Interestingly, this
pening in the ECM that accommodates cellular structures as
ell as orientations of cellular components with respect to

hat opening both make a turn defined by a dihedral angle
enoted as � upon imaging deeper into the hair follicle. At
60 �m deep into the hair follicle, the cellular fluorescence

s still very strong. At this depth, the SHG signal from the
CM is only slightly visible on the margins of the image. It is
ot resolved because at this depth we are in a layer in the
CM that does not generate any significant SHG or fluores-
ence signal. To our knowledge, this is a first report of imag-
ng this deep into the hair follicle structures using native sig-
als only with such high contrast and therefore opens a
ossibility to quantitatively and accurately estimate hair-
ollicle-associated geometric parameters in situ.

Figure 6�a� shows another hair follicle observed at high
esolution during in situ multiphoton imaging. Structurally
ifferent cellular components compared to the follicle in Fig.

ig. 4 �a� A transverse yz section through a 3-D reconstruction of the
mages �400±5 nm� taken at 2-�m increments. * denotes a gap �here
hat does not generate an SHG signal. �b� Serial transverse optical xz se
9 �m, and 93 �m. Scale bar is 50 �m.
are noted. It is difficult to understand at this time the under-

ournal of Biomedical Optics 044003-
lying origins of this difference due to the complex changes in
cellular morphology and possibly structural and chemical
composition of the ECM—both of which are associated with
hair cycling. One explanation could be that the differentiation
state of this hair follicle is different from the one in Fig. 3.
The topmost images do not display cellular fluorescence be-
cause the outer layer of the hair follicle is contiguous with
epidermis and was most likely removed by dispase. However,
an optical section at 29 �m inside the hair follicular structure
exposes cells tightly packed against similar finger-like protru-
sions of the ECM observed for the follicle in Fig. 5. Similar to
Fig. 5, these portions of the ECM appear to be composed
from a material that does not form fibrils resolvable by optical
imaging in a backscattered configuration. These types of high-
resolution images could be utilized, for example, to determine
angles of cellular components with respect to the surface of
the connective tissue angle �; �Fig. 6�b��.

For comparison, Fig. 6�c� shows a typical hematoxylin and
eosin �H&E�–stained en face histology section through a hair
follicle. The structural features of the surrounding connective
tissue inside the hair follicle and its interaction with cellular
components are completely gone in histologically processed
tissues. The follicles artificially appear as rounded craters with
shrunken cells inside them. In the highest quality histological
sections, the perplexing involutions of the ECM apparent in
the SHG images are reduced to a “wavelike” line structure
due to the chemical processing of tissues required for histo-
logical analysis.

Preliminary examination of the hair follicles in a trans-
genic mouse model of a Clim15–20 transcriptional factor in-
volved in organ development and cancer revealed modified
interactions of the ECM with the cellular components. In the
terminal phenotype of a Clim transgenic mouse, cellular fluo-
rescence was absent from most hair follicles examined �Fig.

n the normal hair follicle in Fig. 3�a� obtained from the stack of SHG
s at about 28 �m� in the portion of ECM associated with hair follicle

through the cellular components of the hair follicle at 80 �m, 84 �m,
ECM i
it begin
ctions
7�a��. Since Clim transgenic mice express the transgene in the
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ig. 5 En face high-resolution MPM optical sectioning of the normal hair follicle in Fig. 3. Color coding is the same as in Fig. 3. In addition to the
ngle � formed by hair-follicle-associated cells with the surface of the skin, a dihedral angle � associated with the twist of the opening in the
onnective tissue to accommodate the cellular structures is noted in the images.
ig. 6 �a� En face MPM optical sectioning of the normal hair follicle. Top: ECM; arrows denote involutions of ECM filled with material that does not
ppear to form fibrils resolvable by optical imaging in a backscattered configuration. Middle: cellular structures. Bottom: color images consisting
f two species—ECM �green�; cellular structures �red� packed against an opening in ECM. �b� Angle � of cellular components with respect to the
urface of the connective tissue could be obtained from high-resolution 3-D reconstructions of hair follicles based on endogenous signals only. �c�
igh-resolution en face histological section through a normal mouse hair follicle. For all MPM images, SHG generated by ECM is green and cellular
uorescence �TPF� detected with a 445+25 nm filter is red.
ournal of Biomedical Optics July/August 2007 � Vol. 12�4�044003-6
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asal layer of the epidermis �and outer root sheath of the hair
ollicles�, it is plausible to assume that alteration of the Clim
ranscriptional factor resulted in modified basement mem-
rane adhesion proteins �for example, collagen VI and/or col-
agen VII�, therefore compromising the connectivity of cellu-
ar structures to the dermis. It is also possible that they were

ore susceptible to digestion with dispase and were subse-
uently removed more easily during tissue handling compared
o the normal phenotype. The angles of the follicular orifices
n these pathological hair follicles were very shallow com-
ared to those in the normal mice. Such modification in the
verall internal 3-D geometries of the opening in the ECM in
he transgenic hair follicles could occur as a result of changes
n the cellular structures, for example, a sebaceous gland �Fig.
�b��.

Discussion and Conclusions
n this report, we demonstrate that MPM imaging combining
ackscattered SHG and two-photon fluorescence signals of-
ers a powerful approach to map the structural and functional
rganization of hair follicles during their normal and altered
hysiology �development� in situ rapidly with high resolution
nd contrast. The sizes of follicular orifices, angles of cellular
omponents with respect to the surface of the connective tis-
ue, and overall 3-D geometries including rotations of the
penings in the ECM �described in this paper by dihedral
ngles� that accommodate cellular components can be quanti-
atively studied. While much more work needs to be done to
valuate the significance of this later feature, it is relevant to
ostulate that it had possibly evolved as a mechanism to es-
ablish appropriate electrostatic and steric interactions of the
CM with cellular structures inside the hair follicles. Since

he angle of the hair shaft and hair-follicle-associated cells is
enetically controlled, a possible assumption would be that
his angle as well as the dihedral angle will be sensitive to a
hysiological state of the hair follicle. Therefore, we are cre-
ting structural and functional follicular maps of the ECM and
air-follicle-associated cells during specific points of the hair
ycle23 in mice and correlating those with the gene and pro-

ig. 7 �a� Low-resolution �NA=0.3� 3-D reconstruction of the termi-
al phenotype pathological hair follicle. Second harmonic signal
nly; cellular structures were absent in the majority of hair follicles
tudied. �b� A typical transverse histological section through a termi-
al phenotype pathological hair follicle. A change in the sebaceous
land is denoted by an arrow.
ein expression profiles. This biologically controlled study

ournal of Biomedical Optics 044003-
will bring multiphoton optical tomography closer to being rel-
evant to in vivo clinical and basic medical research of hair.
The growing wealth of data suggests that follicular drug ab-
sorption plays an important role in drug delivery mechanisms
for the topically applied drugs. Therefore, a quantitative meth-
odology based on multiphoton imaging could be established
to optimize follicular drug delivery and to study complex
mechanisms of drug effects on ECM and remodeling of the
hair follicle associated cells in situ. Additionally, rapid tech-
nological improvements in fiber-optic scanning two-photon
endoscopy24 will potentially move minimally invasive optical
histologic imaging of skin forward and offer significant con-
tributions to in vivo clinical and basic medical research of hair
in the near future.

Diffraction-limited resolution of MPM imaging is compa-
rable to that of histology; however, the absence of chemical
tissue processing and staining reduces the number of artifacts
introduced into the samples prepared for and analyzed by his-
tology or electron microscopy. Therefore, we see in situ mul-
tiphoton optical tomography to be especially valuable in ex-
amining genetically altered hair follicles and various
connective tissues. These tissues often display aberrant me-
chanical responses due to disturbed overall organization, con-
tent, and physical properties of collagen fibers,25 therefore
making it cumbersome to rely on histology as a means of
correlating the genetically induced structural pathologies with
gene and protein expression profiles.

A common mechanism has been suggested for the down-
ward growth of the early anagen hair follicle and invading
basal or squamous carcinomas.26 For the cells to penetrate the
dermis during the early anagen phase, the follicles have been
shown to lyse collagen gels in vitro and to synthesize various
matrix metalloproteinases �MMPs� including collagenase in
vivo.26 Ultimately, the nondestructive quantitative imaging
studies of normal and pathological hair follicles coupled with
better understanding of the complex molecular mechanisms
involved in hair cycling will lead to improved insights regard-
ing the difference between controlled degradation of ECM
observed during a coordinated process of constant remodeling
of normal hair follicle as compared to disruptions observed in
skin cancers.
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